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Abstract 

 

This thesis addresses the signalling pathways and gene networks associated with 

melanoma cell motility in vivo and heterogeneity in tumour-associated vasculature.  

Melanoma metastasis begins with the acquisition of motility in the primary tumour, 

however, there is little characterisation of signalling pathways or 

microenvironments associated with melanoma motility in vivo.  Intra-vital imaging of 

clonal signalling reporter cell-lines showed heterogeneous cell behaviour in vivo 

and increased Notch, TGF-β and SRF dependent transcription in motile cells.  

Further investigations into Notch signalling in melanoma metastasis showed that 

Notch promotes metastasis through cell-autonomous and non-cell autonomous 

mechanisms.  The reporter cell-lines were used to enrich for the motile melanoma 

cell population and genes up-regulated in this population were identified.  Many 

cell-cycle regulators, including regulators of cytokinesis, were up-regulated in the 

B16 F2 melanoma population enriched for motile cells.  Bioinformatic analysis 

indicated that EZH2, a histone methyltransferase in the Polycomb repressor 2 

complex, can regulate the genes associated with motile cells and EZH2 depletion 

decreased melanoma cell motility in vitro and metastasis in vivo.  EZH2 was also 

shown to regulate cell morphology and the actin cytoskeleton through regulating 

activation of a subset of ERM proteins.  Due to association between melanoma 

metastasis and differentiation, the role of EZH2 in melanoma differentiation state 

was investigated.  EZH2 depletion did not significantly affect expression of 

melanoma differentiation markers but increased Oca2 mRNA expression leading to 

increased pigment.  

 

This thesis also investigates heterogeneity in the tumour microenvironment.  

Morphologically and dynamically distinct regions of the tumour vasculature were 

identified by intra-vital imaging and quantitative image analysis, and these regions 

could be followed over time using imaging windows.  The tumour vasculature 

showed a heterogeneous response to the anti-angiogenic drug, Sunitinib, possibly 

due to microenvironmental factors.  Aspects of vascular morphology and dynamics 

correlated with melanoma motility and may be used to describe microenvironments 

favourable for motility. 
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Supplementary movies and files 

 

Supplementary movie 1 B16 F2 melanoma single cell motility in vivo. 

Intra-vital movie of B16 F2 melanoma with cell membrane labelling shown in white.  

Images taken over a 51 minute time period.  Note singly motile cells in the middle 

and top right corner. 

 

Supplementary movie 2 B16 F2 melanoma streaming and collective cell 

motility in vivo  

Intra-vital movie of B16 F2 melanoma with cell membrane labelling shown in white.  

Images taken over a 19 minute time period.  Movie has been subject to smoothing 

with a Gaussian filter.  Note streaming cells and a group of cells moving collectively 

in centre. 

 

Supplementary movie 3 B16 F2 melanoma streaming motility in vivo 

Intra-vital movie of B16 F2 melanoma with cell membrane labelling shown in white.  

Images taken over a 22 minute time period.  Movie has been subject to smoothing 

with a Gaussian filter.  Note 2-3 streaming cells in the left centre. 

 

Supplementary movie 4 B16 F2 clonal Notch reporter in vivo 

Intra-vital movie of clonal B16 F2 Notch reporter cell-line.  Cell membranes shown 

in red and Notch reporter activity shown in green.  Autofluorescence also visible in 

green channel.  Images taken over a 19 minute time period.  Movie has been 

subject to smoothing with a Gaussian filter.  Note a GFP positive cell moving singly 

in top left and 3 GFP positive cells moving in the bottom left. 

 

Supplementary movie 5 B16 F2 clonal TGF-β reporter in vivo 

Intra-vital movie of clonal B16 F2 TGF-β reporter cell-line (with linker).  Cell 

membranes shown in red and TGF-β reporter activity shown in cyan.  Images taken 

over a 19 minute time period.  Movie has been subject to smoothing with a 

Gaussian filter. 

 

Supplementary movie 6 B16 F2 clonal SRF reporter in vivo 
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Intra-vital movie of clonal B16 F2 SRF reporter cell-line.  Cell membranes shown in 

red and SRF reporter activity shown in green.  Autofluorescence also visible in 

green channel.  Images taken over a 13 minute time period. 

 

Supplementary movie 7 B16 F10 motility in vitro 

B16 F10 cells were treated with control or EZH2 targeted siRNA, plated on 

Fibronectin coated glass bottomed cell cultre plates and stimulated with 5 ng/ml 

HGF.  Lowlight images were taken every 10 minutes.  Note tail retraction problems 

on EZH2 siRNA treatment. 

 

Supplementary movie 8 Normal vessels 

Movie of a 3D-reconstruction of a normal vessel.  Endothelial cell membranes 

shown in green and Collagen fibres shown in blue. 

 

Supplementary movie 9 Tumour vessels showing sprouting ends 

Movie of a 3D-reconstruction of tumour-associated sprouting vessels.  Endothelial 

cell membranes shown in green, Collagen fibres shown in blue and B16 F2 

melanoma cells shown in red.  Autofluorescent cells also visible in red channel. 

 

Supplementary movie 10 Tumour and associated vessels overview 

Movie of a 3D-reconstruction of a B16 F2 melanoma and associated vessels.  

Endothelial cell membranes shown in green and B16 F2 melanoma cells shown in 

red.  Autofluorescent cells also visible in red channel.  Angiosense, shown in 

purple, indicates the extent of blood flow. 

 

Supplementary movie 11 Endothelial cells with filopodia protrusions 

Intra-vital movie of tumour-associated vessels in a VE-Cadherin:GFPCAAX 

transgenic mouse.  Endothelial cell membranes labelled in green.  Images taken 

over a 51 minute time period.  Movie is a maximum intensity projection of 6 z-

stacks covering 24 μm.  Note filopodial protrusions. 

 

Supplementary movie 12 Endothelial cells with bleb-like protrusions 

Intra-vital movie of tumour-associated vessels in a VE-Cadherin:GFPCAAX 

transgenic mouse.  Endothelial cell membranes labelled in green.  Images taken 
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over a 40 minute time period.  Note blebbing behaviour of endothelial cells and 

bleb-like protrusions. 

 

Supplementary movie 13 Endothelial cells undergoing intra-vessel wall 

motility 

Intra-vital movie of tumour-associated vessels in a VE-Cadherin:GFPCAAX 

transgenic mouse.  Endothelial cell membranes labelled in green.  Images taken 

over a 38 minute time period.  Note group of endothelial vessels moving within the 

vessel wall.  Movie has been subject to smoothing with a Gaussian filter. 

 

Supplementary movie 14 Endothelial cells undergoing amoeboid-like 

motility distant to vessels 

Intra-vital movie of tumour-associated vessels in a VE-Cadherin:GFPCAAX 

transgenic mouse.  Endothelial cell membranes labelled in green.  Images taken 

over a 28 minute time period.  Note endothelial cells undergoing rounded 

amoeboid-like motility distant to vessels. 

 

Supplementary file 1 

List of genes used in overlap analysis of PRC2 regulated genes and the genes up-

regulated in the B16 population enriched in motile cells. 
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Chapter 1. Introduction 

1.1 Chapter overview 

This thesis describes investigations into heterogeneity in melanoma cell motility in 

vivo and examination of the signalling pathways that correlate with, and may act to 

control, melanoma motility and metastasis.  It also reports on analysis of the 

tumour vasculature in the melanoma microenvironment and response to anti-

angiogenic therapy.  The work uses melanoma cells, so this introduction will have a 

focus on melanoma and normal melanocyte biology.  It will also cover cell motility 

and metastasis in vivo and control of gene expression via the Notch, SRF and 

TGF-β pathways, together with chromatin mediated control of gene transcription.  

In addition, the tumour microenvironment will be discussed, including the tumour 

vasculature and the effects of the microenvironment on motility and invasion. 

 

1.2 Melanocyte and melanoma biology 

Melanoma is a skin cancer arising from the uncontrolled proliferation and invasion 

of melanocytes.  Melanoma is an aggressive disease, but if metastasis is limited to 

local invasion of the skin, surgical resection is adequate.  However, if distant 

metastasis has occurred, prognosis is poor and only 5 -22 % of patients survive 

beyond 5 years (http://info.cancerresearchuk.org/cancerstats/).  Therefore the 

study of melanoma metastasis is important to try to further understand the 

pathways involved and find novel treatments. 

 

1.2.1 Melanocytes 

Melanocytes are the pigment producing cells in the skin and exist in the lower 

levels of the epidermis at regular intervals.  They send out long dendritic processes 

into the epidermis which enable the transport and transfer of melanin to 

keratinocytes (Figure 1.2).  The extent of melanin production and transport 

determines skin colour.  Melanin is synthesised in a melanocyte specific organelle 

called the melanosome where tyrosine is processed into melanin in a number of 

http://info.cancerresearchuk.org/cancerstats/
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steps that require the enzymes Tyrosinase (TYR), DOPAchrome tautomerase 

(DCT) and 5,6-dihydroxyindole-2-carboxylic acid oxidase (TYRP1) (Kondo and 

Hearing, 2011).  The P-protein, encoded by Oca2, is localised to melanosomes, 

and although its specific role is currently unknown, it is thought to stimulate pigment 

production by regulation of melanosomal pH (Sitaram et al., 2009).  Melanosomes 

are transported to the cell periphery by kinesin motor proteins on the microtubule 

network.  Melanosomes are subsequently transferred to the actin network at the 

distal region of the dendrite by a complex containing Rab-27A and Myosin-Va 

(Hara et al., 2000) (Strom et al., 2002).  An interaction between Rab-27A, SLP2A 

and phosphatidylserine enables docking of melanosomes at the plasma membrane 

before melanin release and distribution through the epidermis (Kuroda and Fukuda, 

2004). 

 

1.2.2 Melanin production 

Melanin production is mainly stimulated by UV-induced secretion of α-Melanocyte 

Stimulating Hormone (α-MSH) by keratinocytes.  This activates Melanocortin 

receptor 1 (MC1R), a G-protein coupled receptor on melanocytes, which leads to 

an increase in melanocyte cAMP (Figure 1.1).  cAMP activates PKA, which in turn 

phosphorylates and activates cAMP response element-binding transcription factor 

(CREB) (Kondo and Hearing, 2011).  CREB activation results in increased 

transcription of Microphthalmia-associated Transcription Factor (MITF) which 

subsequently induces transcription of target genes such as TYR, DCT and TYRP1 

(Bentley et al., 1994) (Bertolotto et al., 1998) (Yasumoto et al., 1997).  Rab-27A 

expression is also increased by cAMP, which leads to an increase in the rate of 

melanosome transport and melanin export (Chiaverini et al., 2008).  cAMP can also 

affect the dendritic morphology of melanocytes by stimulating Rac and inhibiting 

RhoA activity (Scott and Leopardi, 2003).  Furthermore, the inhibition of RhoA is 

thought to be required for melanogenesis (Busca et al., 1998).  In this way, UV 

radiation acts to increase melanin in the skin and protect cells from further UV-

induced free-radicals and DNA damage. 
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Figure 1.1 Signalling downstream of α-MSH. 

α-MSH binds to and activates the G protein-coupled MC1R. The Gs family of G proteins 
subsequently transmits the signal to Adenylyl cyclase, which catalyzes the conversion 
of ATP to cAMP.   Increased levels of cAMP activate PKA, which in turn, translocates 
to the nucleus and phosphorylates CREB. Phosphorylated CREB then induces 
transcription of genes including MITF.  MITF can subsequently activate transcription of 
DCT, TYR and TYRP1. 
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1.2.3 Melanocyte natural history and differentiation 

Melanocytes are derived from the neural crest, a highly motile population of cells 

that arise from the neural tube in development.  Neural crest cells migrate 

extensively throughout the embryo to form neurons, glia, melanocytes, smooth 

muscle cells and cells of the craniofacial connective tissue (Sauka-Spengler and 

Bronner-Fraser, 2008).  Melanocytes are thought to arise from the migration of 

melanoblasts to the skin, however, recent work suggests that a significant 

proportion also originate from neural crest derived nerves in the skin (Adameyko et 

al., 2009).  The differentiation of neural crest cells into melanoblasts and 

subsequently melanocytes is dependent on the interactions between MITF, SOX-

10, Wnt signalling and Pax-3.  Mitf expression is specific to melanocyte lineages 

and is thought to promote melanocyte differentiation.  Mutation of Mitf results in a 

decrease in melanoblasts early in development and ectopic expression of Mitf 

promotes a pigment cell phenotype (Hornyak et al., 2001) (Tachibana et al., 1996).  

SOX-10, Pax-3 and β-catenin all activate Mitf expression and mutations in these 

genes leads to pigment defects and disease (Cooper and Raible, 2009).  The 

current model for melanocyte differentiation during development involves Pax-3 as 

both an activator of Mitf expression but also a competitor for MITF binding on the 

Dct promoter, such that it promotes MITF expression but prevents MITF dependent 

transcription of Dct.  On activation of Wnt signalling, Pax-3 is displaced from the 

Dct promoter and MITF drives Dct transcription and hence pigment production 

(Lang et al., 2005).  In this model Pax-3 acts to both determine cell fate and to 

maintain cells in a less differentiated state.   

 

1.2.4 Melanoma and metastasis 

Melanoma is largely attributable to somatic mutations caused by ultraviolet (UV) 

radiation exposure.  More than 80 % of melanomas arising in the skin have 

activating mutations in either Braf or Nras, highlighting the importance of MAPK 

pathway in melanoma (Curtin et al., 2005). However, these mutations rarely occur 

together (Gray-Schopfer et al., 2005).  Braf mutations are also found in benign 

melanocytic nevi (Pollock et al., 2003), but most nevi have undergone oncogene-

induced senescence (Michaloglou et al., 2005), suggesting that further mutations 
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are required to initiate melanoma.  Despite this, BRAF is a major regulator of 

oncogenic behaviour in melanoma including regulation of cell survival and invasion 

(Cartlidge et al., 2008) (Arozarena et al., 2011).  In addition, genetic polymorphisms 

in the Cdkn2a (Hussussian et al., 1994), Mc1r (Beaumont et al., 2005) and Mitf 

(Yokoyama et al., 2011) genes can result in a predisposition to the disease 

 

Melanoma progression and invasion is characterised by pathologists into a number 

of stages (Figure 1.2) (Miller and Mihm, 2006).  Initially dysplastic nevi are formed, 

the nevi proliferates within the epidermis and advances to a radial growth phase.  

Then the lesion switches to a vertical growth phase and invades into the lower 

epidermis, dermis and underlying basement membrane.  As the disease 

progresses, angiogenesis increases vascular density and promotes spread to 

distant organs, resulting in metastatic melanoma.  Invasion in the vertical growth 

phase represents acquisition of a metastatic phenotype as the melanoma cells 

move and invade their surroundings (Miller and Mihm, 2006).  Distant metastases 

are subsequently initiated through the motility and invasion of melanoma cells into 

lymphatic or blood vessels, transit in the vessels and successful growth at 

secondary organs.  Melanomas are not only comprised of melanoma cells but also 

stromal cells such as cancer-associated fibroblasts (CAFs), macrophages, T cells, 

adipocytes, blood and lymphatic endothelial cells and pericytes, which all form the 

melanoma microenvironment. 

 

Until the last five years, treatment for melanoma had not changed for decades, but 

the identification of mutant BRAF as a driver of melanoma provided a molecular 

target to inhibit melanoma growth (Davies et al., 2002).  Vemurafenib, a BRAF 

kinase inhibitor with specificity for mutant BRAF was approved in the US in late 

2011 after a phase III trial had to be stopped early when the overall survival benefit 

for vemurafenib became apparent (Chapman et al., 2011).  Despite the positive 

response almost all patients showed resistance with subsequent disease 

progression (Chapman et al., 2011) (Fedorenko et al., 2011).  Multiple mechanisms 

of resistance have been proposed, including increased receptor tyrosine kinase 

expression, Nras and Map2k1 mutations and a RAF kinase switch (Nazarian et al., 

2010) (Greger et al., 2012) (Villanueva et al., 2010). 
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Figure 1.2 Melanoma progression. 

Healthy melanocytes reside in the lower levels of the epidermis and extend dendritic 
protrusions to distribute melanin to keratinocytes.  Melanoma progresses through a 
series of steps starting with a nevus displaying uncontrolled growth.  The nevus initially 
grows radially but then switches to a vertical growth phase invading into the underlying 
dermis.  The last stage, metastatic melanoma, has increased vascular density and 
melanoma cells have colonised distant sites.  
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1.2.5 Melanoma differentiation and metastasis 

Melanoma is a particularly aggressive disease and once it has become metastatic 

it is difficult to treat.  A potential explanation for the aggressive nature of melanoma 

is melanocyte natural history.  Although melanocytes are stationary, they derive 

from highly motile neural crest cells and melanoma cells may revert to a neural 

crest-like state that promotes motility and metastasis.  When a panel of cell-lines 

from different origins were transformed with the same oncogenes, only the 

transformed melanocytes were metastatic (Gupta et al., 2005).  This correlated with 

slug expression, a transcription factor that drives neural crest motility, and slug was 

found to co-operate with oncogenic transformation to drive metastasis.  Nevi were 

also found to express a number of neural crest related motility factors suggesting 

that melanoma may retain characteristics of the less differentiated neural crest cells 

(Gupta et al., 2005). 

 

Reversion to a neural-crest-like state suggests changes in differentiation and there 

is a long standing interest in the relationship between differentiation and melanoma 

invasion and metastasis.  Work in the B16 murine melanoma model together with 

other models has argued that differentiation is associated with both increased and 

decreased metastasis (Bennett et al., 1994) (Kameyama et al., 1990).  The 

confusion may arise from the classification of differentiation.  Most studies used 

increased pigment as a read-out for increased differentiation as differentiated cells 

of the melanocyte lineage produce pigment.  However, as discussed in later 

chapters the two do not always correlate.  More recent work using intra-vital 

imaging of the B16 model has shown that the motile cells in the primary tumour are 

less pigmented and have increased Brn2 promoter activity, a transcription factor 

expressed in melanoblasts (Pinner et al., 2009).  This is suggestive of the motile 

cell population being less differentiated.   

 

MITF, an important transcription factor for melanocyte differentiation has also been 

associated with motile behaviour (Carreira et al., 2006).  Cells with low levels of 

MITF, suggestive of less differentiated melanoma cells, are more invasive and this 

is thought to be due to a decrease in the MITF target DIA1, and a subsequent 

increase in ROCK mediated contractility (Carreira et al., 2006).  In addition, hypoxia 
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results in a down-regulation of MITF and a subsequent increase in the metastatic 

potential of melanoma cells (Cheli et al., 2012).  Interestingly, Brn2 has been 

shown to repress MITF expression and analysis of human tumours showed distinct 

MITF+/Brn2- and MITF-/Brn2+ sub-populations (Goodall et al., 2008).  This has 

lead to the hypothesis that cells may switch between these different states, 

potentially as a result of extracellular signals, leading to changes in motility (Hoek 

and Goding, 2010).  Genome-wide analysis of melanoma cell-lines supports this 

model and proposes that melanoma cells can exist in two states, proliferative or 

invasive, and that a “phenotype switch” between the two may drive invasion and 

metastasis (Hoek et al., 2006) (Hoek et al., 2008).  The differentiation markers 

TYR, TYRP1 and DCT are up-regulated in the proliferative phenotype, indicative of 

high MITF (Widmer et al., 2012).  This implies that the invasive phenotype has low 

expression of differentiation associated genes and potentially represents a less 

differentiated state.   

 

Less differentiated cells in melanoma may arise from loss of the differentiation 

program (de-differentiation), possibly mediated by cell-autonomous factors or 

factors from the microenvironment.  Alternatively, less differentiated cells may 

represent the cancer stem cell population in melanoma.  The field of melanoma 

stem cells is complex due to a variety of reports describing different markers and 

using mice of various immune competencies to demonstrate melanoma stem-like 

cells (Fukunaga-Kalabis et al., 2011).  The proposed frequency of melanoma stem 

cells is also vastly different.  In addition, the identification of a population of slow-

cycling JARID1B positive cells that has stem-like properties in vivo suggests 

melanoma may not follow the classical hierarchy of stem cells and differentiated 

progeny, as JARID1B negative cells can give rise to JARID1B positive cells 

(Roesch et al., 2010).  Further support for a dynamic melanoma cell phenotype 

comes from the phenotype switching model discussed previously.  What is clear is 

that on a cell to cell basis, melanoma is a highly heterogeneous disease, however 

further investigation is required to determine the signalling pathways associated 

with, and regulating, heterogeneity and phenotype switching. 
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1.3 Metastasis and the microenvironment 

As discussed previously, metastasis is the spread of cancer cells from the primary 

tumour to distant organs and is the main cause of death in cancer patients (Figure 

1.3).  It requires a number of steps and thankfully is an inefficient process, which 

likely demonstrates the wide range of behaviours required for a cancer cell to 

initiate distant metastases.   

 

1.3.1 Exiting the primary tumour 

Metastasis starts with the acquisition of motility in the primary tumour.  A full 

discussion of cancer cell motility in vivo can be found in the next section, however, 

most of the cells in the primary tumour are non-motile and both extrinsic and 

intrinsic factors influence the acquisition of motility.  Extrinsic factors include signals 

from the microenvironment that promote cancer cell motility such as LPA, which 

can activate SRF signalling (Descot et al., 2009), TGF-β and HGF (Hanahan and 

Coussens, 2012).  Intrinsic factors may also influence the acquisition of motility, for 

example the mutations present or the differentiation state of the cell (Sahai, 2005).  

Furthermore, cancer cells have been observed to utilise a number of different 

modes of motility, including as single cells or as cohorts of cells (Friedl et al., 2012). 

To initiate distant metastases motile cancer cells must intravasate into either the 

lymphatics or blood vasculature and travel to secondary organs (Figure 1.3).  The 

mode of motility utilised by cancer cells may dictate the route of travel as TGF-β-

dependent single cell motility of breast cancer cells results in blood-borne 

metastasis whereas cells moving collectively only metastasise to local lymph-

nodes, presumably through the lymphatics (Giampieri et al., 2009).  Entry into the 

blood vasculature is likely to be more difficult than entry into lymphatics, as 

lymphatic vessels show pre-formed portals which can be used by dendritic cells for 

entry and may aid cancer cell intravasation (Pflicke and Sixt, 2009).  Intravasation 

into blood vessels is dependent on N-WASP mediated invadopodia and involves 

cancer cells squeezing between endothelial cells in a process called trans-

endothelial migration (Gligorijevic et al., 2012).  Defective endothelial basement 

membranes, loose pericyte coverage and a decrease in endothelial tight junctions 

induced by VEGF-A in the tumour environment, reduce the barrier to cancer cells 
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and may facilitate entry into the bloodstream (Baluk et al., 2003) (Yonenaga et al., 

2005) (Cooke et al., 2012).  Stromal cells within the microenvironment can also aid 

intravasation.  A subset of tumour-associated macrophages are found adjacent to 

blood vessels and using intra-vital imaging breast cancer cells were only found to 

intravasate adjacent to these peri-vascular macrophages (Wyckoff et al., 2007) 

(Figure 1.3).  An EGF-CSF-1 paracrine loop between the breast cancer cells and 

macrophages (described later) helps to attract the breast cancer cells to peri-

vascular macrophages and hence the vasculature. Furthermore, macrophages 

secrete VEGF-A, which can loosen endothelial cell contacts, and potentially aid 

cancer cell intravasation (Murdoch et al., 2008). 

 

1.3.2  Survival in the circulation 

Once in the lymphatics or blood vasculature, cancer cells must be able to survive 

the challenges of anchorage independence (Figure 1.3).  The shear stress, found 

particularly in the blood vasculature, is an additional challenge to cancer cells.  

Analysis of metastatic versus non-metastatic variants of the same cell-line 

indicated that both could interact with blood vessels but the non-metastatic cells 

showed increased fragmentation when associated with the vasculature (Wyckoff et 

al., 2000).  This suggests that the metastatic phenotype also provides protection 

from shear stress.  Evidence for this comes from the fact that Vimentin, which is 

up-regulated during cancer cell epithelial-to-mesenchymal transition (EMT), helps 

maintain leukocyte cell shape in the circulation (Brown et al., 2001).  Furthermore, 

cancer cells with high actomyosin contractility, associated with increased motility, 

show increased short-term survival after injection into the blood (Pinner and Sahai, 

2008).  In the blood stream cancer cells aggregate with platelets to form an 

embolus, which not only helps to protect against shear stress but also immune 

surveillance (Im et al., 2004) (Palumbo et al., 2007). 

 

1.3.3 Arrival and survival at secondary sites 

The location of cancer cell metastasis can in part be explained by cancer cells 

becoming lodged in the nearest capillary bed to the tumour.  However many 
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cancers show preferential metastasis to certain sites, for example breast cancer to 

the bone and lungs (Nguyen et al., 2009).  The long-standing “Seed and Soil” 

hypothesis proposes that successful organ colonisation depends on intrinsic 

properties of the cancer cell but also a permissive microenvironment for growth 

(Paget, 1989).  The cancer cell intrinsic expression of chemokine receptors 

mediates cancer cell “homing” to tissues which show increased expression of the 

ligand.  Bone metastases occur as a result of CXCR4 expression in breast cancer 

cells which attracts them to the bone marrow, a site rich in CXCL12, the CXCR4 

ligand (Muller et al., 2001).  Primary tumours also contain a heterogeneous 

population of cells with different intrinsic properties resulting in preferences for 

different secondary organs (Fidler, 1973).  Work using the MDA MB 231 breast 

cancer cells generated sub-lines with a propensity to metastasise to the lungs, 

brain or bone and described their associated gene expression profiles (Minn et al., 

2005) (Kang et al., 2003) (Bos et al., 2009).  ST6GALNAC5, a sialyltransferase, is 

up-regulated only in the cells showing brain specific metastasis and it enables 

specific adhesion to brain endothelial cells and passage through the blood brain 

barrier (Bos et al., 2009).  TGF-β enhances breast cancer metastasis to the bone 

and can act to increase expression of the genes highly expressed in cells which 

preferentially metastasise to the bone (Yin et al., 1999) (Kang et al., 2003). 

 

Formation of metastases in distant organs requires the adhesion of cancer cells to 

the endothelium, survival, extravasation and invasion of the endothelium 

associated basement-membrane (Figure 1.3).  A number of Integrins have been 

implicated in cancer cell adhesion to the vasculature including Integrin αVβ3, which 

binds PECAM-1, and Integrin α4β1 (Kikkawa et al., 2002) (Klemke et al., 2007).  

Both of these Integrins also increase trans-endothelial migration indicating a 

requirement for endothelial cell adhesion when traversing the vasculature wall.  

Cancer cells also release paracrine factors such as ANGPTL4 and CCL2 that 

disrupt endothelial cells cell-cell junctions and enhance trans-endothelial migration 

(Padua et al., 2008) (Wolf et al., 2012). Survival of cancer cells in the vasculature 

can be mediated by cell autonomous factors and interactions with stromal cells.  

The interaction of breast cancer cells and macrophages via VCAM-1 on the cancer 

cells and α4 Integrins on the macrophages enhances cancer cell survival by 

signalling through Ezrin and AKT (Chen et al., 2011).  Increased Ezrin expression 
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in metastatic cells can also enhance survival in the lung through AKT-mTOR 

signalling (Krishnan et al., 2006). 

 

1.3.4 Growth at secondary sites 

Once within the parenchyma at secondary sites, many cancer cells remain dormant 

(Naumov et al., 2002) (Figure 1.3).  Growth may be initiated either by a permissive 

microenvironment as suggested by the “soil and seed hypothesis” or through co-

option of the stroma, although these two possibilities may not be mutually 

exclusive.  Lung fibroblasts are induced to express Tenascin-C and VEGF-A, which 

promote the colonisation of breast cancer cells in the lungs (O'Connell et al., 2011).  

Additionally, breast cancer stem cells arriving at the lungs induce fibroblasts to 

secrete the matrix protein Periostin, which in turn recruits Wnt ligands to enhance 

cancer stem cell survival (Malanchi et al., 2012).   

 

The effects of cancer cells on secondary organs may occur even before 

metastasis.  Cancer cells in the primary tumour can direct recruitment of VEGFR-1 

positive bone-marrow derived cells to future metastatic sites.  The primary tumour 

induces expression of Fibronectin at future metastatic sites, enabling recruitment 

and adhesion of VEGFR-1 positive bone-marrow derived cells.  Matrix-

metalloproteases secreted by the bone-marrow derived cells subsequently induce 

release of active growth factors from the extracellular matrix (ECM) generating a 

pre-metastatic niche permissive for cancer cell growth (Kaplan et al., 2005).  Bone-

marrow derived cells are also attracted to the pre-metastatic niche through LOX 

dependent ECM remodelling (Erler et al., 2009).  Hypoxic cells in the primary 

tumour secrete LOX, which accumulates in the pre-metastatic niche leading to 

Collagen cross-linking and increased adhesion of bone-marrow derived cells.  In 

addition, the pre-metastatic niche may signal back to the cancer cells as up-

regulation of the chemokine CXCL12 has been observed in the pre-metastatic 

niche, which can promote the chemotaxis of CXCR4 positive cancer cells (Kaplan 

et al., 2005). 
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Figure 1.3 The metastatic process. 

Metastasis is the spread of cancer to distant organs and involves a cancer cell invading 
the local environment of the primary tumour and intravasating into either blood or 
lymphatic vessels.  On arrival at secondary sites, cancer cells adhere to the endothelial 
cell wall and extravasate.  Formation of metastases requires the cells to survive and 
grow in the novel environment. 
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1.4 Cell motility  

Cell motility is an important biological process that allows single-celled organisms 

to respond to differences in nutrient concentration and drives cell rearrangement 

and morphological changes in developing embryos.  It helps the immune system to 

locate pathogens but also enables cancer cells to move and metastasise.  The 

majority of research into cell motility has been carried out using cells on 2D 

surfaces, however, within the last decade the focus has shifted towards analysis of 

cells moving through 3D environments or tissues.  It is clear that cells behave 

differently in different environments.  Cells can move either as single cells or as 

groups or cohorts of cells (Friedl et al., 2012).  There are multiple modes of single 

cell motility ranging from mesenchymal-like to amoeboid-like or blebbing motility 

(Figure 1.4). 

 

Cell motility requires a cell to be able to make a protrusion in a forward direction, 

adhere to the surrounding matrix at the new position, and then retract the rear of 

the cell to turn the forward protrusion into bulk cell movement (Ridley et al., 2003).  

A pre-requisite for this set of processes is cellular polarity and the definition of a 

front and a back.  The actin cytoskeleton is thought to provide the driving force for 

cell motility, however, microtubules also play a role (Etienne-Manneville, 2004). 

 

1.4.1 The actin cytoskeleton 

The actin cytoskeleton is composed of highly dynamic filamentous actin (F-actin) 

polymers, composed of globular actin (G-actin) monomers.  G-actin can bind ATP 

in the cytoplasm and actin can hydrolyse ATP to ADP + Pi, although this reaction is 

faster when incorporated into F-actin filaments (Bugyi and Carlier, 2010).  

Following incorporation of G-actin-ATP into the barbed or plus end of the actin 

filament, ATP is hydrolysed leaving ADP + Pi.  Actin depolymerisation, the loss of 

actin monomers from the pointed end is increased by loss of the phosphate group 

(Bugyi and Carlier, 2010). The rate of G-actin-ATP monomer addition and G-actin-

ADP loss dictates the dynamics of the actin filament and actin treadmilling occurs 

when the rate of association of G-actin-ATP and the rate of loss of G-actin-ADP are 

balanced (Bugyi and Carlier, 2010). 



Chapter 1. Introduction 

34  

 

 

Numerous processes control actin polymerisation (Nurnberg et al., 2011).  G-actin 

can bind a number of proteins in the cytoplasm and binding to Profilin promotes 

ADP/ATP exchange and so increases the amount of G-actin-ATP (Wolven et al., 

2000).  Furthermore, binding to Thymosin β4 sequesters G-actin in the cytoplasm 

(Safer et al., 1991).  Formins and Ena/VASP family members can increase the rate 

of actin monomer addition to barbed ends, whereas actin capping proteins prevent 

further actin monomer addition (Goode and Eck, 2007) (Chesarone and Goode, 

2009).  Actin filaments can also be branched and the Arp2/3 complex enables 

branching and the formation of new actin filaments, through mimicking the shape of 

actin dimers (Goley and Welch, 2006).  Cofilin is an actin severing protein which 

can lead to actin depolymerisation, but also acts to increase the number of barbed 

ends available and can thereby enhance polymerisation (Wang et al., 2007).   

 

Actin polymerisation can be stimulated downstream of the Rho family GTPases, a 

family of proteins regulated by binding to guanine nucleotides, that switch between 

an active GTP bound state and an inactive GDP bound state (Sahai and Marshall, 

2002).  Rho guanine nucleotide exchange factors (GEFs) are activated 

downstream of many receptors including receptor tyrosine kinases and G-protein-

coupled receptors (Schiller, 2006).  They promote the binding of Rho proteins to 

GTP, hence promoting an active state.  Although most family members do have 

GTP hydrolysing activity, the reaction is slow, and binding of Rho GTPase 

activating proteins (GAPs) increases the rate of switching to the inactive state 

(Tcherkezian and Lamarche-Vane, 2007).  Furthermore, Rho GDP dissociation 

inhibitors (GDIs) sequester GDP-bound Rho proteins in the cytoplasm, hence 

inactivating them (DerMardirossian and Bokoch, 2005).  Many Rho proteins are 

subject to membrane targeting in a similar way to Ras proteins, through lipid 

modifications initiated by recognition of a C-terminal CAAX motif (Adamson et al., 

1992).  At the membrane, active GTP-bound proteins bind actin regulators leading 

to downstream actin polymerisation (DerMardirossian and Bokoch, 2005). 
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1.4.2 The microtubule cytoskeleton 

The microtubule cytoskeleton is composed of polymers constructed from α and β-

tubulin dimers and similar to the actin cytoskeleton, the polymers are highly 

dynamic (Watanabe et al., 2005).  However, in contrast to the actin cytoskeleton, 

microtubules are nucleated and organised by a dedicated microtubule organising 

centre (MTOC).  Microtubule polymers are polarised and polymerisation occurs at 

the plus end whilst the minus end anchors the microtubules to the MTOC 

(Watanabe et al., 2005).  Microtubule disassembly also occurs at the plus end, so 

microtubules can switch between growing and shrinking phases dynamically, due 

to events at the plus end (Kirschner and Mitchison, 1986).  Microtubule 

polymerisation can generate force and the microtubule cytoskeleton is found in 

some cell protrusions during cell motility (Watanabe et al., 2005).  Furthermore, 

microtubules localise to focal adhesions and can regulate adhesion turnover 

(Stehbens and Wittmann, 2012).  During polarised cell migration the MTOC is 

repositioned to the front of the nucleus in a mechanism dependent on microtubule 

dynamics (Magdalena et al., 2003). 

 

The microtubule cytoskeleton also provides a platform for intra-cellular transport.   

Motor proteins such as Kinesins and Dyneins bind microtubules and convert 

chemical energy from ATP-hydrolysis into mechanical work to move along the 

microtubule polymers (Verhey et al., 2011).  Most kinesins move towards the plus 

end of the microtubule and hence transport intracellular cargo towards the cell 

periphery (Verhey et al., 2011).  During polarised cell migration, Kinesins may help 

transport protein complexes to the leading edge and by interacting with focal 

adhesions, they may bring molecules that promote adhesion turnover (Krylyshkina 

et al., 2002) (Stehbens and Wittmann, 2012).  However, not all Kinesins act as 

motor proteins.  KIF2C (also known as MCAK) is important for regulating 

microtubule dynamics and binds to the plus ends of microtubules causing 

microtubule depolymerisation (Hunter et al., 2003).  Over-expression of KIF2C 

results in an almost total loss of microtubules in the cell (Maney et al., 2001). 
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1.4.3 Cell protrusions 

Generation of protrusions is one of the first steps in cell motility (Ridley et al., 

2003).  Cells can generate a number of protrusions including filopodia, lamellipodia, 

invadopodia and blebs (Ridley, 2011).  Most protrusions are generated through 

polymerisation of the actin cytoskeleton, which pushes the plasma membrane 

forward.  However, cells can also generate forward motion through actomyosin 

contractility (Poincloux et al., 2011). 

 

1.4.3.1 Filopodia 

Filopodia are thin protrusions that contain parallel actin bundles.  The main Rho 

GTPase involved in filopodia formation is Cdc42 and this is thought to induce 

localisation of its targets including the formin mDIA1, N-WASP and IRSp53 (Ridley, 

2011).  The I-BAR domain of IRSp53 bends the plasma membrane outwards and 

mDIA1 can induce the straight actin filaments (Ahmed et al., 2010) (Campellone 

and Welch, 2010).  Fascin, an actin bundling protein, localises to filopodia and is 

important for their stability (Vignjevic et al., 2006) (Machesky and Li, 2010).  

 

Filopodia are observed in a number of cell-types including endothelial tip cells 

during angiogenesis (Gerhardt et al., 2003) and epithelial cells in Drosophila dorsal 

closure (Millard and Martin, 2008).  Furthermore, proteins important for filopodia, 

such as Fascin, are implicated in cancer cell invasion and metastasis (Machesky 

and Li, 2010). 

 

1.4.3.2 Lamellipodia 

Lamellipodia are broad protrusions and activation of the Rho GTPase Rac is 

sufficient to induce lamellipodium extension (Machacek et al., 2009).  Downstream 

of Rac, the SCAR/WAVE complex binds Arp2/3 to induce the formation of a 

branched actin network (Kunda et al., 2003).  However, there has been recent 

debate about the extent of branching within lamellipodia (Urban et al., 2010).  The 

cell-type, conditions and the relative activity of the Arp2/3 complex and more linear 
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actin nucleators, such as the Formins, may dictate the extent of branching (Ridley, 

2011).  Lamellipodia are most abundant in mesenchymal-like cells migrating on 

rigid 2D substrates including the migration of neural crest cells during development 

(De Calisto et al., 2005). 

 

1.4.3.3 Invadopodia 

Invadopodia are protrusions that have matrix degrading properties and are thought 

to help cells cross basement membranes (Schoumacher et al., 2011).  It is likely 

that invadopodia formation is initiated by co-ordination of Cdc42 and the tyrosine 

kinase, Src (Ridley, 2011).  Both the Arp2/3 complex and Formins are required for 

invadopodia and Fascin also helps stabilise these protrusions (Buccione et al., 

2009) (Lizarraga et al., 2009) (Li et al., 2010a).  In addition to being actin-rich, 

invadopodia contain microtubules and intermediate filaments and the intermediate 

filaments can provide mechanical stability (Schoumacher et al., 2010).  Matrix 

metalloproteases such as MT1-MMP are delivered to the ends of invadopodia by 

the Exocyst complex (Liu et al., 2009). 

 

1.4.3.4 Blebs 

Membrane blebs are not driven by actin polymerisation but instead through 

increases in hydrostatic pressure driven by actomyosin contraction (Charras et al., 

2005).  They are more often associated with cell motility in 3D environments rather 

than 2D surfaces and are utilised by migrating primordial germ cells in zebrafish, 

Dictyostelium and some cancer cell-lines (Blaser et al., 2006) (Langridge and Kay, 

2006) (Sahai and Marshall, 2003).  Blebs are thought to form at areas with weak 

attachments between the plasma membrane and actin cortex and once the bleb 

has extended the actin filaments polymerise to form a new actin cortex (Charras 

and Paluch, 2008).   

 

The four types of protrusions are not necessarily mutually exclusive as both 

lamellipodia and blebs have been observed at different regions on migrating cells 
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during zebrafish gastrulation (Diz-Munoz et al., 2010).  In addition, filopodia may 

emerge from the lamellipodial actin network (Gupton and Gertler, 2007). 

 

Cells undergoing collective motility also produce protrusions, although they are 

often limited to the leading cells in the group.  In 2D wound-healing models the 

front row of cells protrudes lamellipodia into the newly formed space (Vaughan and 

Trinkaus, 1966).  Drosophila tracheogenesis involves collectively motility and the 

leading cells, closest to the chemotactic cue, produce filopodia in the direction of 

movement (Ribeiro et al., 2002). 

 

1.4.4 Adhesions 

Cell motility often requires adhesion to the surrounding matrix, particularly during 

motility on 2D substrates.  This secures the new position of the membrane 

following protrusion and subsequently enables the generation of traction and force 

to move forwards (Ridley et al., 2003). Integrins are the main molecules that 

mediate adhesion to the ECM.  They are trans-membrane heterodimers consisting 

of a large extracellular domain that binds to specific matrix components and a short 

cytoplasmic tail that links to the actin cytoskeleton (Huttenlocher and Horwitz, 

2011).  Activation of Integrins through binding to matrix ligands results in Integrin 

clustering and formation of multiprotein complexes.  Nascent adhesions are small 

dynamic adhesions in the outer regions of protrusions that can mature into the 

larger focal adhesion complexes (Choi et al., 2008).  Focal adhesions contain 

proteins such as Talin, Vinculin and Alpha-actinin which bind the intracellular tails 

of Integrins and help link the ECM to the actin cytoskeleton, hence providing 

traction for cell motility (Huttenlocher and Horwitz, 2011).  Focal adhesions also 

contain the signalling molecules, Focal-adhesion kinase (FAK) and Src kinases, 

which control the turnover of focal adhesions and regulate cell motility (Webb et al., 

2004) (Mitra et al., 2005).  In order to move forward, cells must release the ECM 

attachments at the cell rear.  This is in part mediated by contractile force, but 

Integrin endocytosis and Calpain dependent proteolytic cleavage of adhesion 

proteins may also play a role (Webb et al., 2004) (Lawson and Maxfield, 1995) 

(Franco and Huttenlocher, 2005).    
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The role of adhesions in vivo is less defined.  Focal adhesions in cells on 3D 

substrates are more diffuse and have different molecular components, with fewer 

Integrins employed and less phosphorylated FAK (Cukierman et al., 2001).  

Furthermore, dendritic cells can migrate in vivo independently of Integrins and are 

thought to employ a mode of motility dependent on actomyosin contraction 

(Lammermann et al., 2008).  

 

Collectively motile cells use similar mechanisms to cells on 2D substrates in order 

to bind the ECM.  However, they must also maintain adhered to adjacent cells.  

Adherens junctions maintain cell-cell adhesions and are mediated by cadherins 

and catenins.  Cells migrating collectively during mammary gland morphogenesis 

maintain E-cadherin at cell-cell contacts and loss of E-cadherin is associated with a 

more single-cell mode of motility and epithelial to mesenchymal transition (Ewald et 

al., 2008) (Thiery, 2003).  

 

1.4.5 Contractile force 

Contractile force is required for cell migration as it drives retraction of the rear of 

the cell to enable a net forward motion.  The contractile machinery consists of the 

heavy and light chains of the motor protein Myosin II, together with actin filaments.  

Contractility is generated by multimeric Myosin II “walking” along multiple actin 

filaments in an ATP dependent process (Olson and Sahai, 2009).  This causes the 

actin filaments to move relative to one another generating contraction.  Contractility 

is regulated by the phosphorylation of Myosin light chain (MLC), which controls the 

conformation of the Myosin heads and hence increases ATPase activity (Vicente-

Manzanares et al., 2009).  MLC is phosphorylated by a number of kinases 

including ROCK1 and ROCK2 downstream of RhoA signalling and MRCK 

downstream of Cdc42 (Amano et al., 1996) (Wilkinson et al., 2005).  MLC is also 

the target of Myosin phosphatase (MYPT), which is itself negatively regulated by 

ROCK1 (Ito et al., 2004).  Hence RhoA signalling, leading to activation of ROCK, 

induces contractility through both MLC phosphorylation and inhibition of the MLC 

phosphatase.  In cells on 2D substrates the activation of RhoA leads to the 
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formation of stress fibres and this requires both ROCK and the Formin mDIA1 

(Watanabe et al., 1999). 

 

Single cells moving in vivo are highly dependent on actomyosin contractility.  As 

described earlier, some cell types can move independently of integrins instead 

using contractility to squeeze through gaps in the ECM.  In a similar manner, some 

cancer cells utilise amoeboid-like modes of motility to move through 3D matrices 

and the tumour environment in vivo.  During this form of motility, the contractile 

machinery is localised to the cell cortex and ROCK dependent contractility drives 

motility and local Collagen deformation (Wyckoff et al., 2006). 

 

Collectively motile cells have a supra-cellular actomysoin organisation, with 

increased contractility around the edge of the group and decreased contractility at 

cell-cell junctions (Hidalgo-Carcedo et al., 2011).  This enables the group to 

maintain cohesion, by stabilising cell-cell contacts.   Some systems of collective cell 

motility, such as branching morphogenesis in the mammary gland, may utilise 

contraction as a method to drive motility, rather than cycles of protrusion and 

adhesion.  Here, the leader cells are devoid of protrusions and the stiff stalk cells 

are thought to drive motility from the rear (Ewald et al., 2008).  

 

1.4.6 Cell polarity and directional cell motility 

Motile cells have a front, usually defined by active protrusions and the leading 

edge, and a rear, which is characterised by disassembly of adhesions and 

contraction.  This polarisation can be spontaneous or arise from the external 

environment as a result of soluble chemokines, changes in the ECM, or changes in 

the position or presence of adjacent cells.  The difference in localised cell 

behaviour in these regions is reflected by differences in the distribution or activation 

of signalling molecules.  During leukocyte and Dictyostelium migration PI3K 

signalling is polarised so that there is an increase in the PI3K product PIP3 at the 

leading edge (Ridley et al., 2003).  PI3K products can activate Rac through GEFs 

leading to an increase in Rac activity and protrusions at the leading edge.  PTEN, a 
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phosphatase that removes PIP3, is restricted to the sides of migrating cells, which 

helps prevent the formation of protrusions in these areas (Merlot and Firtel, 2003).   

 

The classical view of cell motility on 2D substrates involves increased Rac activity 

at the leading edge with RhoA activity restricted to the tail to promote tail retraction 

(Ridley et al., 2003).  However, recent studies with Rho protein biosensors have 

revealed a much more complex situation with both Rac and RhoA activity at the 

leading edge and a spatial and temporal regulation of their activity (Pertz et al., 

2006) (Machacek et al., 2009).  RhoA is activated at the cell edge at the same time 

as leading edge advancement, however, Rac1 and Cdc42 are activated behind the 

leading edge with a slight delay (Pertz et al., 2006) (Machacek et al., 2009).  Rac1 

activity is low at the onset of protrusion, whereas RhoA activity is high suggesting 

that Rac1 may not be responsible for advancement of the leading edge in the 

system analysed.  This is in contrast to reports showing that photo-activation of 

Rac is sufficient to drive protrusions (Wu et al., 2009). 

 

As mentioned previously, the environment can affect cell polarity, but it can also 

induce a directionality to migration.  Chemotaxis is the migration of cells towards a 

soluble factor such as the migration of Dictyostelium towards cAMP or leukocytes 

towards fMLP, a peptide derived from bacteria or damaged cells.  These 

chemokines regulate directional migration, although exactly how they do so is not 

yet clear.  Chemokine gradients may activate PI3K signalling to induce protrusional 

activity towards the source of the gradient.  Alternatively, soluble chemokines may 

help to stabilise protrusions pointing in the direction of the source, thereby 

regulating direction.  The chemokine CXCL12 is implicated in chemotaxis of 

primordial germ cells in zebrafish (Doitsidou et al., 2002).  Chemokine receptors 

are also implicated in cancer metastasis and increased expression of CCR7 in 

melanoma cells can increase metastasis to the lymph-nodes (Wiley et al., 2001).   

 

Cells moving collectively also have a polarity and move in a directed fashion.  

Usually there is a leader cell or cells, with distinct morphology, such as increased 

protrusions, but inputs must be integrated from the whole group of cells (Friedl and 

Gilmour, 2009).  Collective migration of the zebrafish lateral line is directed by 

CXCL12 (David et al., 2002).  In this system only the front cells respond to the 
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ligand but it is sufficient to drive directional migration of the group (Haas and 

Gilmour, 2006).  However, the leader cell is not always fixed, as tip and stalk cells 

can switch position during angiogenesis and photo-activation of Rac in Drosophila 

border cells is sufficient to change the polarisation and direction of motility 

(Jakobsson et al., 2010) (Wang et al., 2010b).  In some cases the leading cell is a 

different cell type.  Fibroblasts found at the leading edge of collectively migrating 

cancer cells remodel and degrade the ECM making tracks for the cancer cells to 

follow (Gaggioli et al., 2007). 

 

1.4.7 ERM proteins 

Ezrin, Radixin and Moesin are a family of proteins that link the actin cytoskeleton 

with the plasma membrane.  They contain a membrane associated FERM domain 

at their N-terminus and a C-terminal ERM-associated domain (C-ERMAD) (Fehon 

et al., 2010).  The C-ERMAD can bind both the FERM domain and F-actin.  In the 

inactive conformation, the C-ERMAD is bound tightly to the FERM domain, 

masking the F-actin binding site.  On activation, the affinity between the C-ERMAD 

and the FERM domain is reduced, the molecule opens and the C-ERMAD binds F-

actin (Simons et al., 1998).  The FERM domain can bind to cytoplasmic tails of a 

number of membrane associated proteins, such as CD44 and ICAM2, hence 

linking the plasma membrane and the underlying actin cytoskeleton (Yonemura et 

al., 1998). 

 

A number of signalling pathways contribute to ERM activation.  The first step is 

through binding of PIP2 enabling recruitment to the plasma membrane.  This may 

lead to a slight conformational change revealing a conserved threonine residue 

(Fievet et al., 2004).  Phosphorylation of the threonine results in the loss of intra-

molecular association, and a subsequent conformational change releasing the C-

ERMAD domain to bind F-actin (Simons et al., 1998).  Numerous kinases can 

phosphorylate and activate the ERM proteins including ROCK, PKCα, PKCθ 

(Matsui et al., 1998) (Ng et al., 2001) (Simons et al., 1998). 
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ERM proteins have important roles in cell motility (Arpin et al., 2011).  During 

amoeboid/bleb-like migration in 3D matrices, Ezrin accumulates at the cell rear 

together with actin and MLC.  Blebbing is decreased at this area, possibly due to 

increased linkage between the actin cortex and plasma membrane, and this directs 

blebbing and protrusions in the forward direction, hence driving cell motility 

(Lorentzen et al., 2011).  ERM proteins may act both upstream of RhoA by binding 

to Rho GEFs, GAPs and GDIs, and in addition they are activated by the RhoA 

substrate, ROCK (Fehon et al., 2010).  ERM proteins are activated downstream of 

receptor tyrosine kinases and Ezrin promotes cell motility downstream of HGF 

(Crepaldi et al., 1997).  

 

1.4.8 Different modes of single cancer cell motility in 3D 

Singly motile cells can be classified on a continuum between mesenchymal-like 

and amoeboid-like modes of motility (Figure 1.4).  Mesenchymal-like motility is 

slower and characterised by actin-rich protrusions such as filopodia or invadopodia 

(Friedl and Wolf, 2009).  It is dependent on peri-cellular proteolysis to degrade the 

surrounding ECM and make a path for the cell-body (Friedl and Wolf, 2009).  

Amoeboid-like motility is faster and uses contractility to squeeze the cell through 

gaps and deform the local extra-cellular matrix (Wyckoff et al., 2006).  This type of 

motility is more prominent in 3D environments.  Cells with high contractility 

generate blebs that protrude into the local environment and can generate traction 

for forward movement (Charras and Paluch, 2008).  Mesenchymal-like motility 

utilises adhesive structures such as focal-adhesions to generate traction, however, 

cells undergoing amoeboid-like motility may have weak or no attachment to the 

ECM (Schmidt and Friedl, 2010).  The type of single cell motility utilised by a cell 

may be pre-determined and expression of adhesion molecules, such as Integrins, 

may play a role.  Sarcoma and glioblastoma cells undergo a more mesenchymal-

like motility whereas leukocytes, leukaemia and prostate cancer cells undergo an 

amoeboid-like mode of motility (Friedl, 2004). 
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Figure 1.4. Modes of cell motility. 

Cells can move either collectively or as single cells and single cell motility may be 
further represented by amoeboid-like or mesenchymal-like motility.  Cells which move 
as a cohort but do not maintain strong cell-cell adhesions are considered to use a 
streaming form of motility. 
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Mesenchymal-like cell motility is utilised by many cell-types.  For example, during 

development the cells of the neural crest undergo EMT and migrate as single cells 

throughout the embryo using a protrusion-based mesenchymal mode of motility 

(Thiery et al., 2009).  EMT involves the loss of cell-cell adhesions through down-

regulation of E-cadherin, acquisition of a motile phenotype and a gene-expression 

signature reminiscent of mesenchymal cells.  It can be induced through soluble 

signals such as TGF-β and Wnts, which lead to a transcriptional response to up-

regulate proteins such as MMPs, Fibronectin and Vimentin and repress E-cadherin 

(Thiery et al., 2009).  EMT is thought to occur in cancer and there is a large body of 

evidence supporting EMT as a method of inducing motility of carcinoma cells in 

vitro (Thiery, 2003).  Long-term exposure to signals such as TGF-β may not only 

induce EMT, but may also lead to the acquisition of stem-like properties (Mani et 

al., 2008).  The role of EMT in vivo is less clear.  Histological sections of human 

cancer have revealed an increase in EMT markers and a loss of E-cadherin at the 

invasive edge of tumours (Brabletz et al., 2001).  However, these changes are not 

maintained in metastases, which could indicate EMT independent metastasis or 

rare and reversible EMT (Brabletz et al., 2001). 

 

Cells are plastic in their modes of motility and can switch between mesenchymal-

like and amoeboid-like modes of motility.  This switching was first observed when 

cells using a mesenchymal-like mode of migration in a 3D Collagen matrix were 

treated with a protease inhibitor cocktail resulting in a switch to an amoeboid-like 

form of motility (Wolf et al., 2003).  Furthermore, cells undergoing amoeboid-like 

motility switch to mesenchymal-like motility when treated with a ROCK inhibitor to 

inhibit contractility (Sahai and Marshall, 2003).  This highlights the versatility of 

motile cells and helps to explain why protease inhibitors have not been a 

particularly effective anti-cancer treatment (Lah et al., 2006).  However, total 

motility could be impaired by the joint use of protease and ROCK inhibitors, 

suggesting a combination of agents may be effective against invasion in vivo 

(Sahai and Marshall, 2003).  Switching can also occur in physiological situations 

and the mode of motility may be dependent on ECM density, and elasticity (Wolf 

and Friedl, 2011).  
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Levels of Rac activity control the nature of single cell motility and so Rac regulation 

is likely involved in the switching mechanism.  Rac activation by both NEDD9 and 

DOCK3 is required for mesenchymal-like motility and WAVE2 acts downstream of 

Rac to induce protrusions (Sanz-Moreno et al., 2008).  Rac activation also reduces 

MLC phosphorylation hence reducing contractility and amoeboid-like 

characteristics (Sanz-Moreno et al., 2008).  NEDD9 is another key regulator as it 

not only activates Rac, but also signals together with Integrin β3 and Src to 

promote mesenchymal-like motility whilst decreasing ROCK activity (Ahn et al., 

2012).  

 

During amoeboid-like motility ROCK signalling and contractility is high and Rac 

activation is low.  RhoA-ROCK signalling is promoted by cytokine signalling through 

the JAK-STAT pathway.  ROCK activation leads to an increase in STAT activation 

creating a positive feedback loop that may help to maintain amoeboid motility 

(Sanz-Moreno et al., 2011). Furthermore, ROCK activation leads to an ARHGAP22 

dependent inhibition of Rac activity and so inhibits the mesenchymal phenotype 

(Sanz-Moreno et al., 2008). 

 

A spatial localisation of RhoA signalling may also be important to regulate the 

mode of single cell motility.  The E3 ubiquitin ligase SMURF1 degrades RhoA at 

the leading edge  and SMURF1 depletion results in a mesenchymal to amoeboid 

transition due to the activation of RhoA at the cell cortex (Wang et al., 2003) (Sahai 

et al., 2007).  p27
Kip1 

inhibition of RhoA can also influence the mode of motility as 

loss of p27
Kip1 

results in amoeboid-like motility (Besson et al., 2004) (Berton et al., 

2009).  Activation of Cdc42 through the GEF DOCK10 promotes amoeboid-like 

motility whereas inhibition of Cdc42 by RASGRF inhibits amoeboid-like 

characteristics (Gadea et al., 2008) (Calvo et al., 2011).  Therefore the interplay 

between Rac, RhoA-ROCK and Cdc42 signalling helps to control the switch 

between mesenchymal- and amoeboid-like motility. 

 

The cytokine regulation of amoeboid-like motility suggests that the mode of motility 

may depend on the microenvironment.  However, many chemokines are known to 

activate Rac and so may lead to mesenchymal-like motility.  Furthermore 

Vitronectin, the Integrin β3 ligand, is required for the NEDD9 dependent promotion 
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of mesenchymal-like motility (Ahn et al., 2012).  This suggests that if cells with high 

NEDD9 encounter Vitronectin they may switch to a mesencymal-like mode of 

motility.  The trans-membrane receptor EphA2 promotes an amoeboid-like mode of 

motility in melanoma and prostate cancer cells and so regions with high Ephrin A 

ligands may promote amoeboid motility (Taddei et al., 2011) (Parri et al., 2009). 

 

1.5 Cancer cell motility in vivo 

1.5.1 Imaging approaches to study cancer cell motility in vivo 

There are a number of imaging based methods to study cancer cell motility and 

metastasis in vivo; from whole-body bioluminescence imaging to the sub-cellular 

resolution provided by intra-vital multi-photon microscopy.  The work in this thesis 

utilises single-photon and two-photon intra-vital microscopy in mice so these 

techniques will be the focus of this section. 

 

Single- and two-photon intra-vital microscopy use photons to excite a fluorophore 

into a higher energy state and collect the photons emitted on relaxation of the 

fluorophore.  The requirement for fluorophores means that cancer cells need to 

stably express fluorescent proteins for visualisation.  Two-photon microscopy 

excites fluorophores by simultaneous absorption of two low energy photons 

(Helmchen and Denk, 2005).  This uses wavelengths in the infra-red range which 

has the advantage of being able to penetrate further into tissues (Oheim et al., 

2001).  The infra-red wavelengths also create second-harmonic generation signal 

from structures with highly ordered repeats, such as Collagen I fibres, which helps 

visualise aspects of the ECM together with labelled cancer cells (Zipfel et al., 

2003).  An additional advantage of multiphoton microscopy is that only fluorophores 

in the focal plane are excited.  Outside of the focal plane the photon density is too 

low to allow simultaneous photon absorption (Helmchen and Denk, 2005).  This is 

in contrast to single-photon microscopy, which excites fluorophores outside of the 

focal plane and so requires a pinhole to remove out-of focus light (Beerling et al., 

2011).  Therefore multi-photon excitation not only reduces photo-toxicity by exciting 

only the fluorophores in the plane of interest, but also more of the emitted light can 
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be collected as all emitted light can be assumed to originate from the focal plane 

without the need for a pinhole. 

 

Exploring cancer cell motility using intra-vital imaging involves the generation of 

primary tumours with fluorescently labelled cancer cells.  This thesis uses sub-

cutaneous injection of fluorescent cell-lines into mice due to the ability to 

manipulate the cancer cells before injection.  However, there are a number of 

spontaneous cancer models in which the cancer cells are fluorescently labelled.  

Furthermore, zebrafish can be used as a model to study cancer metastasis due to 

the ease of imaging and amenable genetics (Ignatius and Langenau, 2011).  

 

Tumours can be imaged in different ways.  The skin-flap method allows one-off 

short-term imaging, typically 3-4 hours, although up to 30 hours can be achieved 

(Egeblad et al., 2008).  This method involves minor surgery immediately prior to 

imaging to expose the tumour, which may affect interstitial tissue flow and the 

tumour microenvironment.  Longer-term imaging without immediate surgery can be 

achieved with the use of an imaging window.  These were originally large, 

cumbersome structures surgically implanted on the back of the mouse (Lehr et al., 

1993) (Alexander et al., 2008).  However, recent refinement has resulted in a much 

smaller, lighter window that has been used for orthotopic imaging of mammary 

tumours in the mammary gland (Kedrin et al., 2008).  A challenge for long-term 

imaging of cancer is the dynamic rearrangements within the microenvironment that 

make imaging the exact same position day after day quite difficult.  Photo-

switchable fluorescent proteins, such as Dendra2, a green-to-red photoswitchable 

protein, enable the long-term labelling of a population of cells or region of interest 

and can help to overcome this problem (Gligorijevic et al., 2009).  This technique 

has also been used to determine the extent of cell motility by analysing the spread 

of the photo-switched cells after a defined time period (Canel et al., 2010).   

 

Detection of additional components of the microenvironment can be achieved by 

using transgenic mice and fluorescently-labelled probes, dyes and antibodies.  

Intra-venous injection of high molecular weight fluorescent dextran indicates blood 

vessels with flow whilst injected lower molecular weight fluorescent dextrans are 

taken up by macrophages (Wyckoff et al., 2007).  Intra-tumoural injection of 



Chapter 1. Introduction 

49  

 

fluorescent dextran can also reveal the draining lymphatics (Giampieri et al., 2009).  

Transgenic mice with fluorescent protein expression under the control of a cell-

specific promoter allow the imaging of stromal cells in the tumour.  One example is 

the myeloid specific c-fms:GFP mice to visualise myeloid cells (Nakasone et al., 

2012).   

 

Intra-vital imaging can also be used to study the molecular processes associated 

with cell motility in vivo, such as signalling events and proteolytic cleavage.  Probes 

to study the protease activity of MMPs include an injectable substrate that 

fluoresces after cleavage (Weissleder et al., 1999).  Fӧrster resonance energy 

transfer (FRET) based probes can report on the activity status of a signalling 

molecule, such as the GTPase Rac1 (Hirata et al., 2012), or can be used to 

indicate substrate cleavage, as in the FRET Caspase probe (Bins et al., 2007).  

Fluorescent proteins can be fused to a protein of interest and have been used to 

study E-cadherin dynamics and regulation in vivo (Canel et al., 2010).  

Alternatively, cells expressing a fluorescent protein under the control of a 

transcriptional based reporter can visualise cells with active signalling and have 

shown heterogeneity in TGF-β signalling in breast cancer in vivo (Giampieri et al., 

2009). 

 

1.5.2 Different modes of cancer cell motility in vivo 

Intra-vital imaging has confirmed that cancer cells also use diverse mechanisms to 

move in vivo.  Amoeboid-like cancer cell motility in vivo is fast, with speeds of up to 

4 μm/min (Sahai, 2005).  Cells in some tumours also display chaotic blebbing forms 

of motility (Sanz-Moreno et al., 2008).  Similar to migration on 3D matrices, 

amoeboid-like migration is dependent on ROCK mediated contractility and imaging 

of MLC localisation revealed an accumulation at the cell cortex and behind the 

leading edge (Wyckoff et al., 2006).  Consistent with in vitro studies showing MMP 

independent amoeboid-like motility, inhibition of MMP activity does not decrease 

the number of motile cells in A431 squamous cell carcinomas or MTLn3 breast 

tumours (Wyckoff et al., 2006) (Wolf et al., 2003).  Mesenchymal-like cancer cell 

motility is also observed in vivo.  Mesenchymal-like motility, however, may be 
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confined to the more central tumour regions whereas cells at the tumour margins 

use amoeboid-like motility (Sanz-Moreno et al., 2008).  Although switching between 

modes of motility has not been addressed in vivo, the distinction between modes of 

motility based on location suggests that the microenvironment may play a part.   

 

Ex-vivo imaging of glioblastoma cells in a brain slice culture system identified two 

different modes of invasion, invasion through the brain parenchyma, mediated by 

multiple pseudopodia, and peri-vascular invasion, in which cells had a single 

pseuodopod (Hirata et al., 2012).  FRET probes revealed differences in Rho 

GTPase activation between cells.  Cells undergoing invasion into the brain 

parenchyma had increased Rac1 and Cdc42 activity and lower RhoA activity than 

cells undergoing peri-vascular invasion.  This shows that proteins known to be 

associated with motility have heterogeneous activity which correlates with 

heterogeneous motile behaviour of cancer cells.  Indeed, the authors argue that 

inter-cell heterogeneity in Rho GTPase activity dictates the method of cell invasion 

(Hirata et al., 2012). 

 

Cancer cells have been observed to move collectively in vivo in a number of 

different tumour types (Giampieri et al., 2009) (Alexander et al., 2008).  This has 

revealed distinct types of collective motility depending on the cohesive-ness of the 

group and contacts maintained by the cells (Friedl et al., 2012).  Streaming 

describes cells that are migrating in the same direction with weak cell contacts, 

perhaps following the same guidance cue, but each cell generates forward motion 

independently.  An isoform of MENA, an Ena/VASP family member, promotes cell 

streaming through affecting paracrine signals in vivo (Roussos et al., 2011).  

Cohesive collective cell migration is slower than streaming and cells maintain cell-

cell contacts over time (Giampieri et al., 2009) (Friedl et al., 2012). 

 

A common theme reported by intra-vital imaging is that motile cancer cells are 

relatively rare, with less than 10 % of cells in the primary tumour being motile 

(Giampieri et al., 2009).  Furthermore, some areas have no motile cancer cells 

whereas others have lots of motile cells (Condeelis and Segall, 2003).  As 

discussed previously, both cancer cell intrinsic and extrinsic factors affect the 

acquisition of motility in the primary tumour.  Purification of the motile cell 



Chapter 1. Introduction 

51  

 

population in breast cancer using a microneedle of matrigel and EGF showed that 

motile cells have a distinct gene signature from the bulk of cancer cells.  Motile 

cells had differential regulation of genes associated with the actin cytoskeleton and 

the cell-cycle (Wang et al., 2004) (Goswami et al., 2004).  One explanation is that 

the motile cells may have intrinsic differences from the tumour mass and are a sub-

population of the tumour.  Alternatively, extrinsic signals from the local 

microenvironment could lead to a transient change in gene expression, resulting in 

the acquisition of motility and subsequent metastasis.  Consistent with local effects 

of the microenvironment, photo-switching of fluorescently labelled breast cancer 

cells revealed that cells near to blood vessels disperse and migrate more than cells 

distant to blood vessels (Kedrin et al., 2008).  This suggests that aspects of the 

microenvironment, such as blood vessels, may create a permissive environment 

and so affect the ability of cancer cells to migrate. 

 

1.5.2.1 Interplay between the microenvironment and cancer cell motility 

Extrinsic factors, such as signals in the microenvironment, can affect cancer cell 

motility.  Macrophages influence cancer cell motility in vivo and have been 

observed to migrate in streams together with breast cancer cells (Condeelis and 

Weissleder, 2010).  A paracrine loop between the two cell types operates to 

increase breast cancer cell motility and is an example of extrinsic factors regulating 

cancer cell gene expression and motility.  Breast cancer cells release CSF-1 that 

induces tumour associated macrophages to express EGF.  EGF then acts as a 

chemokine promoting the invasion of breast cancer cells, but also increasing CSF-

1 production so maintaining the paracrine loop (Goswami et al., 2005).  A subset 

tumour associated macrophages is found in peri-vascular regions, so this paracrine 

loop may be a reason for the increased motility near to blood vessels.  The peri-

vascular location of some macrophages also helps breast cancer cells to 

intravasate, as breast cancer cells are observed to migrate towards macrophages 

and only intravasate adjacent to peri-vascular macrophages (Wyckoff et al., 2007).  

This work starts to describe a permissive microenvironment for breast cancer cell 

motility, i.e close proximity to a blood vessel together with the presence of 

macrophages.  Patient sections were analysed for the presence of a macrophage, 
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blood vessel and invasive cancer cell (marked by increased MENA expression) 

within the same region, designated a tumour microenvironment of metastasis.  

Patients who developed distant metastasis showed a significant increase in the 

number of tumour microenvironments of metastasis, indicating the clinical 

relevance of perivascular macrophages for cell motility and metastasis (Robinson 

et al., 2009).  

 

Soluble signals from other cells in the microenvironment, such as CAFs, may also 

increase cancer cell motility in certain areas.  Numerous in vitro studies describe 

CAFs as promoters of cancer cell motility through factors such as HGF and TGF-β 

(Hanahan and Coussens, 2012).  TGF-β signalling is heterogeneous in breast 

cancer in vivo and correlates with single cell motility (Giampieri et al., 2009).  

Blocking TGF-β signalling in vivo blocks single cell motility suggesting that TGF-β 

mediates the induction of single cell motility.  Furthermore, consistent with 

heterogeneous motile behaviour, TGF-β signalling only occurs in some cells.  

Although the source of TGF-β was not explored, localisation of TGF-β expressing 

CAFs may contribute to the heterogeneity in induction of single cell motility. 

 

The ECM and physical environment of a tumour can also influence cancer cell 

motility.  Motile cancer cells interact with Collagen fibres and are often observed 

traversing the Collagen network at high speed using an amoeboid-like mode of 

motility (Condeelis and Segall, 2003).  Collectively invading strands of cancer cells 

associate with linear Collagen fibres suggesting that the ECM may help to provide 

a highway for migration (Alexander et al., 2008).  In addition, ECM remodelling by 

stromal cells such as CAFs helps to promote cancer cell motility, as indicated in 3D 

models of collective invasion in vitro (Gaggioli et al., 2007).  The different structures 

in the tumour microenvironment may affect whether cells are motile or which mode 

of motility they utilise.  Long-term tracking of fibrosarcomas revealed that areas of 

the tumour adjacent to fat storage adipocytes had an increase in singly motile cells 

(Alexander et al., 2008).  This correlates with in vitro reports that adipocytes 

promote cancer cell invasion and metastasis (Dirat et al., 2011) (Nieman et al., 

2011).   

 



Chapter 1. Introduction 

53  

 

1.5.2.2 Heterogeneous activation in vivo of pathways associated with 

motility  

The varied behaviour of cancer cells in vivo probably reflects both internal and 

external differences, such as  

1. Genetic differences  

2. Differentiation or epigenetic changes 

3. External signals 

 

Motile melanoma cells in vivo were observed to be less pigmented and had higher 

activity of the promoter of the melanoblast transcription factor Brn2 (Pinner et al., 

2009).  This is suggestive of the motile cells being less differentiated, but whether 

this population represents the cancer stem cells is unknown.  However, imaging of 

a zebrafish model for rhabdomyosarcoma identified a cell population with tumour 

propagating properties, but these were not motile and instead a distinct, more 

differentiated, myogenin positive cell population potentiated invasion and 

metastasis (Ignatius et al., 2012). 

 

Heterogeneity in activation of signalling pathways associated with motility has been 

observed in human tumour slices, suggesting that intra-vital imaging of murine 

cancer models has relevance for the human disease.  Colon cancer sections show 

β-catenin localised to cell-cell junctions in the tumour bulk, but accumulated in the 

nucleus at the invasive tumour margin (Brabletz et al., 2001).  This pattern was 

also seen in the metastases.  This indicates that cells may undergo a transient 

increase in Wnt signalling that drives invasion but this signalling is not retained in 

the bulk of cells on reaching the metastatic site.  Further evidence for transient 

changes in signalling was revealed by intra-vital imaging of TGF-β reporter breast 

cancer cell-lines.  As discussed previously, TGF-β signalling was heterogeneous 

and correlated with single cell motility (Giampieri et al., 2009).  However, in lymph-

node metastases the majority of cells were non-motile and TGF-β signalling was 

low, suggesting a transient induction of motility and TGF-β signalling in vivo.  

Furthermore, cells showed increased lung colonisation after a pulse of TGF-β, 

whereas cells with constitutive activation of TGF-β signalling had reduced capability 

for lung colonisation, indicating the requirement for down-regulation of the signal.  
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This report also showed heterogeneity in TGF-β signalling in human breast tumour 

sections providing support for signalling heterogeneity in human tumours 

(Giampieri et al., 2009). 

 

In summary, intra-vital studies of cancer cell motility have shown that acquisition of 

motility is a rare and transient event that can be influenced by extrinsic factors in 

the microenvironment including macrophages and the presence of blood vessels.  

In addition, there are intrinsic differences between motile and non-motile cells in 

vivo such as differences in differentiation state and activation of certain proteins 

and signalling pathways.  

 

The next section will cover some key mechanisms by which extrinsic cues can 

affect gene expression and how stable patterns of gene expression may be 

maintained. 

 

1.6 Control of gene expression 

A cell’s phenotype and behaviour is dependent on the genes it expresses.  External 

signals, for example from the tumour microenvironment, can lead to gene 

expression changes and subsequent changes in cell behaviour, such as the 

acquisition of motility.  Gene expression can be controlled at many levels, including 

integration of external signals, transcription factor recruitment of RNA polymerase II 

complex components, remodelling of the higher order structure of DNA to increase 

polymerase access to genes, mRNA processing and mRNA stability.  In the 

nucleus, DNA is associated with Histone proteins to form chromatin.  For active 

gene transcription, the DNA must be accessible and RNA polymerase II complex 

must be recruited.  This section will address these initial steps of gene expression 

control.  There will be a focus on  

1. Upstream pathways that initiate transcription factor dependent RNA 

polymerase II (RNA pol II) recruitment  

2. Chromatin mediated control of gene expression, particularly gene silencing. 

 

Transcription factors can be general factors, such as TFIIA, that help to recruit the 

RNA pol II complex to the promoter of a gene.  Alternatively, specific transcription 
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factors mediate RNA pol II recruitment to a subset of genes through sequence 

specific DNA binding of key regulatory elements in gene promoters.  The next few 

sub-sections will address some of the key pathways regulating specific 

transcription factors. 

 

1.6.1 TGF-β signalling 

TGF-β signalling is activated in response to extracellular signals and is involved in 

the regulation of many cellular processes such as growth, adhesion, migration and 

differentiation (Schmierer and Hill, 2007).  It results in the nuclear accumulation of 

sequence specific transcription factors, called SMADS, that subsequently recruit 

other proteins and initiate transcription of target genes (Figure 1.5).   

 

The core TGF-β pathway has a large number of ligands in mammals, including 

bone morphogenetic proteins (BMPs), growth and differentiation factors (GDFs), 

Activins, Nodal and 3 TGF-β isoforms.  Some of the ligands, such as the TGF-βs, 

are secreted as latent forms and targeted to the ECM.  They require subsequent 

proteolysis to release the active ligand (Annes et al., 2003).  On release of active 

ligand, it binds to transmembrane serine-threonine kinase receptors to transfer the 

signal to inside the cell.  There are two classes of receptor, type I and type II, and 

on binding to ligand, dimers of the two types of receptors are brought together to 

form heterotetramers.  Type II receptors are constitutively active and so 

phosphorylate and activate the type I receptors.  Phosphorylation of the type I 

receptors recruits the receptor-regulated SMADs (R-SMADs), SMAD1,2,3,5 and 8.   

R-SMADs are subsequently phosphorylated by the activated type I receptors and 

this enables binding to the common mediator SMAD (Co-SMAD), SMAD4.  The 

receptor-R-SMAD interaction is specific due to differences in the amino-acid 

sequence of different type I receptors.  The type I receptors ALK 4,5 and 7 activate 

SMAD2 and 3 whereas ALK1,2,3 and 6 activate SMAD1,5 and 8 (Schmierer and 

Hill, 2007).  Active SMAD complexes accumulate in the nucleus and recruit other 

transcriptional regulators to activate transcription of target genes. 
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SMADs are continuously shuttling in and out of the nucleus, even in cells without 

receptor activation (Hill, 2009).  On activation of the signal, phosphorylated R-

SMADs, together with SMAD4, shuttle to the nucleus and activate transcription.  

The R-SMADs are also dephosphorylated in the nucleus leading to complex 

dissociation and R-SMAD nuclear export (Xu et al., 2002) (Inman et al., 2002).  If 

the receptors are still active R-SMADS will be phosphorylated again and shuttle to 

the nucleus, leading to an overall accumulation of SMADs in the nucleus and 

activation of target gene transcription.  TGF-β receptor activation can also lead to 

the SMAD independent activation of the MAPK, JNK, PI3K pathways and small 

Rho GTPases such as RhoA and Rac1 (Mu et al., 2012). 

 

All R-SMADs (with the exception of SMAD2) and SMAD4 can bind directly to DNA.  

The SMAD3-SMAD4 binding site was characterised as a single 5’-AGAC-3’ 

sequence known as a CAGA box, and promoters often consist of repeats of this 

sequence (Dennler et al., 1998).  The SMADs are thought to regulate transcription 

through chromatin re-modelling and recruitment of the SWI-SNF chromatin 

remodelling complex, BRG and the histone acetyltransferases p300 and CBP 

(Ross et al., 2006) (Janknecht et al., 1998).  This remodelling subsequently aids 

the recruitment of the general transcriptional machinery to activate transcription. 
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Figure 1.5 TGF-β signalling. 

Extracellular TGF-β ligands bind to a heterotetramer of type I and type II receptors.  
The type I receptors are phosphorylated by type II receptors, which recruits R-SMADs.  
The R-SMADs are phosphorylated by the activated type I receptors and then bind to 
co-SMADs.  The SMAD complexes accumulate in the nucleus resulting in transcription 
of TGF-β target genes.  I-SMADs are transcriptional targets which can inhibit the 
pathway through direct inhibition of active SMAD complexes on DNA and by indirect 
inactivation of receptor complexes. 
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Further regulation of the pathway can be achieved in a number of ways and 

ubiquitination plays a major role.  The inhibitor SMADs (I-SMADs), SMAD 6 and 7 

are transcriptional targets of TGF-β signalling and can feedback to inhibit the 

pathway.   SMAD7 is constitutively bound to the E3 ubiqutin ligases, SMURF1 and 

2.  Binding of SMAD-7 to receptor complexes targets the E3 ligases to the 

activated receptors leading to receptor degradation and signal inhibition (Kavsak et 

al., 2000).  In opposition to this, the de-ubiquitinating enzyme USP4 removes 

ubiquitin from TGF-β receptors, thereby maintain active signalling (Zhang et al., 

2012b).  SMAD7 also recruits protein phosphatase 1 (PP1) to active receptors 

resulting in de-phosphorylation and signal inhibition.  In addition, SMAD7 can 

directly inhibit binding of SMADs to DNA (Zhang et al., 2007).  In the absence of 

signal, transcriptional repressors such a SKI and SNON, bind CAGA box 

sequences (Stroschein et al., 1999).  TGF-β signalling results in degradation of 

SNON, which is dependent on the E3 ubiquitin ligase Arkadia, to allow 

transcriptional activation of target genes (Levy et al., 2007). 

 

1.6.1.1 TGF-β signalling in melanoma 

TGF-β signalling is implicated in many different cancers and has a complex role, 

acting as both a tumour supressor and invasion and metastasis promoter, even in 

the same cancer type.  Melanocytes are subject to growth inhibition by TGF-β. 

However, melanoma cells are less sensitive to TGF-β dependent growth inhibition 

and this correlates with stage, as metastatic melanoma cells show the least growth 

inhibition (Krasagakis et al., 1994).  Production of all 3 TGF-β isoforms is increased 

in melanoma compared to melanocytes (Krasagakis et al., 1999). 

 

TGF-β signalling also promotes invasion and metastasis in melanoma as inhibition 

of the pathway through over-expression of the inhibitor-SMAD Smad7, decreased 

invasion through decreasing MMP2 and 9 expression (Javelaud et al., 2005).  

Small molecule inhibition of TGF-β signalling also decreased experimental bone 

metastasis of melanoma cells (Javelaud et al., 2008).  Addition of TGF-β1 and 2 

increases B16 melanoma cell motility in vitro and decreases pigment, a 

characteristic of motile B16 cells in vivo (Pinner et al., 2009).  Other studies have 
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shown that TGF-β inhibits MITF expression through a decrease in PKA activation, 

and a subsequent loss of phosphorylated CREB and CREB dependent MITF 

expression (Pierrat et al., 2012). Given the role of TGF- β on MITF expression, 

TGF- β may promote switching to the more invasive MITF-/Brn2+
 
state.  This is 

consistent with genome-wide studies of melanoma cell lines in vitro that indicate 

that the invasive phenotype gene-signature is reminiscent of TGF- β induced gene 

expression (Hoek et al., 2006). 

 

TGF-β is known to drive a transcriptional program associated with melanoma 

invasion.  TGF- β drives GLI2 expression, a transcription factor associated with 

sonic hedgehog signalling (Dennler et al., 2007).  GLI2 can induce melanoma 

invasion through inhibition of E-cadherin and activation of MMP2 and 9 expression 

(Alexaki et al., 2010).  GLI2 was found to be heterogeneous in human melanoma 

sections, with increased GLI2 associated with decreased E-cadherin expression at 

the invasive front (Alexaki et al., 2010).   

 

Increased TGF- β in the melanoma microenvironment can also affect stromal cells.  

TGF-β activates normal fibroblasts and induces CAFs to produce ECM 

components, such as Fibronectin, Collagens and Tenascin-C (Xing et al., 2010).  

This can subsequently promote melanoma proliferation and invasion (Berking et 

al., 2001).  TGF- β can induce angiogenesis by directly affecting endothelial cell 

migration and through stimulating the production of the pro-angiogenic factors 

VEGF-A and IL-8 (Javelaud et al., 2008).  TGF- β can also influence immune cells 

in the microenvironment.  It is a potent inhibitor of T cells and together with IL-2, 

can induce differentiation towards immune-suppressive regulatory T-cells (Yang et 

al., 2010).  The high level of TGF- β found in melanoma likely increases invasion of 

melanoma cells, promotes tumour immunosuppression and angiogenesis and 

thereby promotes melanoma progression (Javelaud et al., 2008).  

 

1.6.2 SRF signalling 

SRF is a transcription factor that binds directly to DNA at 5’-CC(A/T6)GG-3’ 

sequences and associates with different co-factors to regulate transcription 
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(Treisman, 1986) (Olson and Nordheim, 2010).  There are two main classes of 

SRF transcriptional co-activators, the ternary complex factor (TCF) family and the 

myocardin-related transcription factor (MRTF) family.  These two families respond 

to different inputs and regulate distinct genes (Gineitis and Treisman, 2001).  As 

work in this thesis uses a transcriptional reporter dependent on the MRTF family of 

transcription factors, the focus will be on regulation of this branch of SRF signalling 

and gene transcription.   

 

MRTF-dependent SRF signalling links actin dynamics with gene transcription, 

thereby enabling cells to globally regulate transcription and cellular behaviour 

downstream of cytoskeletal rearrangement (Figure 1.6).  Most of the MRTF family 

transcription factors bind G-actin, acting as cytoplasmic G-actin sensors (Olson and 

Nordheim, 2010).  MRTF dependent SRF signalling is thus dependent on actin 

remodelling downstream of Rho GTPase activation (Sotiropoulos et al., 1999).  

Under conditions of low actin polymerisation, G-actin can bind MRTFs through 3 

RPEL motifs in the N-terminus of the transcription factors.  This leads to MRTF 

sequestration in the cytoplasm through obstruction of the nuclear localisation signal 

(Miralles et al., 2003) (Mouilleron et al., 2011).  On F-actin polymerisation the 

availability of G-actin in the cytoplasm decreases, which liberates MRTFs, allowing 

nuclear import and activating SRF dependent transcription.  Actin is also found 

within the nucleus and nuclear actin can further regulate the pathway.  MRTF 

bound to nuclear actin cannot activate transcription and has enhanced nuclear 

export (Vartiainen et al., 2007). 

 

Many external signals stimulate F-actin polymerisation from monomeric G-actin, 

leading either directly to Rho family GTPase activation, or activation of GEFs.  

Lysophosphatidic acid (LPA) and sphingosine-1 phosphate both activate RhoA 

leading to activation of SRF signalling (Descot et al., 2009) (Lockman et al., 2004).  

Multiple receptor tyrosine kinases activate GEFs and promote the switch to a GTP 

bound state of Rho proteins (Schiller, 2006).  Consistent with this VEGFR signalling 

activates MRTF dependent SRF signalling in endothelial cells (Chai et al., 2004).  

SRF signalling can also be activated downstream of Integrin signalling via Integrin-

linked kinase (ILK), FAK, Src and subsequent actin cytoskeleton remodelling 

(Huveneers and Danen, 2009) (Olson and Nordheim, 2010).  Furthermore, 
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Integrins are mechanosensors that transduce external mechanical stress and 

MRTF-dependent SRF signalling can be activated downstream of 

mechanotransduction (Zhao et al., 2007b).  This enables the cell to link gene 

transcription with external mechanical stress and tension. 

 

MRTF-dependent SRF target genes include genes involved in actin dynamics, cell 

motility and contractile force production and actin itself is an SRF target (Olson and 

Nordheim, 2010).  Therefore SRF signalling increases actin production leading to 

an increase in G-actin in the cell and an auto-regulatory negative feedback loop 

through G-actin dependent cytoplasmic sequestration of MRTF and MRTF nuclear 

exit (Olson and Nordheim, 2010).  

 

As MRTF dependent SRF signalling requires actin remodelling, drugs that target 

the actin cytoskeleton also affect SRF transcription activation.  Latrunculin B 

inhibits actin polymerisation and leads to an increase in SRF signalling.  

Alternatively, Cytochalasin D interacts with actin, disrupting the binding to MRTF 

and hence activates SRF signalling (Sotiropoulos et al., 1999).  
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Figure 1.6 MRTF-dependent SRF signalling. 

MRTF-dependent SRF signalling is activated downstream of F-actin polymerisation.  A 
number of stimuli activate actin polymerisation including signalling downstream of 
receptor tyrosine kinases (RTKs), G-protein coupled receptors (GPCRs) and Integrins. 
Actin polymerisation decreases cellular G-actin releasing MRTF to accumulate in the 
nucleus and together with SRF activate transcription. 
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1.6.2.1 SRF signalling in melanoma 

MRTF-dependent SRF signalling is required for melanoma invasion and 

metastasis.  Loss of MRTF in B16 melanoma cells does not affect primary tumour 

growth but decreases the number of motile cells in vivo.  MRTF depletion also 

decreases experimental metastasis to the lung (Medjkane et al., 2009).  This may 

be mediated through altered adhesion as adhesion to ECM components is also 

reduced by loss of MRTF.  Furthermore, expression of a constitutively active 

MRTF-A in poorly metastatic B16 F0 cells increased their metastastic potential by 

about 2-fold (Medjkane et al., 2009).  Depletion of the SRF targets Myosin light 

chain and non-muscle Myosin heavy chain also reduced invasion and metastasis 

suggesting these targets may be important for SRF dependent regulation of 

metastasis in melanoma.  Indeed, other studies have implicated myosin regulation 

in invasion and metastasis (Wyckoff et al., 2006). 

 

Many proteins involved in actin regulation, up-stream of MRTF-dependent SRF 

signalling, have also been implicated in metastasis.  Receptor tyrosine kinases are 

often over expressed in cancer, indeed increases in Receptor tyrosine kinase 

expression can lead to resistance to BRAF inhibitors (Nazarian et al., 2010).  

These receptors can lead to actin remodelling and activation of SRF signalling 

(Olson and Nordheim, 2010).  A polymorphism in the FGFR4 gene leads to 

prostate cancer progression and results in activation of SRF signalling and a 

subsequent increase in motility and invasion (Yu et al., 2011).  The Rho GTPases 

have an important role in invasion and metastasis and many are over-expressed in 

cancer (Sahai and Marshall, 2002).  RhoC is up-regulated in melanoma cells 

selected for increased metastatic potential (Clark et al., 2000).  RhoC can regulate 

the formins mDIA1 and Fmnl2 to potentiate actin polymerisation and increase 

amoeboid-like invasion of melanoma cells (Kitzing et al., 2010).  As RhoC induces 

actin polymerisation, its effects on metastasis may be in part through SRF 

signalling. 
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1.6.3 Notch signalling 

The Notch pathway controls differentiation and proliferation decisions in a number 

of cell-types by activation of a sequence-specific transcription factor (Andersson et 

al., 2011).  It has different roles in different cell-types and so the pathway must be 

able to respond in distinct ways in different cell contexts, possibly activating 

different sub-sets of target genes.  The core components and transduction pathway 

of Notch signalling are relatively simple, with only a small number of components 

required for pathway dependent transcription.   

 

Notch signalling is activated when a trans-membrane ligand binds a trans-

membrane receptor on an adjacent cell (Figure 1.7).  There are five canonical 

Notch ligands in mammals, Jagged 1,2 and Delta-like (Dll) 1,3 and 4, and four 

Notch ligands, Notch 1-4 (Andersson et al., 2011).  Following trans-activation of a 

Notch receptor, it is cleaved twice, once at site 2 (S2) and subsequently at sites 3/4 

(S3/4).  S2 cleavage is a key regulatory step in receptor activation and is mediated 

by extracellular ADAM proteases (Brou et al., 2000) (van Tetering et al., 2009).  S2 

cleavage releases the Notch extracellular domain (NECD) still bound to ligand, 

which is trans-endocytosed into the ligand expressing cell (Parks et al., 2000).  

After S2 cleavage the Notch extracellular truncated domain (NEXT) is subject to 

further cleavage by the γ-secretase complex, either at the plasma membrane or in 

endocytic vesicles (Andersson et al., 2011).  This releases the Notch intracellular 

domain (NICD), which translocates to the nucleus due to its nuclear localisation 

signals.  NICD cannot bind directly to DNA but instead binds to CBF-1 (also known 

as RBPJ-κ) and together with the co-activator MAML-1, initiates expression of 

target genes (Borggrefe and Oswald, 2009).  CBF-1 binds DNA via 5’-

CGTGGGAA-3’ motifs and is thought to act as a repressor of gene transcription in 

the absence of NICD (Hsieh et al., 1996).  On Notch activation, NICD and MAML 

displace co-repressors of CBF-1 and recruit co-activators, thereby bringing about 

transcriptional activation (Borggrefe and Oswald, 2009).  However, the DNA 

binding coefficient of CBF-1 has been found to be weaker than first thought and 

studies in Drosopila suggest CBF-1 is actively recruited to binding sites by NICD 

(Friedmann and Kovall, 2010) (Krejci and Bray, 2007).  Therefore, the interaction of 

CBF-1 with its DNA binding sites may be more dynamic than anticipated.  The 
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hairy/enhancer of split (HES) genes are Notch targets that have been identified in a 

number of cell contexts (Borggrefe and Oswald, 2009).   

 

Layered on top of the simple core Notch pathway are additional mechanisms to 

regulate and finely tune Notch signalling.  EGF repeats in Notch receptors can be 

glycosylated by Fringe proteins, which may affect the relative strength of ligand-

receptor interactions (Hicks et al., 2000).  Glycosylation has been shown to 

increase the levels of expression of Notch target genes, but not affect the set of 

genes activated (Andersson et al., 2011).  The final cleavage of the Notch receptor 

may occur at either site 3 or 4, which results in NICD fragments with different N-

terminal amino-acids.  The different NICD fragments generated have different half-

lives and so this could be a mechanism to regulate the duration of Notch signalling 

(Tagami et al., 2008).  Notch signalling is also regulated by the ubiquitin signalling.  

Numb-like is a negative regulator of Notch signalling, which recruits the E3 ubiquitin 

ligase, Itch, to promote Notch receptor degradation (McGill and McGlade, 2003).  

Furthermore, ubiquitination of NICD by the E3 ubiquitin ligase Fbxw7, can lead to 

rapid degradation of NICD and loss of Notch signalling (Oberg et al., 2001).  NICD 

is subject to other regulatory signals such as phosphorylation and acetylation.  The 

PEST degradation domain within NICD contains many phosho-sites and these are 

important in determining NICD stability as they are triggers for subsequent 

ubiquitination (Andersson et al., 2011).  The balance between acetlyation and de-

acetylation of NICD regulates its half-life and SIRT1, a de-acetylase, decreases 

NICD stability in endothelial cells (Guarani et al., 2011).  Notch target genes can 

also feedback to regulate the pathway.  The Notch target Nrarp, can form a 

complex with NICD and CBF-1 and decrease NICD stability (Lamar et al., 2001). 
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Figure 1.7 Notch signalling. 

Notch ligands on the signal sending cell bind to Notch receptors on the signal receiving 
cell, leading to two separate cleavage steps.  ADAM proteases first cleave at site S2 
followed by γ-secretase cleavage to release the Notch intracellular domain (NICD).  
NICD translocates to the nucleus and together with CBF-1 and MAML, activates 
transcription of target genes.  
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1.6.3.1 Notch in melanocytic cells and melanoma 

The Notch pathway has an important role in maintaining melanocyte stem cells and 

melanoblasts in vivo.  Conditional deletion of CBF-1 (RBPJκ) in melanocyte lineage 

cells results in a loss of hair pigmentation, characteristic of an absence of 

melanocytes and a loss of melanocyte stem cells.  In addition, treatment of mouse 

embryonic skin with the γ-secretase inhibitor DAPT, leads to melanoblast apoptosis 

and a loss of hair pigmentation (Moriyama et al., 2006).  Notch activation in mature 

melanocytes is sufficient to induce re-programming and de-differentiation to neural 

crest stem cell–like cells (Zabierowski et al., 2011).  This provides further evidence 

for the importance of Notch signalling in regulating the differentiation hierarchy of 

melanocytic cells. 

 

Notch signalling is also implicated in melanoma progression.  Notch1 and the 

Notch target, HEY1 are up-regulated in melanoma cells (Balint et al., 2005) (Pinnix 

et al., 2009) (Hoek et al., 2004).  Constitutive activation of Notch signalling by 

expression of NICD in melanocytes confers a transformed phenotype with 

increased proliferation and migration (Pinnix et al., 2009).  This suggests that Notch 

may be a driver of melanomagenesis.  Notch up-regulation in melanocytes also 

induces MCAM expression and decreases E-cadherin expression leading to 

changes in adhesion of melanocytes (Pinnix et al., 2009).   

 

Notch can drive proliferation of melanoma cells as γ-secretase inhibitors induce 

apoptosis in melanoma cells (Qin et al., 2004).  Furthermore, constitutive activation 

of Notch signalling in melanoma cells increases cell proliferation in vitro and tumour 

growth in vivo (Balint et al., 2005).  This Notch induced increase in tumour growth 

is dependent on β-catenin stability and β-catenin target gene expression, 

highlighting the importance of interactions between key signalling pathways in 

melanoma.  Notch signalling in melanoma can also increase proliferation through 

activation of the MAPK and PI3K/AKT pathways (Liu et al., 2006).  AKT is activated 

by the autocrine action of the Notch target NRG1, an ERBB3/4 ligand, resulting in 

increased proliferation (Zhang et al., 2012a).   
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Notch signalling has also been implicated in invasion and metastasis.  Hypoxia 

induces Notch signalling in a number of different cancer cell-lines and Notch 

signalling induces EMT through directly up-regulating Snail expression (Sahlgren et 

al., 2008).  Snail can also feedback to increase Notch4 expression (Kuphal et al., 

2005).  The EMT regulator Slug, is a Notch target, which represses E-cadherin and 

induces invasion and metastasis (Leong et al., 2007).  Constitutive Notch signalling 

can also affect melanoma cell adhesion though increasing N-cadherin expression, 

which subsequently results in increased lung colonisation (Liu et al., 2006).   

 

Given the role of the Notch pathway in differentiation decisions, Notch may be 

involved in the phenotype switching between MITF+/Brn2- and MITF-/Brn2+ 

populations.  Brn2 can induce Notch signalling in neural progenitors and MITF 

down-regulation in melanoma cells increased Notch target genes (Castro et al., 

2006) (Thurber et al., 2011).  This suggests that Notch signalling may also be 

heterogeneous and increased in the potentially more motile MITF-/Brn2+ sub-

population. 

 

1.6.4 Interactions between signalling pathways 

Many signalling pathways in the cell interact, overlap and impinge on each other so 

that overall cell behaviour is regulated by a signalling network with many nodes and 

points of interaction.  The signalling pathways described above are no exception 

and this section will briefly discuss overlaps between Notch, TGF-β and SRF 

signalling.  

 

Notch signalling can be functionally enhanced by TGF-β.  NICD can bind to 

SMAD3 and this interaction increases expression downstream of both NICD and 

SMAD DNA binding sites (Blokzijl et al., 2003).  In addition, expression of HES-1, a 

Notch target, up-regulated after TGF-β addition in an NICD dependent manner 

(Blokzijl et al., 2003).  TGF-β also impacts on Notch signalling as TGF-β signalling 

induces HEY1 and Jagged1 expression during EMT and this is blocked if Notch 

signalling is inhibited (Zavadil et al., 2004).  In addition, HEY1 expression is bi-

phasic, showing an initial SMAD dependent peak, and a subsequent 
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Jagged1/Notch dependent transcriptional peak, highlighting the different levels of 

interaction between the Notch and TGF-β pathways (Zavadil et al., 2004).  

 

TGF-β induced EMT involves actin cytoskeleton rearrangements and so may 

activate MRTF-dependent SRF signalling as a result, indeed TGF-β can induce 

MRTF nuclear translocation in a Rho dependent manner in epithelial cells (Morita 

et al., 2007).  In a similar manner, hypoxia induced Notch-dependent EMT may 

also activate SRF signalling through changes in the G-/F-actin ratio.  MRTF also 

directly interacts with SMAD3 downstream of TGF-β signalling to activate slug 

transcription and drive EMT (Morita et al., 2007).  SMADs and MRTF share some 

of the same target genes such as Cyr61 and Ctgf (Olson and Nordheim, 2010) 

(Bartholin et al., 2007). However, SMADs and MRTF can also have inhibitory 

interactions as SMAD3 is thought to inhibit MRTF dependent smooth muscle actin 

expression under certain conditions (Masszi et al., 2010). 

 

1.6.5 Chromatin control of gene transcription 

1.6.5.1 Chromatin 

In the nucleus, DNA is packaged together with Histone proteins to form chromatin.  

The basic unit of chromatin is a nucleosome, which contains DNA wrapped around 

a Histone octamer (Kornberg and Lorch, 1999).  Linker Histones associate with 

nucleosomes and form higher order chromatin structures to further increase 

packaging of the DNA (Kornberg and Lorch, 1999).  However, the chromatin 

structure is highly dynamic and can unfold during transcription to allow easy access 

for RNA polymerases.  Together with compacting DNA, Histones also provide a 

mechanism for regulation of gene transcription.  Histone tails protrude from the 

nucelosome and are a target for multiple methods of modification.  There are over 

100 different sites recorded for Histone modification and numerous modifications 

including lysine methylation, acetylation, ubiquitination, arginine methylation and 

serine phosphorylation (Rando, 2012).  
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1.6.5.2 Histone modifications 

Histone modifications not only alter chromatin structure, potentially regulating 

access to DNA, but also recruit different proteins and complexes (Rando, 2012).  

The number of Histone residues available for modification and wide range of 

modifications gives the possibility for a huge complexity in Histone modifications 

and combinations.  However, studies report that patterns of modifications co-occur 

widely throughout the genome (Ernst et al., 2011).  Analysis at the single 

nucleosome level of 18 different histone modifications in Drosophila,showed 9 

distinct modification patterns, considerably smaller than the 2
18

 potential 

combinations (Kharchenko et al., 2011).  The distinct patterns, or chromatin states 

typically describe genomic locations such as promoters, intron, exons, enhancers 

and insulators.  Actively transcribed promoters are associated with tri-methylated 

lysine 4 of HistoneH3 (H3K4me3) and a range of acetylated modifications such as 

acetylated lysine 9 on Histone H3 (H3K9ac) (Mikkelsen et al., 2007).  Repressed 

genes are associated with tri-methylated lysine 27 of HistoneH3 (H3K27me3) and 

methylated lysine 9 on Histone H3 (Mikkelsen et al., 2007).  These distinct 

modification patterns enable or hinder RNA pol II recruitment, respectively.  Given 

the distinct roles for these modifications, it is surprising that they can also be found 

together.  Bivalent chromatin domains contain both repressive H3K27me3 marks 

and activating H3K4me3 marks.  Genes in these regions are thought to be 

repressed, but poised for activation, such that key genes can remain silenced but 

ready for transcription when required (Bernstein et al., 2006). 

 

1.6.5.3 Chromatin mediated gene silencing 

The remainder of this section will focus on chromatin mediated gene silencing and 

the H3K27me3 mark.  Around 15 % of Histone H3 is trimethylated at lysine 27 in 

ES cells and H3K27me3 enrichment is centred around the transcriptional start sites 

(TSS) of promoters (Zhao et al., 2007a).  H3K27me3 is usually associated with 

gene silencing and the mark is lost in actively transcribed genes (Simon and 

Kingston, 2009).  H3K27 tri-methylation is mediated by the polycomb repressor 

complex 2 (PRC2) (Margueron and Reinberg, 2011).  The core PRC2 complex 

consists of the Histone methyltransferases EZH1 and EZH2 and two other 
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polycomb proteins, suppressor of zeste 12 (Suz12), which is essential for 

methyltransferase activity, and embryonic ectoderm development (EED) (Morey 

and Helin, 2010).  The PRC2 complex works together with the polycomb repressor 

complex 1 (PRC1).  PRC1 catalyses Histone H2A lysine 119 mono-ubiquitination 

(H2AK119Ub1), which is another repressive chromatin modification and is thought 

to compact chromatin (Morey and Helin, 2010).  RING1A and RING1B are the 

catalytic subunits of PRC1 and their activity is stimulated by BMI-1, an additional 

PRC1 component (Li et al., 2006).  PRC1 can bind H3K27me3, suggesting that 

PRC2 acts upstream to enable recruitment of PRC1 to repressed genes.  However, 

not all PRC2 bound genes show H2AK119Ub1 and PRC1 can catalyse H2AK119 

ubiquitination at polycomb target genes in the absence of PRC2 (Margueron and 

Reinberg, 2011) (Tavares et al., 2012).  This seems to be the minority of repressed 

genes and for the most part PRC2 and PRC1 are required to maintain gene 

repression.  

 

Exactly how PRC2 and H3K27me3 silence gene expression is under debate, it may 

be through regulation of chromatin structure or more likely recruitment of further 

regulatory factors (Simon and Kingston, 2009).  H3K27me3 may prevent proteins 

binding to DNA through steric hindrance, although RNA pol II can be detected at a 

subset of H3K27me3 enriched promoters (Stock et al., 2007).  RNA transcripts 

have been detected at low levels at these genes, suggesting that RNA pol II may 

be paused at H3K27me3 enriched genes (Zhao et al., 2007a) (Stock et al., 2007).  

Short transcripts generated from a paused RNA pol II may recruit PRC2 (Kanhere 

et al., 2010). Therefore PRC2 and H3K27me3 may regulate RNA pol II promoter 

escape and elongation rather than earlier steps such as recruitment and initiation 

(Margueron and Reinberg, 2011). 

 

Jarid2 is also found together with the core PRC2 components (Pasini et al., 2010).  

It is a member of the Jumonji Histone demethylation family of proteins, but it is 

thought to lack demethylase activity due to a lack of the key residues for co-factor 

binding (Cloos et al., 2008).  Jarid2 target genes overlap with 90 % of known PRC2 

core component target genes and it aids PRC2 core complex recruitment to target 

genes and regulates PRC2 activity (Pasini et al., 2010).  In addition, Jarid2 is 
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required for both PRC2 and RNA Pol II recruitment to bivalent genes in ES cells 

(Landeira et al., 2010). 

 

The mechanism of PRC2 recruitment to genes is currently unclear.  In Drosophila a 

specific DNA sequence named the polycomb response element targets polycomb 

proteins to chromatin (Margueron and Reinberg, 2011). Genome-wide studies in 

mammals have failed to find a similar sequence (Beisel and Paro, 2011).  However, 

Jarid2 is able to bind DNA with a bias towards GC rich regions and CHIP-Seq of 

other PRC2 components also shows a bias towards binding to GC rich regions (Li 

et al., 2010b) (Margueron and Reinberg, 2011).  Non-coding RNAs (ncRNAs) 

transcribed from the same DNA region (cis) or different DNA region (trans) may 

regulate H3K27me3 modifications and PRC2 recruitment.  X-chromosome 

inactivation involves H3K27me3 modifications and an increase in the more 

compact heterochromatin.  The ncRNA Xist is transcribed from the X-chromosome 

and is required for X-chromosome H3K27 methylation (Plath et al., 2003).  Xist can 

bind to PRC2 in vitro suggesting it may recruit PRC2 to the X-chromosome (Zhao 

et al., 2008).  Expression of the long ncRNA HOTAIR from the Hoxc locus leads to 

repression in trans of the Hoxd locus (Rinn et al., 2007).  HOTAIR binds to the 

PRC2 complex, recruiting it to the locus to bring about H3K27 methylation (Tsai et 

al., 2010).  PRC2 members can also bind to Histone modifications and EED has 

been shown to bind H3K27me3, increasing the enzymatic activity of EZH2 

(Margueron et al., 2009).  Therefore PRC2 recruitment may be through multiple 

interactions including Jarid2 binding to DNA, EED binding to H3K27me3 and other 

PRC2 components binding ncRNAs (Margueron and Reinberg, 2011). 

 

Some PRC2 members may have non-chromatin-related activities.  EZH2 has been 

shown to bind to Suz12 and EED to form a methyltransferase complex in the 

cytoplasm.  This complex is thought to co-localise with F-actin and control actin 

polymerisation through regulation Cdc42 (Su et al., 2005).  EZH2 can also bind and 

directly methylate a lysine residue within the transcription factor GATA4, resulting 

in a decrease in GATA4 dependent transcription (He et al., 2012).  Therefore, 

EZH2 and other PRC2 complex members may have additional roles other than 

chromatin mediated transcriptional control.   
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1.6.6 PRC2 complex during development and differentiation 

The PRC2 complex is important during differentiation and provides a memory 

function to maintain cellular identity and silence alternative transcriptional programs 

associated with other cell types (Prezioso and Orlando, 2011).  This function must 

also be dynamic to respond to environmental cues that induce differentiation but 

also to maintain the memory through the cell cycle.  In pluripotent ES cells, the 

PRC2 complex is thought to silence differentiation associated genes as loss of 

PRC2 components results in the up-regulation of differentiation associated genes 

(Boyer et al., 2006) (Lee et al., 2006).  In addition, binding of PRC2 components 

and H3K27me3 levels decreased at these genes on induction of differentiation 

(Boyer et al., 2006).  However, loss of Jarid2 in ES cells prevents differentiation 

and key differentiation associated genes are not primed for transcription (Landeira 

et al., 2010).  This suggests that Jarid2 dependent priming of differentiation 

associated genes is required for the cell to differentiate correctly.  Therefore, Jarid2 

may have a different role to the core PRC2 components during differentiation.  The 

requirement of core PRC2 components to silence differentiation associated genes 

and maintain cells in a less differentiated state is also highlighted in the epidermis, 

where EZH2 levels are high in epidermal progenitors but decrease with 

differentiation (Ezhkova et al., 2009).  Furthermore, loss of EZH2 in the developing 

skin increases differentiation. 

 

1.6.7 EZH2 in cancer 

EZH2 is up-regulated in a number of cancers including melanoma and lymphoma 

and is associated with aggressive breast and prostate cancer (McHugh et al., 

2007) (van Kemenade et al., 2001) (Kleer et al., 2003) (Varambally et al., 2002).  

Mutations in EZH2 are found in a number of cancers and a recent study identified 

EZH2 as a driver mutation in 3 % of melanomas (Chang and Hung, 2012) (Hodis et 

al., 2012).  Up-regulation of EZH2 in prostate cancer has been shown to be a result 

of genomic loss of microRNA 101, which represses EZH2 transcription (Varambally 

et al., 2008).  Additionally, EZH2 is regulated by the Rb-E2F pathway and 

increased expression is associated with cell proliferation (Bracken et al., 2003).   
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EZH2 can also affect cell proliferation acting as a typical oncogene, as loss of 

EZH2 in prostate and melanoma cells decreases proliferation (Varambally et al., 

2002) (Fan et al., 2011).  In melanoma, EZH2 expression increases from nevi to 

melanoma and is highest in metastatic disease.  As discussed previously, benign 

nevi often harbour Braf mutations but are in a state of senescence.  EZH2 up-

regulation is thought to silence the cell cycle inhibitor p21 and bypass the 

senescent state, driving cancer progression (Fan et al., 2011). EZH2 is also 

involved in driving breast cancer progression as breast cancer initiating cells show 

high levels of EZH2.  Hypoxia leads to an increase in EZH2 expression, which in 

turn decreases expression of the DNA damage protein RAD51 leading to increased 

DNA damage and subsequent activation of growth promoting pathways (Chang et 

al., 2011). 

 

In addition to driving tumour growth, EZH2 can promote invasion and metastasis in 

some cancer types.  An increase in EZH2 expression in prostate cancer results in 

silencing of the RasGAP, DAB2IP.  DAB2IP acts as a signalling scaffold to co-

ordinate both Ras and NF-κB signalling.  Epigenetic silencing of this protein leads 

to activation of both of these pathways, increasing tumour growth, EMT and 

metastasis (Min et al., 2010).  Increased levels of EZH2 in prostate cancer also 

lead to EMT and increased invasion through EZH2 silencing of the metastasis 

suppressor RKIP and direct silencing of E-cadherin (Ren et al., 2012) (Cao et al., 

2008).  In addition, EZH2 induces EMT in nasopharyngeal cancer by interacting 

with snail to repress E-cadherin expression (Tong et al., 2012).  Further implication 

of the PRC2 complex in cancer metastasis comes from the role of the long ncRNA 

HOTAIR, a PRC2 interaction partner, which targets PRC2 to the genome.  

Metastatic breast cancer cells show increased levels of HOTAIR resulting in 

genome-wide re-targeting of PRC2 and increased invasion and metastasis (Gupta 

et al., 2010). 

 

1.7 The tumour microenvironment and angiogenesis 

Tumours are comprised of a range of cell-types including CAFs, macrophages, T 

cells, adipocytes, blood and lymphatic endothelial cells and pericytes.  Interactions 
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between these different cell-types and cancer cells govern tumour progression and 

influence many of the hallmarks of cancer (Hanahan and Coussens, 2012).  In 

addition, therapeutic treatments must consider the tumour microenvironment as a 

whole as interactions between stromal cells and cancer cells can affect response to 

therapy and lead to drug resistance (Straussman et al., 2012) (Nakasone et al., 

2012).  Work in this thesis explores the blood vasculature in vivo, its relationship 

with motility in the primary tumour and response to angiogenic therapy.  This 

section will focus on the vasculature within the tumour microenvironment.  The 

effects of the microenvironment on motility and metastasis are discussed 

elsewhere. 

 

1.7.1 The tumour vasculature 

Blood vessels are formed from a layer of endothelial cells surrounded by pericytes 

and a basement membrane.  They provide tissues with oxygen and nutrients and 

help to remove carbon dioxide and waste metabolites (Potente et al., 2011).  This 

is also true for tumours and the growth of blood vessels into tumours sustains 

tumour growth.  Analysis of genetic mouse models of cancer revealed an 

“angiogenic switch”, a distinct event relatively early in cancer progression that 

described an increase in blood vessel density and enabled further tumour growth 

(Hanahan and Folkman, 1996).  The “angiogenic switch” was thought to be a rate-

limiting step in tumour growth, leading to the idea that targeted therapy against 

blood vessels in human tumours could halt cancer progression. 

 

The tumour vasculature is abnormal and compared to quiescent adult vessels, 

tumour vessels can be considered as in a state of hyper-activation.  They are 

highly branched and often enlarged and convoluted.  In addition, tumour vessels 

have uneven diameters, potentially as a result of pressure from tumour or stromal 

cells (Carmeliet and Jain, 2011b).   Pericytes are usually only loosely associated 

with the endothelial cells and the endothelial basement membrane is disordered 

(Baluk et al., 2003).  The result is leaky vessels that are poor at delivering oxygen 

and can hinder drug delivery to the tumour (McDonald and Baluk, 2002).  The 
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loose pericyte association and vessel leakiness may also aid cancer cell 

intravasation (Yonenaga et al., 2005).  

 

1.7.2 Induction of tumour angiogenesis 

Tumours can become vascularised in a number of different ways.  Vessels can 

sprout from existing ones and generate a new vascular network in a process called 

sprouting angiogenesis.  Alternatively tumours can co-opt pre-exitisting blood 

vessels without initial sprouting.  However, once the tumour outgrows the vascular 

network, hypoxia induces a sprouting angiogenic response (Potente et al., 2011). 

Vascular progenitor cells recruited to the tumour through paracrine signalling may 

form part of the tumour vasculature by intercalating with existing endothelial cells 

(Potente et al., 2011).  In a similar manner, tumour cells can insert themselves into 

the tumour vasculature in a process called vascular mimicry (Wang et al., 2010a). 

 

Sprouting angiogenesis is initiated by angiogenic factors in the environment, such 

as VEGF-A, PlGF, PDGF, FGF family members and Angiopoietins (Sakurai and 

Kudo, 2011).  Both cancer cells and stromal cells can contribute to angiogenesis.  

VEGF-A expression is up-regulated in cancer cells by both hypoxic conditions and 

oncogenic signalling, leading to an increase in tumour angiogenesis (Shweiki et al., 

1992) (Rak et al., 1995).  Tie2 positive macrophages in the tumour environment 

express an array of pro-angiogenic molecules such as VEGF-A and bFGF and 

large numbers of macrophages correlates with increased vessel density in human 

tumours (Murdoch et al., 2008). Paracrine interactions between CAFs and cancer 

cells can induce CAFs to express VEGF-A leading to sprouting angiogenesis 

(Fukumura et al., 1998).  Furthermore, CAFs can also promote angiogenesis 

through the CXCL12-dependent recruitment of endothelial progenitor cells (Orimo 

et al., 2005).   

 

The Vegfa gene product is subject to alternative splicing and results in a number of 

different isoforms (Harper and Bates, 2008).  Some isoforms contain a heparin 

binding domain enabling them to bind the ECM (Ferrara, 2010).  Other angiogenic 

factors, such as PDGF-BB can also bind to the ECM.  Stromal derived proteases 



Chapter 1. Introduction 

77  

 

such as MMP9 release bio-active angiogenic ligands from the ECM hence 

promoting angiogenesis (Bergers et al., 2000) (Du et al., 2008).  Soluble and ECM 

bound ligands may have different effects on the tumour vasculature.  Soluble 

VEGF-A isoforms are thought to promote vessel enlargement whereas ECM bound 

VEGF-A isoforms induce vessel sprouting and branching (Lee et al., 2005). 

 

1.7.3 Sprouting angiogenesis 

VEGF-A stimulates endothelial sprouting and angiogenesis by binding to VEGFR-2 

and inducing filopodia formation in endothelial cells.  Cells responding in this way to 

angiogenic signals are labelled tip cells and these tip cells lead the nascent sprout 

(Gerhardt et al., 2003).  Stalk cells make up the rest of the vessel and these cells 

lack filopodia.  During developmental angiogenesis, further sprouting requires 

pericyte detachment and degradation of the basement membrane by MMPs 

(Potente et al., 2011).  Tip cells are enriched in MT1-MMP, which helps breakdown 

the basement membrane and also liberates ECM bound angiogenic factors (Yana 

et al., 2007).  As tumour vessels have weakly attached pericytes and an abnormal 

basement membrane, the importance of these steps in tumour angiogenesis is 

unknown. 

 

During developmental angiogenesis, tip cells interact with their neighbouring 

endothelial cells to induce a stalk cell phenotype in the adjacent cell, and prevent 

multiple tip cells and excessive sprouting.  VEGF signalling in tip cells, together 

with other external signals, such as Laminin α4 in the basement membrane, 

induces Dll4 expression (Phng and Gerhardt, 2009) (Stenzel et al., 2011).  Dll4 

expression on tip cells stimulates Notch signalling in adjacent cells.  High Notch 

signalling inhibits VEGFR-2/3 signalling and prevents sprouting creating a stalk cell 

phenotype (Benedito et al., 2012) (Phng and Gerhardt, 2009).  This situation is 

complicated by the switching of tip and stalk cell positions during sprouting 

(Jakobsson et al., 2010).  Nascent sprout growth is induced by stalk cell 

proliferation and endothelial cell migration (Potente et al., 2011).  High VEGF-A and 

other angiogenic molecules in the tumour environment are likely to stimulate 

multiple tip cells leading to increased vessel branching and increased vessel 
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density.  Whether filopodial sprouting is restricted to tip cells, and if lateral inhibition 

of sprouting occurs in tumour endothelium is unknown.   

 

During development, the vascular network grows through multiple cycles of 

sprouting and vessel fusion, forming new connections.  Vessel fusion occurs when 

two tip cells meet in a process known as anastomosis.  The tip cells make initial 

contact through filopodial extensions before forming new cell-cell contacts.  The 

process is aided by macrophages at the site of fusion (Fantin et al., 2010).  Vessels 

subsequently mature both at a cellular level and a network level.  On a cellular 

level, pericytes are recruited by endothelial expression of PDGF-B, which 

stimulates their proliferation and migration (Gaengel et al., 2009).  In addition, 

endothelial cells become quiescent and form cell-cell contacts to create a barrier 

between the blood and surrounding tissues.  VE-Cadherin is up-regulated during 

quiescence and localises to adherens junctions to regulate cell-cell adhesion and 

intracellular signalling (Harris and Nelson, 2010).  Mature endothelial cells also 

require survival signals and these include VEGF-A expressed by the endothelial 

cells themselves, and blood flow, which up-regulates the transcription factor KLF2 

(Lee et al., 2007) (Dekker et al., 2002).  Finally, the vascular network is subject to 

remodelling and pruning of vessels to generate an efficient network for blood flow 

(Potente et al., 2011).   

 

During tumour angiogenesis, many of these stages are disrupted.  High VEGF-A in 

the microenvironment means that growth factor gradients, which normally operate 

during developmental angiogenesis, are absent.  Disruption of the stages of normal 

sprouting angiogenesis is highlighted by the abnormal tumour vessel architecture.  

Analysis of vessel structures induced by acute VEGF-A treatment in vivo together 

with vessels observed in tumours, revealed heterogeneity in vascular structures.   

VEGF-A initially stimulates the formation of large, thin-walled, hyperpermeable 

sinusoids called mother vessels (MV).  These subsequently turn into capillary 

structures through sprouting, or vascular malformations (VMs) through proliferation 

of endothelial cells (Nagy and Dvorak, 2012).  This suggests that merely the 

increase is VEGF-A can lead to abnormal vasculature structures through 

endothelial cell proliferation and sprouting. 
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High VEGF-A levels lead to VEGFR-2 dependent signalling in endothelial cells and 

phosphorylation of VE-Cadherin.  This results in a loosening of endothelial cell-cell 

contacts and contributes to vascular leakage (Esser et al., 1998).  Tumour vessels 

often have poor blood flow and this can lead to an up-regulation of inflammation 

associated genes contributing to the inflammatory tumour microenvironment (Tozer 

et al., 2005) (Chiu and Chien, 2011).  As flow provides a survival signal to 

endothelial cells, presumably other mechanisms, potentially VEGF-A, provide 

adequate survival signals in the tumour context.  As discussed earlier, the tumour 

endothelium has a loose connection with pericytes. 

 

1.7.4 Targeting tumour angiogenesis 

Given that blood vessels are required to bring vital nutrients and oxygen to the 

tumour, a number of agents have been developed to target the tumour vasculature 

with the aim to starve the tumour and prevent growth.  The anti-VEGF-A antibody 

Bevacizumab, is approved in the US for combination treatment with chemotherapy 

for metastatic cancers.  A number of pan-VEGFR tyrosine kinase inhibitors have 

also been developed including Sunitinib and Sorafenib.  Sunitinib is approved in the 

US for treatment of metastatic renal cell carcinoma.  Both Sunitinib and Sorafenib 

also target other receptor tyrosine kinases and Sunitinib can additionally inhibit 

PDFR, CSF-1R and RET.  Clinical benefit of anti-angiogenic therapies is thought to 

be derived from both the inhibition of vascular expansion due to blockade of vessel 

branching, and vessel regression due to the inhibition of endothelial survival signals 

(Potente et al., 2011).  The loss of survival signals may also sensitise endothelial 

cells to chemotherapy or irradiation therapy, potentially explaining why anti-

angiogenic therapies are more effective in combination with other more traditional 

cancer therapies (Jain, 2005). 

 

Despite positive pre-clinical results, there have been a number of unsuccessful 

clinical trials with anti-angiogenic therapies and many trials indicated no benefit for 

overall survival in patients, (Allegra et al., 2011).  Some patients showed no 

response and other patients developed resistance later in disease progression.  

Furthermore, subsequent pre-clinical studies have suggested that anti-angiogenic 
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therapy creates a hypoxic environment that can act to increase cancer cell invasion 

and metastasis (Paez-Ribes et al., 2009) (Ebos et al., 2009). 

 

Resistance to anti-angiogenic therapy may arise through a number of mechanisms.  

Following anti-angiogenic treatment of experimental tumours, vascular density 

decreases but normal looking vessels with tightly associated pericytes remain 

(Bergers et al., 2003).  This suggests that pericyte coverage of tumour vessels may 

dictate the responsiveness to therapy.  Pericytes could protect endothelial cells by 

secreting VEGF-A and other growth factors, hence providing survival signals 

(Bergers and Hanahan, 2008).  It is likely that stromal cells have an important role 

in resistance to anti-angiogenic therapy.  Stromal cells may produce endothelial 

survival signals or VEGF/VEGFR independent pro-angiogenic ligands.  For 

example, CAFs from anti-angiogenic resistant tumours show an up-regulation of 

PDGF-C compared to non-resistant tumours (Crawford et al., 2009).  Furthermore, 

blocking antibodies against ANG2, another pro-angiogenic factor, together with 

anti-VEGF-A therapies improved anti-tumour activity (Brown et al., 2010).  

Alternatively, the cancer cells may up-regulate these non-VEGF “rescue” ligands 

such as PlGF and FGFs as a result of hypoxia (Potente et al., 2011).  Cancer cells 

may also recruit pro-angiogenic stromal cells.  Recruitment of CD11b+ Gr-1+ 

myeloid cells aids tumour growth in the presence of anti-angiogenic therapy 

(Shojaei et al., 2007a).  These cells have subsequently been shown to promote 

angiogenesis through secretion of Bv8, a G-protein receptor ligand that stimulates 

endothelial cells in a VEGFR independent manner (Shojaei et al., 2007b).  

 

Few, if any, of the receptor tyrosine kinase inhibitors inhibit all VEGFRs.  Sunitinib 

only inhibits VEGFR-1 and 2, whereas Sorafenib only inhibits VEGFR-2 and 3, and 

so pro-angiogenic signalling may occur through non-inhibited VEGF receptors 

(Azam et al., 2010).  Hypoxia is a key factor in resistance to anti-cancer therapies 

(Azam et al., 2010).  Generation of a hypoxic tumour environment after anti-

angiogenic treatment can induce autophagy in cancer cells, which aids survival (Hu 

et al., 2012).  Furthermore, investigation of the response of different tumour 

associated vessels, such as mother vessels or vascular malformations (described 

earlier) indicated that different vessels within the tumour may respond differently to 

anti-angiogenic therapy.  Vessel structures formed early in the response to VEGF-
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A, such as mother vessels, were sensitive to anti-VEGF therapy, whereas vessels 

formed later, such as vascular malformations, were resistant (Nagy and Dvorak, 

2012).  Therefore, different vessels in the same tumour may respond differently to 

anti-angiogenic therapy.   

 

Given the lack of success of VEGF-A or VEGFR targeting agents, other methods 

are being developed to target the tumour vasculature. Vascular normalisation aims 

to reduce vasculature permeability and abnormalities, hence improving cytotoxic 

drug delivery and therapeutic response (Carmeliet and Jain, 2011b).  This is in 

direct contrast to anti-VEGF and anti-VEGFR treatments which aim to reduce 

vascularisation and starve tumours of oxygen.  Treatments that affect macrophage 

polarisation may enable vessel normalisation as loss of M2 skewed macrophages 

results in vessel normalisation (Rolny et al., 2011).  M2 macrophages secrete a 

range of pro-angiogenic factors such as PlGF resulting in abnormal vessels.  In 

addition vessel normalisation increased response to chemotherapy and decreased 

metastasis in this study, highlighting the potential of vascular normalisation as a 

therapy (Rolny et al., 2011).  

 

In summary, the tumour vasculature is highly abnormal, with different mechanisms 

working together to increase tumour vasculature density and different vascular 

structures present in tumours.  This leads to heterogeneous vascular organisation 

and regulation in the tumour environment.  Anti-angiogenic therapies have not 

performed as well as predicted in the clinical setting and this may be due to the 

heterogeneous nature of the vasculature and adaptation in the tumour 

microenvironment. 
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Chapter 2. Materials and Methods 

2.1 Reagents and chemicals 

Potassium chloride (KCl), Tris base, Tris HCl, potassium phosphate (KH2PO4), 

sodium phosphate (Na2HPO4), ethylene diamine tetraacetic acid (EDTA), glycine, 

β-mercaptoethanol, sodium hydroxide (NaOH), hydrochloric acid (HCl), 

tetramethylethylenediamine (TEMED), ethanol (EtOH), methanol (MeOH), dimethyl 

sulfoxide (DMSO), Tween-20, TRITON X100, bromophenol blue, xylene cyanol FF, 

Ponceau S, bovine serum albumin (BSA), adenosine triphosphate (ATP), 

deoxynucleotides (dNTPs), paraformaldehyde (PFA), ethidium bromide, were all 

purchased from SIGMA.  Acetic acid, glycerol, 40 % acrylamide solution, sodium 

dodecyl sulphate (SDS), sodium acetate, sodium chloride (NaCl), and magnesium 

chloride (MgCl2) were purchased from Fisher Scientific.  UltraPure agarose was 

purchased from Invitrogen. 

 

2.1.1 Enzymes  

Restriction enzymes were purchased from New England BioLabs (NEB) and were 

supplied and used with the appropriate buffers.  PCR reactions were performed 

using Phusion polymerase from NEB in HighFidelity (HF) buffer. DNA polymerase 

1 (Klenow fragment) was purchased from NEB and was used to blunt DNA ends. 

Ligation reactions were carried out using T4 DNA Ligase, also from NEB. 

 

2.1.2 Buffers and solutions  

Some common buffers and solutions are listed below. 

 

Phosphate buffered saline (PBS) 

1.5 mM KH2PO4, 8 mM Na2HPO4, 2.7 mM KCl, 137 mM NaCl, pH 7.4 

 

Tris buffered saline (TBS) 

137 mM NaCl, 2.7 mM KCl, 20 mM Tris HCl, pH 7.4 
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TE buffer 

10 mM Tris HCl pH 7.5, 1 mM EDTA 

 

50 x TAE  

2 M Tris-acetate (242 g Tris base + 57.1 ml glacial acetic acid per litre), 0.05 M 

EDTA pH 8.0 

 

10 x Protein buffer 

1.92 M glycine, 0.25 M Tris Base 

 

SDS running buffer 

100 ml of 10 x protein buffer, 890 ml distilled water (dH20), 10 ml 10 % SDS 

 

Transfer buffer 

100 ml of 10 x protein buffer, 699 ml distilled water (dH20), 200 ml methanol, 1 ml 

10 % SDS 

 

Stripping buffer 

0.15 M glycine pH 2.5, 0.4 % SDS 

 

5 x SDS sample buffer 

0.32 M Tris pH 6.8, 10 % SDS, 50 % glycerol, 0.5 M β-mercaptoethanol, 0.05 % 

bromophenol blue  

 

6 x DNA loading buffer 

0.25 % bromophenol blue, 0.25 % xylene cyanol FF, 30 % glycerol 

 

2.1.3 Cell-culture reagents 

Fetal calf serum (FCS) was purchased from PAA.  Matrigel was purchased from 

BD Biosciences.  DMEM, Opti-MEM and Penicillin-Streptomycin (Pen-Strep) were 

purchased from Gibco.  Methyl cellulose was purchased from SIGMA.  Common 

growth factors, inhibitors or drugs used include 
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TGF-β1   (Peprotech) 

HGF    (SIGMA) 

α-MSH   (SIGMA) 

Cytochalasin D  (Tocris) 

H89    (Tocris) 

SB 431542  (Tocris) 

Sunitinib   (LC Laboratories) 

   

2.2 Cell culture manipulations 

2.2.1 Cell-lines 

Melanoma cell-lines used were the murine B16 F2 and F10 pigment producing 

lines and the 5555 and 4434 lines derived from the BRAF-V600E mouse 

melanoma model (Dhomen et al., 2009).  B16 F2 cells had been previously 

transduced with a retro-viral vector for mRFPCAAX or GFPCAAX expression to 

label the plasma membrane.  B16 F10 GFP and mCherry cells had been previously 

transfected and stably selected for constitutive GFP and mCherry expression.  All 

melanoma cells were cultured in DMEM with 10 % FCS and 1 % penicillin-

streptomycin in 10 % CO2.  Clonal B16 F2 reporter cell-lines, and the B16 F2 

polyclonal cell-line expressing NICD-GFP were also cultured under these 

conditions after selection with antibiotics (see later).  The more metastatic B16 F10 

were used for motility assays and short-term lung metastasis experiments unless 

stated. 

 

2.2.2 Cell culture 

Cells were removed from cell culture dishes with 0.1 % trypsin and 0.02 % versene 

after washing with PBS.  Trypsin was neutralised by addition of media containing 

10 % FCS. 
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2.2.3 Generation of B16 melanoma spheroids 

B16 F2 cells were removed from cell culture dishes with trypsin and resuspended 

in a sterile 0.25 % methyl cellulose solution in DMEM at 1 x10
6
 cells per ml.  20 μl 

droplets were plated onto the underside of a 10 cm culture dish and allowed to form 

spheroids in a 37 °C incubator overnight. 

 

2.2.4 Transient DNA transfections 

B16 F2 cells were transfected with Fugene6 (Roche). 60 000 B16 F2 cells were 

plated in 6-well plates 24 hours before transfection and the media changed to Opti-

MEM 30 minutes prior to transfection.  6 μl of Fugene6 was added to 100 μl of 

Opti-MEM followed by 1 μg DNA. The tube was mixed and incubated for 30 

minutes before being added dropwise to the 6-well plate. After 6-8 hours the media 

was changed to DMEM + 10 % FCS.  When cells were transfected with two or 

more plasmids, the constructs were mixed to give a total of 1 μg of DNA. 

 

2.2.5 Transfection of siRNA oligos 

siRNA oligos were ordered from Dharmacon and stock concentrations made up at 

20 μM.  Smart pools were generated by mixing an equal volume of each of the four 

siRNA oligos for a single gene.  The Allstars non-targeting siRNA oligo (Qiagen) 

was used as a control.  B16 F2 and F10 cells were transfected with Lipofectamine 

2000 using a final siRNA concentration of 100 nM.  For a 12-well plate, 35 000 B16 

cells were plated 24 hours before transfection and the media changed to 400 μl 

Opti-MEM 30 minutes prior to transfection.  On the day of transfection two tubes 

were prepared: 

 

Tube 1. 50 μl Opti-MEM and 1 μl Lipofectamine 2000.   

Tube 2. 50 μl Opti-MEM plus 2.5 μl of siRNA (20 μM stock).  

 

Tubes 1 and 2 were incubated separately for 5 minutes and then mixed and 

incubated for a further 30 minutes.  Finally the transfection complexes were added 
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dropwise to the cells.  After 6-8 hours FCS was added to the cells to a final 

concentration of 10 %.  The following day the cells were washed with PBS and 

transferred to DMEM + 10 % FCS.  If required, the cells were trypsinised and 

plated onto glass-bottomed cell culture dishes (MatTek) 24 hours after transfection 

and fixed a further 24 hours later. 

 

When cells were transfected with siRNA oligos and DNA plasmids, Lipofectamine 

2000 was used with a similar protocol to above.  The two tubes prepared for a 12-

well plate transfection were: 

 

Tube 1. 50 μl Opti-MEM and 0.5 μl Lipofectamine 2000.   

Tube 2. 50 μl Opti-MEM, 1.25 μl of siRNA (20 μM stock) and 0.5 μg DNA.  

 

The sequences used for transient knockdown experiments are shown below: 

 

EZH2  EZH2 #1 D-040882-01  GGAAAGAACUGAAACCUUA 

  EZH2 #2 D-040882-02  CAGAAGAGCUGAUGAAGUA 

  EZH2 #4 D-040882-04  GGAGGGAGCUAAGGAGUUU 

 

 

Jarid2   Jarid2 #1 D-054799-01  GCGGAAAGGUGGACACUAA 

  Jarid2 #2 D-054799-02  CGGCUAGCCUGCAUAAAGA 

  Jarid2 #4 D-054799-04  UAAGGUAAAUGGAGUCACU 

 

Suz12   Suz12 #1 D-040180-01  GGACCUACAUUACAAUUUA 

  Suz12 #2 D-040180-02  GAUGUAAGUUGUCCAAUAA 

  Suz12 #4 D-040180-04  GCACAGAACUCUUACUUAC 

 

BMI-1  BMI-1 #1 MU-065526-01 CAGCAAGUAUUGUCCUAUU 

  BMI-1 #2 MU-065526-02 GUAUGAAGAGGAACCUUUA 

BMI-1 #3 MU-065526-03 GUAAAUAAAGAGAAGCCUA 

BMI-1 #4 MU-065526-04 GAUAAAAGGUACUUACGAU 
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P protein P protein #1 MU-041297-01 GGACUUCGCUGGUUUCACA 

P protein #2 MU-041297-02 GCUCAAAGGUUGCACACUU 

P protein #3 MU-041297-03 AUACAGAGUUUGGCUCAUU 

P protein #4 MU-041297-04 UGUAAAGGCAUAUCAACUU 

 

Control Allstars 1027281  Sequence not specified 

 

2.2.6 Generation of stable cell-lines 

Clonal reporter cell-lines were generated by transient co-transfection of B16 F2 

mRFPCAAX cells with the reporter plasmid together with a pbabe-hygro plasmid at 

a ratio of 3:1.  pBabe hygro contains a hygromycin resistance cassette and so 

confers resistance to hygromycin.  After 48 hours, cells were transferred to 

selection medium containing DMEM + 10 % FCS + 500 μg/ml hygromycin and 

maintained in selection medium for 2-3 weeks.  Clones were derived by either 

1. Stimulating the reporter cell-lines (10 % FCS after serum starvation for SRF 

reporter, 2 ng/ml TGF-β1 for TGF-β reporter), FACS sorting 12-18 hours 

later and collecting responsive cells in 96 well plates.  

or  

2. Splitting the reporter cell-line sparsely and manually picking clones.   

 

Further testing of clones was undertaken to ensure transcription of fluorescent 

protein in response to stimulus and loss of fluorescent protein expression on 

inhibition of the pathway of interest.  

 

B16 F2 cells stably expressing NICDGFP were generated by transiently 

transfecting B16 F2 mRFPCAAX cells with a plasmid encoding Notch1-ICD-GFP.  

After 48 hours cells were transferred to selection medium containing DMEM + 10 % 

FCS + 1 mg/ml G418 and maintained in selection medium for 2-3 weeks.  Cells 

were subsequently FACS sorted to ensure expression of the NICD-GFP fusion 

protein. 
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2.2.7 Flow cytometry analysis and sorting 

Flow cytometry analysis and sorting was used to generate and test clonal reporter 

cell-lines, purify cells stably expressing fluorescent proteins, perform cell cycle 

analysis and collect reporter cell populations for microarray. 

   

To prepare cells for flow cytometry analysis or sorting, cells were trypsinised, 

washed in PBS, resuspended in sterile PBS and filtered through a 70 μm sterile cell 

filter (BD Falcon). The filtered cells were then transferred to a polystyrene FACS 

tube (BD Falcon) and kept on ice.  Sorted cells were collected in polypropylene 

FACS tubes (BD Falcon) or 96-well cell culture plates containing media + 10 % 

FCS.  After sorting into FACS tubes, cells were re-plated and cultured as normal. 

 

Reporter cell-lines were subject to cell sorting to collect the reporter high and 

reporter low populations for subsequent microarray analysis.  Cells grown in vitro 

were prepared as described above.  B16 F2 mRFPCAAX Brn2 reporter tumours 

were dissected and cut into small pieces.  The tumour pieces were incubated in 1 

mg/ml sterile Collagenase/dispase (Roche) in PBS (no Ca
2+ 

or Mg
2+

) for 40 minutes 

at 37 C and were pipetted up and down at intervals to generate a single cell 

suspension.  The cell suspension was filtered 2-3 times through 70 μm filters, once 

through a 40 μm filter and finally diluted with PBS.  The tumours cells were 

identified by expression of mRFP and sorted according to GFP expression.  As a 

control, B16 F2 mRFPCAAX cells grown in vitro were also analysed to help identify 

tumour cells and provide a GFP negative control.  For microarray analysis, 100 000 

cells were collected directly in 700 μl of RLT lysis buffer containing 1 % β-

mercaptoethanol.  Multiple tubes were collected to maximise yield and 

subsequently RNA was extracted using RNeasy micro kit (Qiagen). 

 

Most cell cycle analysis was performed by the FACS Laboratory using propidium 

iodide.  Cells were trypsinised, centrifuged and then fixed with 70 % ethanol before 

being taken to the FACS Lab.  Live Notch reporter cells for cell cycle analysis were 

incubated with 10 μg/ml Hoechst 33342 at 37 °C for 45 minutes before being 

analysed for GFP expression and Hoechst 33342 staining. 
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2.3 Nucleic acid manipulations 

2.3.1 Preparation of DNA 

Plasmid DNA was prepared from small overnight bacterial cultures transformed 

with the plasmid of interest using the QIAfilter Plasmid Midi kit (Qiagen) and 

QIAprep Miniprep kit (Qiagen).  Briefly, the bacteria were collected by 

centrifugation and subject to alkaline lysis.  For mini preps, the lysates were 

neutralised and adjusted to high salt binding in a single step and subsequently 

cleared by centrifugation.  Plasmid DNA was then purified on a silica membrane.  

For midi preps the lysates were applied to a QIAGEN Anion-Exchange Resin under 

low-salt and pH conditions.  Subsequent washes removed RNA, proteins, and low-

molecular-weight impurities.  The plasmid DNA was then eluted, precipitated with 

propan-2-ol and centrifuged to pellet the DNA.  The DNA pellet was washed with 

70 % ethanol and resuspended in TE buffer. 

 

2.3.2 Quantification of nucleic acids 

The concentration of nucleic acids from minipreps, maxipreps or RNA extraction 

was quantified using a Nanodrop Spectrophotometer (Nanodrop) to measure the 

absorbance at 260 nm. 

 

2.3.3 Polymerase chain reaction (PCR) 

Polymerase chain reactions were carried out according to the reagent mix and 

temperature cycles below. 

1 μl DNA template (10 ng) 

10 μl 5 x HF buffer (supplied with Phusion polymerase) 

2.5 μl Forward primer (25 pmol) 

2.5 μl Reverse primer (25 pmol) 

2 μl dNTPs (400 μM) 

0.5 μl Phusion polymerase (NEB) 

dH2O to 50 μl 
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Temperature cycles 

98 C 5 mins 

98 C 30 s  denaturing 

52 C 30 s  annealing 

72 C 30 -120 s  extension  return to denaturing x 18 - 25 cycles 

72 °C 10 mins 

4 C hold 

 

2.3.4 Agarose gels 

Agarose was melted in 1 x TAE buffer in the microwave at concentrations of 

between 0.7 and 2 % depending on the DNA fragments to be separated.  Ethidium 

bromide was added to a final concentration of 0.5 μg/ml before casting the gel.  

DNA samples were mixed with 6 x DNA loading buffer and loaded. A 1 kb ladder 

was also loaded to help identify DNA fragment sizes.  Gel electrophoresis was 

performed in TAE buffer at 70-100V.  DNA was visualised using a UV 

transilluminator and if required the band of interest was cut out from the gel. 

 

2.3.5 Purification of DNA from agarose gels 

DNA was purified from agarose gels using QIAquick Gel extraction kit (Qiagen).  

Briefly, the agarose band containing the DNA was dissolved at 65 °C in 3 volumes 

of Buffer QG.  Then, one volume of isoproponal was added and the solution 

applied to a Qiaquick column.  The column was subsequently washed, dried and 

the DNA eluted in dH2O.  

2.3.6 Restriction enzyme DNA digest 

DNA was digested according to the enzyme used. 

2 μg DNA 

5 μl 10 x buffer 

1 μl BSA (if required) 

1 μl Restriction enzyme 

dH2O to 50 μl 
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2.3.7 Klenow blunting of DNA ends 

If required, DNA ends were blunted using Klenow which has polymerization activity 

and 3'→ 5' exonuclease activity.  Following restriction enzyme digestion of DNA, 

the restriction enzymes were heat inactivated.  Subsequently 2 μl of dNTPs (400 

μM) and 1 μl of Klenow were added and the reaction incubated at 37 °C for 20 

minutes before a final heat inactivation at 75 °C for 5 minutes. 

 

2.3.8 Calf intestinal alkaline phosphatase treatment of DNA ends 

Following restriction enzyme digest of vectors intended for ligation reactions, the 

vectors were treated with calf intestinal alkaline phosphatase (CIP) to remove 5’ 

phosphate groups.  1 μl of CIP was added to the digestion reaction and incubated 

at 37 °C for 20 minutes. 

 

2.3.9 Ligation of DNA fragments 

Small volumes of the DNA fragments were run out on an agarose gel to roughly 

determine the relative amounts of vector and insert.  Ligation reactions were set up 

using a range of vector:insert ratios. Each 20 μl ligation reaction contained:  

2 μl T4 ligase buffer,  

x μl Vector DNA,  

y μl Insert fragment DNA,  

1 μl T4 ligase,  

dH2O up to 20 μl.  

 

Reactions were left at room temperature for at least 2 hours. The ligation reaction 

was then used to transform competent E.coli. 
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2.3.10 DNA sequencing 

DNA constructs were checked by sequencing before being used in cell-based 

assays. Big Dye terminator (BDT) kit (Applied Biosystems) was used and each 

sequencing reaction contained: 

8 μl BDT reaction mix 

1 μl DNA (100 ng) 

1 μl Primer (4 pmol) 

10 μl dH2O 

 

The temperature cycles were as follows:  

96 C 1 min 

96 C 10 sec -denaturing 

50 C 5 sec - annealing 

60 C 4 min -  extension  return to denaturing x 25 cycles 

4 C hold 

 

DNA from sequencing reactions was purified using ethanol/EDTA/sodium acetate 

precipitation.  Briefly, DNA was precipitated by adding 2 μl of 125 mM EDTA, 2 μl 

of 3M sodium acetate (pH 5.2) and subsequently 50 μl 100 % ethanol.  The 

precipitated DNA was centrifuged, the pellet washed with 70 % ethanol and 

allowed to dry at room temperature.  The purified DNA was then analysed by an in 

house research services laboratory. 

 

2.3.11 RNA extraction 

RNA was extracted from cells using the RNeasy mini and micro kits (Qiagen) in 

order to determine mRNA expression levels and to prepare samples for microarray.  

Briefly, cells were lysed in RLT buffer and the lysate homogenised by vortexing or 

by passing the lysate through a 21-gauge needle 5-10 times.  After addition of 70 

% ethanol, the sample was loaded onto a spin column.  DNA digestion was carried 

out on the column and then the column was washed and the RNA eluted in 

RNAase free water. 
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2.3.12 Preparation of cDNA 

Complementary DNA (cDNA) was prepared by reverse transcription of 1-2 μg of 

total RNA.  The reagents below were mixed and heated to 70 °C for 5 minutes 

before being incubated on ice for 5 minutes.  

1-2 μg total RNA 

2 μl Random primer mix (Promega) 

1 μl RNasin ribonuclease inhibitor (Promega) 

Nuclease-free water up to 14 μl 

 

Subsequently the reagents below were added and incubated at room temperature 

for 10 minutes before being incubated at 40 °C for 50 minutes. 

5 μl M-MLV RT 5 x buffer (Promega) 

2 μl dNTPs (400 μM) 

1 μl M- MLV Reverse Transcriptase (Promega) 

3 μl nuclease-free water 

 

Finally nuclease-free water was added up to 100 μl for a starting amount of 2 μg 

RNA, or 50 μl for a starting amount of 1 μg of RNA.  1 μl of this cDNA was used in 

subsequent Q RT-PCR reactions. 

 

2.3.13 Quantitative Real-Time PCR (Q RT-PCR) 

Q RT-PCR was used to determine the expression of mRNAs of interest relative to a 

control mRNA.  Platinum SYBR Green qPCR SuperMix-UDG with Rox (Invitrogen) 

was used in conjunction with a 7900HT Fast Real-Time PCR system (Applied 

Biosystems).  Reactions were set-up on ice in a 96 well optical reaction plate 

(Applied Biosystems) as outlined below: 

12.5 μl Platinum SYBR Green qPCR SuperMix-UDG with Rox 

0.5 μl Forward primer (0.5 pmol) 

0.5 μl Reverse primer (0.5 pmol) 

1 μl cDNA 

10.5 μl dH2O 
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50 °C 20 s 

95 °C 10 mins 

95 °C 15 s  Denaturing 

60 °C 60 s  Annealing/Extension return to denaturing x 40 cycles 

4 °C hold 

 

Commonly used DNA oligonucleotide primers are shown below: 

 

Gapdh  Forward GTGCAGTGCCAGCCTCGTCC 

  Reverse GCCACTGCAAATGGCAGCCC 

 

Actin  Forward CACCCGCGAGCACAGCTTCT 

  Reverse CGTTGTCGACGACCAGCGCA 

 

Hes-1   Forward TGGCTGCTACCCCAGCCAGT 

  Reverse CGCTGCAGGTTCCGGAGGTG 

 

Dct   Forward GCTTCAGGAATGCACTGGAAGGGT 

  Reverse TCGTTGGCTGCTGAGTGTGGC 

 

Tyr  Forward GCGATGGAACACCTGAGGGACC 

  Reverse GTGAGTGGACTGGCAAATCCTTCC 

 

Tyrp1  Forward GCGAAGCGCACAACTCACCC 

  Reverse CCTGCAGCATCTCCTGCATGTCT 

 

Ezh2  Forward ATTGCGCGGGACTAGGGAGTG 

  Reverse GCACCGAGGCGACTGCATTCA 

 

Jarid2  Forward GGCCGTCGAGGAAAAGGCCC 

  Reverse GGCAGCGCAGGAGAACCTCG 

 

Oca2  Forward GCCTGCCTGGGAGGTAATGGGA 

  Reverse TGCAAATGATGGCTGGCTGGCT 
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Sparc  Forward GTGTGTGCCAGGACCCCACC 

  Reverse CCAGGCAGGGGGCGATGTATTT 

 

Mcam  Forward CTCACGCTGACCTGCGAGGC 

  Reverse TGGGGACCCAAAAATGCCCACG 

 

Actn4  Forward TCGCAGGGAAGCCTTGGAGAAAACA 

  Reverse  GGCCAGGATGGCCTCACGCT 

 

2.4 Plasmids 

2.4.1 Mammalian expression constructs 

The Notch reporter pCBFRE:GFP construct was a gift from Julian Lewis. 

 

The Notch luciferase reporter pCBFRE:luciferase construct was purchased from 

Addgene. 

 

The TGF-β reporter pCAGA:CFP (with linker) was generated by Silvia Giampieri 

and on cloning of CFP downstream of the CAGA sequence, a 46 bp linker 

sequence was also introduced.  I subsequently removed this linker sequence by 

digestion with AgeI and HindIII, Klenow treatment and blunt-end ligation to 

generate pCAGA:CFP (no linker). 

 

The SRF reporter p3DA:2eGFP and p3DA:2eGFP Fos 3’UTR constructs were a 

gift from Richard Treisman. 

 

The pbabe Hygro construct was a gift from Gordon Peters. 

 

The constitutive renilla expression construct was a gift from Axel Behrens. 

 

The pNICD-GFP construct was a gift from Julian Lewis. 
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The peGFP C1 construct was purchased from Clontech. 

 

The pmCherry C1 construct was made by Steven Hooper by cloning in the 

mCherry expression sequence into the peGFP C1 clontech vector backbone. 

 

The full-length Ezrin-GFP and constitutively active mutant EzrinTD-GFP were 

generated by Erik Sahai. 

 

2.5 Bacterial techniques 

2.5.1 Bacterial media and plates 

Competent E.coli were grown in suspension in LB containing the appropriate 

antibiotic. Transformations were plated onto 10 cm dishes containing Agar and 

either ampicillin (75 ug/ml) or kanamycin (50 ug/ml) as appropriate. 

 

2.5.2 Bacterial strains 

Subcloning Efficiency DH5α Chemically Competent Cells (Invitrogen) were used for 

transformation of plasmids for midipreps.  One Shot TOP10 Chemically Competent 

Cells (Invitrogen) were used for transformation of ligation reactions. 

 

2.5.3 Bacterial transformation  

Bacteria were thawed on ice for 15 minutes. Bacterial suspension was mixed with 

plasmid DNA or ligated DNA fragments and incubated on ice for a further 20 

minutes. The bacteria and DNA were then heated to 42 C in a water bath for 45 s 

and returned to ice for 10 minutes.  250 μl of SOC media was added and the 

bacteria incubated for 45 min at 37 C with shaking.  The bacteria were then added 

to an agar plate containing the appropriate antibiotic resistance and spread over 

the surface. The plate was incubated overnight at 37 C. 

 

http://products.invitrogen.com/ivgn/product/18265017?ICID=cvc-comp-cells-for-subcloning-c1t1
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2.6 Protein manipulations 

2.6.1 Preparation of cell protein lysates 

Plates containing cells for lysis were washed with cold PBS before 1 x SDS sample 

buffer was added and the cells scraped and collected.  The sample was boiled at 

95 C for 5 minutes before being used for western blotting. 

 

2.6.2 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

Poly-acrylamide gels were made with:  

0.1 % SDS  

375 mM TRIS HCl pH 8.8  

8-15 % poly acrylamide depending on protein molecular weights to be separated  

0.1 % APS  

0.001 % TEMED 

 

The gels were poured into mini-gel systems (BioRad) and over-laid with dH20 to 

ensure the gels were flat.  When set, the dH20 was removed and stacking gel was 

overlaid:  

0.1 % SDS  

125 mM TRIS HCl pH 6.8  

5 % acrylamide  

0.1 % APS  

0.001 % TEMED 

  

A 1.5 mm comb (10-15 wells) was inserted and the stacking gel left to set.  Set gels 

were inserted into a gel cassette in a running tank (BioRad) and the cassette and 

tank filled with SDS running buffer.  A prestained protein ladder (Benchmark, 

Invitrogen) was run and the remaining wells loaded with up to 50 μl of sample.  

Gels were run at 100-125 V. 
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2.6.3 Western blotting  

After SDS-PAGE, the proteins in the gel were transferred to PROTRAN 

nitrocellulose membrane (Whatmann).  The gel was placed on top of 2 sheets of 

3MM chromatography paper (Whatmann), the membrane, which had been pre-wet 

in transfer buffer, was then laid on top of the gel, followed by 2 more sheets of 3MM 

paper.  This “tower” was placed inside two sponges in a transfer cassette (BioRad).  

The tank was filled with transfer buffer and the gel was transferred for 2-3 hours at 

80-90 V on ice.  After transfer the membrane was subject to Ponceau red staining, 

washed with dH2O and blocked by incubating with TBS + 3 % milk (Marvel) + 2 % 

BSA for 1 hour.  Primary antibodies were generally incubated with the membrane 

overnight at 4 C at a dilution of 1:1000 in 3 % milk + 2 % BSA.  Primary antibodies 

were washed off with 3 x 5 minute washes in TBS + 0.05 % Tween-20.  HRP-

labelled secondary antibodies (Fisher Scientific) were used at a dilution of 1:100 

000 in TBS + 3 % milk + 2 % BSA and incubated with the membrane for 1 hour.  

Secondary antibodies were washed off the membrane in 3 x 5 min washes with 

TBS + 0.05 % Tween-20. The blot was then developed by rinsing for 1 minute in 

Luminata Western HRP Substrate (Millipore) before being exposed to 

chemoluminescent film (GE Healthcare). 
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Antibodies used: 

Target Source Product 

number 

Antibody type Dilution 

β-tubulin Sigma T7816 Mouse monoclonal 1:10000 

Vinculin Abcam  ab18058 Mouse monoclonal 1:2000 

Notch1-ICD Abcam  ab8925 Rabbit polyclonal 1:1000 

EZH2 Cell Signalling #5246 Rabbit polyclonal 1:1000 

Suz12 Abcam ab12073 Rabbit polyclonal 1:1000 

BMI-1 Abcam ab14389 Mouse monoclonal 1:1000 

Phospho-MLC 

(Thr18/Ser19) 

Cell Signalling #3674 Rabbit polyclonal 1:1000 

Phospo-ERM 

(Ezrin-Thr567, Radixin 

Thr564, Moesin 

Thr558) 

Cell Signalling #3141 Rabbit polyclonal 1:1000 

Ezrin Cell Signalling #3145 Rabbit polyclonal 1:1000 

Moesin Cell Signalling #3146 Rabbit polyclonal 1:1000 

 

2.6.4 Luciferase assays 

Luciferase assays were performed with the dual luciferase assay kit (Promega) in 

conjunction with an Envision Multilabel plate reader (Perkin Elmer).  12-well plates 

containing cells for lysis were washed with cold PBS before 100 μl passive lysis 

buffer (Promega) was added and the cells incubated with shaking for 15 minutes 

and collected.  30 μl of lysate was added to a white 96-well plate (Matrix 

Technologies), then 100 μl of luciferase assay reagent II (Promega) was added and 

a luminescence reading taken to measure luciferase activity.  Subsequenly 100 μl 

of Stop and Glo reagent (Promega) was added and another luminescence reading 

taken to measure Renillla activity. 
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2.7 In vivo techniques  

2.7.1 Injection of melanoma cells  

To generate tumours for skin-flap imaging or analysis of lymph-node metastasis, 

mice were injected sub-cutaneously on the flank with 1 x10
6
 B16 F2 cells or 2 x10

6 

5555 cells in 100 μl of sterile PBS. 

 

For short-term metastasis assays a 50:50 mix of 1.5 x 10
6 

red and green labelled 

B16 cells in 100 μl of sterile PBS were injected into the tail-vein of mice.  For 

metastasis assays lasting 10 days, a total of 1x 10
6 
cells were injected. 

 

2.7.2 Tumour measurements 

Tumour measurements were performed by technicians in the Biological Resources 

Unit.  Tumour volumes were calculated from the equation 

Volume = ½(Length x width
2
) 

 

2.7.3 Implantation of imaging windows 

Imaging windows were generated the day before implantation.  A 12 mm coverslip 

was glued to the titanium imaging frame using superglue (UHU) and allowed to dry 

before being sterilised in 70 % ethanol overnight.  Mice were also shaved on a 

small area on the lower back the day before window implantation.  On the day of 

window implantation, mice were injected sub-cutaneously with 5 mg/kg Rimadyl 1 

hour before being anaesthetised with isofluorane.  The skin around the area of 

surgery was sterilised with Hibiscrub (VetTech) and a small incision made in the 

skin, sufficient to fit the imaging window.  Mersilk sutures (VetTech) were used 

around the incision using a purse-string method, the imaging window was fitted and 

the sutures pulled tightly around the window and tied off.  B16 spheroids 

resuspended in 100% matrigel were injected underneath the window using a 19-

gauge needle.  The mouse was allowed to recover on a heat-pad and maintained 

in isolation for the duration of the imaging window experiment. 
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2.7.4 Drug administration 

Sunitinib was dissolved in DMSO to give a stock concentration of 40 mg/ml.  25 μl 

of the stock, together with 100 μl of sterile PBS, giving a final dose of 40 mg/kg, 

was administed to mice by oral gavage with the help of technicians from the 

Biological Resources Unit. 

 

2.7.5 Tumour fixation and immunohistochemical staining 

Following imaging or alternative tumour analysis the tumours were fixed either by 

snap freezing in OCT embedding matrix (Fisher Scientific) or by immersion in 10 % 

NBF (Experimental Histopathology Lab) overnight.  Frozen tumour sections were 

analysed by immunofluorescence (described later) and NBF fixed tumours were 

paraffin embedded and subject to immunohistochemistry by the internal 

Experimental Histopathology Lab.   

 

Antibodies used for immunohistochemistry:  

Target Source Product number 

Notch1-ICD Abcam  ab8925 

Endomucin Santa Cruz sc-65495 

EZH2 Cell Signalling #5246 

NG-2 Millipore AB5320 

α-SMA Dako M0851 

F4/80 eBioscience 14-4801 

CD3 Dako a0452 

Cleaved Caspase-3 Cell signalling #9664 

 

2.8 Microscopy  

2.8.1 Immunofluorescence  

Samples were fixed using 4 % paraformaldehyde, washed with PBS and 

permeabilised using 0.2 % Triton X100.  Samples were subsequently blocked for 1 
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hour with PBS + 5 % BSA before incubation with primary antibody in PBS + 5 % 

BSA overnight at 4 ° C.  Primary antibody was washed off in 3 washes of 5 minutes 

with PBS containing 0.05 % Tween-20.  Fluorescent secondary antibodies 

(Molecular probes and Jackson) were diluted 1:500 in PBS + 5 % BSA and 

incubated with the samples overnight, then washed off using 3 washes of PBS 

containing 0.05 % Tween-20.  Samples only requiring staining for F-actin and 

nuclei were fixed and permeabilised as above but then treated with phalloidin and 

DAPI both at 1:500 dilution.  Otherwise, phalloidin and DAPI were added at 1:500 

at the secondary antibody stage.  If required, the samples were mounted on 

microscope slides using Mowiol.  Immunofluorescence of frozen tissue samples 

and cells in culture were carried out the same way.  Images were taken using 

confocal microscopy. 

 

Antibodies used in immunofluorescence 

Target Source Product 

number 

Antibody type Dilution 

EZH2 Cell Signalling #5246 Rabbit polyclonal 1:100 

H3K27me3 Abcam Ab6002 Mouse monoclonal 1:50 

Phospho-MLC 

(Thr18/Ser19) 

Cell Signalling #3674 Rabbit polyclonal 1:100 

 

F-actin was visualised using FITC, TRITC, or 633- phalloidin (SIGMA).  Nuclei were 

visualised with DAPI (SIGMA). 

 

2.8.2 Phase contrast timelapse microscopy 

24 hours before imaging, glass-bottomed cell culture plates (MatTek) were 

incubated with 10 μg/ml Fibronectin (SIGMA) in PBS for 30 minutes before the cells 

were plated on top.  Cells were incubated at 37 C with 10 % CO2 in DMEM media 

contain 10 % FCS and stimulated with 5 ng/ml HGF 2 hours before imaging.  

Imaging was carried out on a Nikon microscope with a motorised stage for multiple 

positions (controlled by Metamorph software) using 20 x phase1 and 10 x phase1 

lenses. 
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2.8.3 Skin flap tumour imaging 

Sub-cutaneous tumours (described previously) were imaged when they reached 

between 6-10 mm in diameter. The mice were anaesthetised using isofluorane 

carried on oxygen, and anaesthetic was maintained during imaging using a 

mouthpiece.  Minor surgery was performed to expose the tumour and the mice 

were placed on a heated stage and covered with a heated blanket maintained at 37 

°C.  The tumour was laid on a cover slip and imaged from underneath.  Imaging 

lasted up to 3 hours, during which time either z-stack images or timelapse movies 

were captured with a 20 x Plan Apochromat lens.  Timelapse movies involved 

capturing a z-stack image every 1-2 minutes.  After imaging, the mouse was 

sacrificed.  If needed, the tumour material was dissected and fixed as described 

previously. 

 

Imaging was carried out using both single photon and two-photon lasers.  A two-

photon femto-second-pulsed Ti-Sapphire laser (Coherent) was used to image 

pigment and Collagen fibres at 825 nm and occasionally GFP at 872 nm.  Second 

harmonic signal from Collagen was collected at half the wavelength of excitation.  

Pigment signal was collected between 500 and 550 nm.  Single-photon 458 nm, 

488 nm, 543 nm, 561 nm and 633 nm lasers were used to image CFP, GFP, 

mRFP, mCherry and injectable probes with fluorescence at 680 nm.  

 

Blood vessels remained intact during imaging and blood flow could be monitored 

by intravenous injection of 100 μl Angiosense 680 (Perkin Elmer) immediately prior 

to imaging.  MMP activity could be monitored by intravenous injection of 100 μl 

MMPsense 680 (Perkin Elmer) 6-8 hours before imaging.  Healthy blood vessels 

for comparison with tumour vessels were imaged in the skin on the opposite flank 

to the tumour. 

 



Chapter 2 Materials and Methods 

104  

 

2.8.4 Window imaging  

Mice with imaging windows were imaged everyday starting at 4 days subsequent to 

window implantation.  The mice were anesthetised using isofluorane carried on 

oxygen, and anaesthetic was maintained during imaging using a mouthpiece.  The 

mice were placed on a heated stage and the imaging window placed in a hole in 

the stage.  Windows were subsequently imaged from underneath.  Every imaging 

session a tile z-stack image of the whole window area was taken using a 10 x Plan 

Apochromat lens.  Subsequently the lens was switched to a 20 x Plan Apochromat 

lens and regions of interest imaged.  Lasers and injectable probes used were as 

described previously. 

 

2.8.5 Imaging of lungs for experimental metastasis assays 

Lungs were removed 48 hours or 10 days after injection of melanoma cells, 

washed in PBS and placed on a coverslip.  Lungs removed 48 hours after injection 

were imaged using a 10 x Plan Apochromat lens and images taken using a large 

pinhole size.  Images were taken randomly over the two lungs using single photon 

488 nm and 561 nm lasers and subsequently analysed for area of mCherry vs GFP 

cells.  At the time of injection, 10 μl of the injection mix containing mCherry and 

GFP melanoma cells was plated onto a cell culture dish with a glass bottom 

(MatTek), the cells allowed to adhere and subsequently fixed.  This was imaged 

using the same settings and hence provided a control for the ratio of mCherry and 

GFP cells injected.  Lungs removed 10 days after injection were analysed using the 

microscope eye-piece and 10 x lens and the number of colonies of each colour 

counted manually. 

  

2.8.6 Imaging of lymph-nodes for spontaneous metastasis assays 

Inguinal and axillary lymph-nodes on the same side of the tumour were removed 

when the tumour reached 1-1.2 cm in diameter.  Excess fat was trimmed away and 

the lymph-node placed on a coverslip and imaged from underneath using a 20 x 

lens.  Presence of fluorescent tumour cells indicated lymph-node metastasis. 
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2.9 Image and data analysis 

2.9.1 Quantification of signalling reporter activity 

Quantification of signalling reporter activity was performed using LSM510 Image 

Examiner (Carl Zeiss) and Zen (Carl Zeiss).  Cellular reporter intensity was 

measured by drawing around a cell to create a region of interest and noting the 

fluorescence intensity.  The background fluorescence intensity was measured by 

generating a region of interest in an area not covered by cells.  The average 

intensity for the whole image was measured by making a region of interest the 

same size as the entire image.  Cellular fluorescence intensity was corrected for 

background levels and then normalised to the average GFP intensity for the whole 

image to give reporter activity. 

 

2.9.2 Quantification of pigment intensity 

Pigment intensity was analysed in two ways.  Pictures of cell pellets were taken 

with a digital camera (Canon) after trypsinising the cells, washing in PBS and 

centrifugation to collect the cells.  Pigment intensity was quantified on a cell to cell 

basis by plating the cells on glass-bottomed cell culture dishes (MatTek), fixing and 

staining for F-actin.  The pigment was then imaged using a two-photon femto-

second-pulsed Ti-Sapphire laser (Coherent) tuned to 870 nm with fluorescence 

detection between 500 and 550 nm.  The pigment intensity was measured using 

Zen software (Carl Zeiss) by drawing around a cell to generate a region of interest 

and noting the fluorescence intensity.  Background fluorescent levels were 

measured by creating a region of interest in an area lacking cells and noting the 

fluorescence.  Cellular pigment intensity was calculated by subtraction of the 

background fluorescence.  Microscope settings were kept the same between 

imaging of control and siRNA depleted cells in the same experiment. 
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2.9.3 Quantification of EZH2 and Histone H3 lysine-27 tri-methyl 

(H3K27me3) staining intensity 

Quantification of EZH2 and H3K27me3 staining was performed using Volocity 

image analysis software (Perkin Elmer) and Prism (GraphPad).  Images stained for 

EZH2, H3K27me3, and nuclei were acquired on a confocal microscope.  Nuclei 

were identified using automatic nuclei detection in Volocity and used to form 

objects.  To calculate relative EZH2 intensity, the nuclear EZH2 intensity was 

normalised to DAPI intensity.  The average H3K27me3 nuclear intensity was 

compared between conditions. 

 

2.9.4 Quantification of immunohistochemical staining 

Quantification of vessel density, morphology and Caspase 3 staining was 

performed with Volocity image analysis software (Perkin Elmer).  RGB images 

were taken for analysis using a Nikon Eclipse light microscope.  For the vessel 

analysis, endomucin positive objects were identified using intensity in the red 

channel and any holes in the objects filled in.  The area of the objects was noted 

and for vessel density, total vessel area for an image was divided by the total area 

of the image.  For vessel lumen area, the area of each object was noted and 

compared between tumour conditions.  Analysis of cleaved Caspase-3 was similar, 

cleaved Caspase-3 positive objects were identified using intensity in the red 

channel.  To measure apoptosis in the tumour centre versus tumour margin, a 

region of interest was generated to cover roughly the outer 200 μm of tumour.  The 

total area of cleaved Caspase-3 positive objects was calculated in the region of 

interest and the remaining area (to give Caspase 3 activity in the centre of the 

tumour) for DMSO and Sunitinib treated tumours. 

 

2.9.5 Cell area analysis 

Measures of the cell area were obtained both manually and using Volocity (Perkin 

Elmer) image analysis software.  Analysis of the cell area on P protein depletion 

was performed by manually drawing around the cell to create a region of interest in 
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Zen imaging software (Carl Zeiss) and the area noted.  Volocity was used for the 

other analyses.  Images of cells were thresholded based on F-actin staining, for 

analysis after siRNA depletion of PRC2 components, or GFP intensity, after siRNA 

depletion and rescue with Ezrin-GFP DNA constructs.  Thresholding created 

objects and any holes in the objects were filled in to give the area covered by cells 

in the image.  Nuclei were detected using DAPI staining and automatic nuclei 

detection.  The area covered by cells was subsequently divided by the number of 

nuclei to give the average cell area.  A minimum of 5 images were analysed per 

condition in each experiment. 

 

2.9.6 Quantitative morphometric vessel analysis 

Quantification of vessel morphology and dynamics was performed in LSM510 

Image Examiner (Carl Zeiss) and Zen (Carl Zeiss).  For characterisation of different 

tumour areas, representative vessels from each area were quantified.  For 

correlation purposes morphological characteristics were determined per z-stack of 

images.  Tortuosity indices, variation in width and branch point measurements, 

were calculated as averages of representative vessels in the z-stack.  Tortuosity 

index was calculated as a ratio of the arc length and chord length for a vessel 

bend.  Variation in vessel width was determined by measuring vessel width every 

10 μm for a 150 μm stretch of vessel and calculating the coefficient of variance.  

Branch points were calculated by measuring vessel length and counting branch 

points in that length.  Blunt ends were determined by counting the number of blunt 

ends per image plane, and dividing by the area of vessels in an image plane.  

Multiple planes were averaged over the z-stack.  The vessel area was measured 

for a whole image plane by thresholding on the GFP intensity and noting the area 

of the thresholded region.  Correlation of cell motility with vessel area was 

performed by counting the number of motile cells in the field of view averaged over 

the z-stack and measuring the vessel area also averaged over the z-stack.  
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2.9.7 Cell tracking in vitro 

Tracking of B16 F10 cells plated on Fibronectin was carried out using data from 

phase contrast time-lapse movies captured using MetaMorph software (Molecular 

Devices).  Timelapse movies underwent automatic cell tracking, again using 

MetaMorph software (Molecular Devices).  Briefly, in the first frame the cells were 

selected with the mouse and an area around the cell identified.  Through each 

frame the software determined the new position of each cell.  If the software failed 

to identify the cell in the next frame, for example when a cell underwent division, or 

if the cell moved out of the frame, the user paused the analysis and instructed the 

program to the accurate position of the cell, or to terminate the track.  The tracking 

data was stored as a log file and was inputted in to a template in Mathematica 

(Wolfram research) designed by the Light Microscopy Facility to calculate cell 

speed. 

 

2.9.8 Motile cell analysis in vivo 

The number of motile cells was calculated manually using LSM510 Image 

Examiner software (Carl Zeiss).  Cells were classified as non-motile, moving singly, 

collectively or streaming and the number of cells in each category counted per field 

of view in a 20 minute timelapse movie.  For correlation of signalling reporter 

activity and motility, cells were classified as non-motile, moving singly or streaming 

and the signalling reporter activity calculated as described previously. 

 

2.9.9 Analysis of experimental lung metastasis assays 

Lung images were analysed using Volocity (Perkin Elmer) image analysis software 

to measure the area of mCherry and GFP cells in the lung.  Images were 

thresholded on either GFP or mCherry to generate objects and the area of 

thresholded objects measured in each image.  A minimum of 7 images were 

analysed from each mouse and the total area of mCherry or GFP objects 

calculated per mouse.  The ratio of mCherry and GFP areas was obtained.  This 

was also performed for images of the injection mix plated on cell culture dishes.  
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The mCherry:GFP ratio from the lungs was normalised to the ratio from the plated 

injection mix.  The relative colonisation ability of control to siRNA treated cells was 

finally normalised to the relative colonisation ability of control to control cells to 

account for differences in detection of mCherry and GFP cells. 

 

2.9.10 Microarray analysis 

Microarray analysis was carried out in collaboration with the Paterson institute 

using Affymetrix chips (MOE430 2.0) and The Genome Centre at Barts using Illumina 

chips (REF6V3).  Both chips included probes of the whole mouse genome.  

Microarray results were analysed by Phil East in the Bioinformatics department. 

The ranges of values for each chip were normalised to each other and then points 

with very low intensity were excluded from the analysis.  The fold change between 

conditions was then calculated and averaged for the replicates. 

 

2.9.11 Geneset enrichment analysis (GSEA) 

Geneset enrichment analysis was performed using free software from The Broad 

Institute (http://www.broadinstitute.org/gsea/index.jsp).  Microarray data was 

adjusted to contain only the gene symbols, a description column and numerical 

expression values and saved in .txt format.  A phenotype file was created to 

describe the columns in the expression data file and the layout of the experiment 

i.e number of repeats.  Genesets were obtained from the MSigDB (The Molecular 

Signatures Database), curated by The Broad Institute and also generated from 

personal microarray analysis and publicly available microarray data.  Briefly, the 

free software ranks the genes in the microarray data file according to expression 

changes between conditions.  It subsequently tests how a list of genes (geneset) is 

distributed within the ranked data and calculates an enrichment score that 

represents the degree to which the geneset is represented at the top or bottom of 

the ranked list.  The score is calculated by walking down the ranked list and 

measuring a running-sum statistic.  The score is increased on encountering a gene 

within the geneset and decreased on encountering genes not in the geneset.  The 

enrichment score is then the maximum deviation score achieved.  An estimate of 

http://www.broadinstitute.org/gsea/index.jsp
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statistical significance is obtained and if multiple genesets are used an adjustment 

for multiple hypothesis testing is applied.  The data is displayed graphically by 

showing the running sum on the y-axis and the ranked list on the x-axis and black 

bars indicate the presence of genes in the geneset. 

 

2.9.12 Overlap analysis 

Free software available on the MSigDB website (Broad Institute) was used to 

calculate the degree of overlap between a list of genes generated from personal 

microarray analysis and the genesets in the MSigDB.  The number of overlapping 

genes was compared to the number of expected overlaps based on the size of the 

geneset and an estimate of statistical significance derived. 

 

The degree of overlap between two lists of genes both generated from personal 

microarray analysis was calculated in conjunction with Phil East in the 

Bioinformatics department.  The analysis carried out was similar to that of the free 

software.  The number of overlapping genes was compared to the number of 

expected overlaps based on the number of genes in the lists and the chip used in 

the microarrays.  An estimate of statistical significance was also derived. 

 

2.9.13 Cluster analysis 

Hierarchical clustering was performed in conjunction with Robert Jenkins using the 

free software R (http://www.r-project.org).  Z-stack images of tumour-associated 

vasculature were analysed to quantifiy the morphometric parameters as outlined 

previously.  Hierarchical clustering was carried out by attempting to minimise the 

Euclidean distance between groups using Ward’s linkage, whereby groups are 

clustered such that the total variance within the cluster is minimised at each step. 

 

2.9.14 Statistical analysis 

Most of the statistical testing including t-tests and analysis of variance (ANOVA) 

testing was performed using Prism software (GraphPad).  Correlations between 

http://www.r-project.org/
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melanoma cell motility values and vascular morphometric and dynamic data using 

Spearman’s rank correlation co-efficient and linear regression were performed in 

conjunction with Robert Jenkins using R (http://www.r-project.org. 

   

 

http://www.r-project.org/
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Chapter 3. Heterogeneous cell behaviour correlates 

with differences in Notch, TGF- β and SRF signalling 

3.1 Chapter introduction 

Previous intra-vital imaging studies of motility and invasion have revealed 

heterogeneous cancer cell behaviour in a number of different systems (Giampieri et 

al., 2009), (Pinner et al., 2009).  The majority of cancer cells in a tumour are non-

motile. However, there is a small population of motile cells that can move either as 

single cells, or using more cohesive modes of motility.  The acquisition of motility is 

also likely to be reversible as even in lymph node metastases most cells are non-

motile (Giampieri et al., 2009). 

 

There could be many reasons for heterogeneous cell motility.  Motile cells may 

have acquired additional mutations driving an invasive state or signals from the 

local environment may cause cells to become motile only in certain areas.  

Alternatively, differentiation state of the cell may influence whether or not the cell is 

motile.  However, the above are most likely over simplified and it may be a 

combination of reasons, together with a permissive microenvironment, that enables 

motility. 

 

Previous work in the B16 melanoma model suggests that the motile cells are less 

differentiated.  Motile cells had lower pigment levels and higher Brn2 promoter 

activity, a transcription factor down-regulated during melanocyte differentiation 

(Pinner et al., 2009).  Tgfb2 mRNA was up-regulated in the less pigmented cells 

and TGF-β2 increased motility in vitro.  However, little is known about which 

pathways are important in maintaining or driving these changes in differentiation in 

vivo.   

 

Therefore a number of signalling pathways were investigated in vivo to try and 

determine whether differences in signalling correlated with differences in motility 

and which pathways may be involved in the acquisition of motility and a less 

differentiated state. 
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3.2 B16 F2 melanoma cells exhibit heterogeneous cell 

behaviour in vivo 

To confirm that B16 F2 melanoma cells display heterogeneous motile behaviour in 

vivo, intra-vital imaging was performed on sub-cutaneous B16 F2 tumours.  B16 F2 

cells had stable expression of a red fluorescent membrane marker to enable 

visualisation.  Z-stack images were taken every 1-2 minutes for 20 minutes and 

analysed for motile melanoma behaviour.  This revealed that, similar to previous 

reports, melanoma cells utilised different modes of motility (Figure 3.1 and 

Supplementary movies 1-3).  Cells were seen moving as single cells with a 

rounded amoeboid morphology (Figure 3.1).  Cells utilising this mode of motility 

were seen interacting with Collagen fibres and changing morphology to squeeze 

through gaps in the ECM.  Cells were also seen moving collectively, either as 

groups, that on a macro scale maintained cell-cell contacts, or in streams (Figure 

3.1).  Streaming cells were chains of cells moving in a similar direction but they did 

not always maintain connections with the adjacent cells.  Unlabelled host cells, 

often termed ghost cells, were seen within the chains. These may correspond to 

the macrophage population that promote cancer cell motility through a paracrine 

feedback loop (Wyckoff et al., 2004).   

 

Quantification of multiple movies revealed that less than 10 % of B16 F2 melanoma 

cells in the primary tumour are motile (Figure 3.2A).  Out of the motile population 

56 % of cells used a rounded single cell mode of motility, 30 % were found in 

streams and the rest moved collectively as groups. 
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Figure 3.1 Examples of modes of motility used by B16 F2 melanoma cells in vivo. 

Stills taken from intra-vital movies of B16 F2 melanoma showing A. Single cell motility.  
Scale bar 50 μm.  B. Collective motility in groups.  Scale bar 50 μm.  and C. Streaming 
cells.  Scale bar 100 μm.  Cell membranes shown in white. 
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Figure 3.2 Quantification of B16 F2 melanoma cell motile behaviour in vivo. 

A. Graph showing percentage of motile cells in each movie.  Each point represents a 
single movie.  Bar indicates median with interquartile range.  B.  Analysis of different 
modes of motility. Time-lapse movies of B16 F2 melanomas were analysed and the 
number of non-motile and motile melanoma cells counted.  Motile cells were further 
classified in to using collective, streaming or single cell modes of motility.  Data from 18 
movies of 9 mice. 
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3.3 Clonal reporter cell-lines reveal heterogeneous signalling 

in B16 F2 melanoma in vivo 

Differences in cell behaviour imply differences in the signalling status of the cells.  

To test the hypothesis that differences in cell behaviour correlated with differences 

in signalling, a number of clonal B16 F2 reporter cell-lines were generated.  The 

Notch, TGF-β and SRF pathways were chosen for investigation due to the reasons 

outlined below. Transcription-based fluorescent protein reporter constructs were 

used to enable the visualisation of signalling status, as active signalling would drive 

fluorescent protein expression.  However, as the half-life of the fluorescent proteins 

used is around 24 hours, the presence of fluorescent protein would indicate that the 

cell had received the signal within the last 24 hours or so and does not necessarily 

denote current active signalling. The reporter constructs were co-transfected with a 

hygromycin selection vector into B16 F2 cells with a red fluorescent membrane 

marker so all cells could be visualised by the membrane marker in vivo.  Stable 

cell-lines were generated by selection in 500 µg/ml hygromycin.  The stable cell-

lines were then single-cell cloned and the clones tested for reporter sensitivity.  

Clones were generated to circumvent heterogeneity in signalling arising as a 

consequence of differences in mutational status. 

 

3.3.1 Notch signalling is heterogeneous in B16 F2 melanoma in vivo 

Notch signalling was chosen because it has been found to promote EMT and 

motility in numerous cancer types (Leong et al., 2007) (Sahlgren et al., 2008).  

Also, it is required for maintenance of the melanocyte stem cell population and is 

sufficient to confer neural crest stem cell-like properties on melanocytes (Moriyama 

et al., 2006) (Zabierowski et al., 2011).  As motile B16 melanoma cells are thought 

to be less differentiated, the hypothesis was that Notch signalling may drive or 

maintain melanoma cells in a less differentiated state thereby promoting motility. 

 

The Notch reporter construct consisted of 4 CBF responsive elements (CBFREs) 

and the minimal simian virus promoter upstream of eGFP (Figure 3.3A).  CBFREs 

have been shown to bind the transcriptional repressor CBF-1 (Hsieh et al., 1996).  
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Binding of the intra-cellular domain of Notch to CBF-1 releases the repression and 

activates transcription downstream of the CBF-1 binding sites.  Therefore activation 

of Notch signalling and cleavage of the receptor to generate the intra-cellular 

domain should promote transcription and translation of eGFP, allowing visualisation 

of cells with active Notch signalling. 

 

The Notch reporter construct was tested in a transient transfection assay to confirm 

the response to NICD.  The reporter construct was co-transfected with either a 

constitutive mCherry (Shaner et al., 2004) plasmid alone or in conjunction with 

NICD or the empty vector (E.V).  The ratio of cells expressing GFP, driven by the 

CBFRE promoter, to mCherry positive cells was then calculated to give a measure 

of CBFRE response.  The percentage of responsive cells was significantly higher in 

NICD transfected wells compared to both the empty vector and mCherry alone 

(Figure 3.3B), confirming the construct was a Notch reporter.  A mutant construct 

containing mutant CBFREs was also tested.  Both the empty vector and NICD 

increased the percentage of responsive cells compared to mCherry alone 

suggesting a non-specific response of the mutant reporter (Figure 3.3B).  

 

After stable selection of the B16 reporter cells and single cell cloning, one clone 

was found to be responsive to Notch signalling.  To test the clone’s response to 

Notch signalling, NICD or the empty vector was co-transfected with a constitutive 

mCherry plasmid in a ratio of 2:1.  The cells were then subjected to flow-cytometry 

analysis.  Gates were set to analyse only the mCherry positive cells as these 

should have been transfected with either the empty vector or NICD due to the ratio 

of the plasmids transfected.  Transfection of the clonal reporter cell-line with NICD 

caused a shift towards increased GFP intensity compared to transfection of the 

empty vector (Figure 3.3C).  This confirms that the clonal reporter cell-line is 

responsive to Notch signalling. 
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Figure 3.3 Generation and testing of a clonal Notch reporter cell-line. 

A. Schematic of the Notch reporter construct and CBF responsive element.  CBF-1 
binding site shown in red.  SV40 M.P denotes the simian virus 40 minimal promoter.  B.  
Graph showing percentage of responsive cells in a transient transfection assay to test 
the Notch reporter (CBFRE:GFP).  CBFRE:GFP or mutant CBFRE:GFP were co-
transfected with mCherry and either NICD or the empty vector (E.V) in a ratio of 2:1.  
The ratio of GFP positive responsive cells to mCherry positive cells was calculated and 
converted to a percentage.  Error bars show standard error.  Stars indicate a p-value 
<0.05 in an ANOVA test.  C.  The clonal Notch reporter cell-line was transiently 
transfected with constitutive mCherry and NICD or empty vector and then subjected to 
FACS analysis gating only on the mCherry positive cells. 
 



Chapter 3 Results 

119  

 

Flow-cytometry analysis of the Notch reporter clone grown in vitro revealed a broad 

distribution of GFP intensities spanning two orders of magnitude (Figure 3.4), 

implying that Notch signalling in B16 F2 cells is heterogeneous in vitro.  To test 

whether endogenous Notch targets correlated with GFP expression of the reporter, 

Notch reporter high and Notch reporter low populations were purified by FACS and 

sorted directly into RLT lysis buffer (Qiagen RNAeasy minikit).  Subsequent Q RT-

PCR for Hes-1 mRNA levels revealed that Hes-1 transcript levels were higher in 

the Notch reporter high population than the reporter low population.  This confirmed 

that GFP expression correlated with expression of endogenous Notch targets and 

helped validate the reporter cell-line.  

 

Further validation of the clonal Notch reporter cell-line came following microarray 

analysis of the Notch reporter GFP high and Notch reporter GFP low populations 

and identification of Notch targets in B16 F2 melanoma cells (discussed further in 

chapters 4 and 5).  Geneset enrichment analysis (Subramanian et al., 2005) 

(Mootha et al., 2003) using freeware from The Broad Institute 

(http://www.broadinstitute.org/gsea/index.jsp) indicated that the Notch reporter GFP 

high population was significantly enriched for Notch target genes (Figure 3.5).  This 

provides more support for the reporter cell-line, as expression of endogenous 

Notch targets, identified in B16 melanoma cells, correlated with the GFP 

expression of the Notch reporter cell-line. 

http://www.broadinstitute.org/gsea/index.jsp
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Figure 3.4 Notch signalling is heterogeneous in vitro. 

A. FACS plot of the clonal Notch reporter cell-line indicating heterogeneity in Notch 
signalling in vitro.  R3 and R4 represent the gates used to sort the Notch low and Notch 
high populations respectively.  B.  Q RT-PCR of Hes-1 mRNA levels in the Notch high 
and Notch low populations in vitro.  Graph shows 3 independent pairs. 
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Figure 3.5. Notch target gene expression is enriched in the Notch reporter GFP 

high population. 

Geneset enrichment analysis using free-ware from The Broad Institute.  Genes up-
regulated on average greater than 1.2 fold in B16 F2 NICD-GFP cells compared to B16 
F2 control cells are significantly enriched in the Notch reporter GFP high population. 
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As less than 10 % of cells in vivo are motile, if Notch signalling promotes a motile 

state then activity through the Notch pathway should also be heterogeneous in vivo 

and correlate with motility.  To investigate this, the clonal Notch reporter cell-line 

was injected sub-cutaneously into C57Bl6 mice.  Intra-vital imaging of the Notch 

reporter tumours revealed a small population of GFP positive cells (Figure 3.6A) 

indicating that indeed Notch signalling was heterogeneous in vivo.  This small 

percentage was in contrast to the in vitro data in which around 80 % of cells were 

GFP positive (Figure 3.4).  However, this may have been as a result of the region 

of the tumours imaged because intra-vital imaging can only provide an idea of the 

outer 200 μm of the tumour.  Collagenase-dispase digestion of the tumours and 

subsequent FACS analysis of the Notch reporter tumours allowed the whole 

tumour to be analysed.  This confirmed that throughout the tumour only a small 

percentage of cells were GFP positive and had active Notch signalling (Figure 

3.6B).   

 

Immunohistochemical staining of B16 F2 tumours with an antibody against the 

intracellular domain of Notch1 provided further evidence of heterogeneous Notch 

signalling in vivo.  It revealed cell populations with different staining patterns 

suggesting heterogeneous signalling activity (Figure 3.6C).  Most cells had nuclear 

or sub-nuclear staining, but some cells had no staining or staining in both the 

nucleus and cytoplasm (Figure 3.6C).  The frequency of cells stained in both the 

nucleus and cytoplasm was roughly similar to the frequency of GFP positive cells in 

the Notch reporter cell-line.  The cells with staining in both the nucleus and 

cytoplasm may have higher levels of signalling compared to the cells with only 

nuclear staining.  Perhaps the Notch reporter cell-line is only responsive to very 

high levels of Notch signalling.  
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Figure 3.6 Notch signalling is heterogeneous in vivo. 

A. Intra-vital still image of the clonal Notch reporter cell-line.  B16 melanoma cells have 
a red membrane marker.  Active Notch signalling is represented by GFP expression.  
Pigment and Collagen fibres in white.  Scale bar indicates 100 μm.   B.  Flow-cytometry 
analysis of tumours derived from the clonal Notch reporter cell-line.  Gates indicate 
Notch high and Notch low populations.  C.  Immunohistochemical staining of B16 
tumour with anti NICD antibody.  Labels show representative cells with different 
staining patterns.  Scale bar indicates 50 μm. 
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3.3.1.1 Notch signalling is increased in the B16 F2 singly motile cell 

population 

To try to determine whether Notch signalling correlated with motility, B16 Notch 

reporter tumours were subjected to intra-vital imaging (Supplementary movie 4).  If 

the hypothesis was correct then the motile cells should be GFP positive or have 

increased GFP expression compared to the non-motile cells.  The GFP intensity 

was measured in non-motile cells and cells using single cell and more collective 

modes of motility.  As it is difficult to distinguish between streaming cells and cells 

moving collectively and the number of cells moving collectively in groups is very 

low, cells displaying cohesive modes of motility were labelled “streaming”.  Cellular 

GFP intensity was corrected for background levels and then normalised to the 

average GFP intensity for the whole image.  This allowed comparison across 

different tumours and tumour areas.  Cells using the rounded single cell mode of 

motility had higher levels of GFP expression compared to non-motile or streaming 

cells indicating increased Notch signalling in singly motile cells (Figure 3.7A).  

Hence Notch signalling correlates with single cell motility in primary B16 

melanoma.  This provides support for the hypothesis that Notch promotes motility 

by maintaining cells in a less differentiated state.  However, a small number of non-

motile cells had active Notch signalling suggesting that Notch is not sufficient to 

initiate motility (Figure 3.7A). 

 

To test the relationship between Notch and differentiation, pigment levels were 

used as a surrogate indicator of differentiation status.  This is because pigment 

production in the melanocyte lineage is suggestive of differentiated cells.  The GFP 

intensity, giving a measure of Notch activity, and pigment intensity of cells in vivo 

was measured.  Notch reporter activity had a mutually exclusive relationship with 

pigment intensity (Figure 3.7).  Cells with high Notch reporter activity had low 

pigment and cells with high pigment had low Notch reporter activity.  The increase 

in Notch signalling in singly motile cells and the mutual exclusive relationship of 

Notch reporter activity and pigment agrees with the hypothesis that Notch signalling 

is associated with a less differentiated, more motile state.  However, pigment levels 

are not the same as differentiation state and a more thorough analysis of 

differentiation markers is required (see next chapter). 
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Figure 3.7 Notch signalling is increased in singly motile cells. 

A. Box and whiskers plot showing GFP intensity and hence Notch reporter activity in 
non-motile, singly motile or streaming cells.  Box indicates median and inter-quartile 
range.  Whiskers indicate 10th-90th percentile.  Outliers indicated by single points.  80 
non-motile cells, 25 singly motile cells and 15 streaming cells analysed.  Data from 9 
movies of 4 mice.  Background GFP intensity subtracted from cellular GFP intensity 
before normalising to the average GFP intensity for the image.  B.  Graph of pigment 
intensity vs GFP intensity and hence Notch reporter activity.  Pigment and GFP 
intensities measured in the same cell. First background intensity was subtracted and 
then the values normalised to the average signal for the channel in the whole image.  
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3.3.2 TGF-β signalling is heterogeneous in B16 F2 melanoma in vivo 

TGF-β signalling is interesting because it has been found to promote single cell 

motility in breast cancer (Giampieri et al., 2009) and it has a well-characterised role 

in EMT both in development and cancer (Nieto, 2011).  Tgfb2 mRNA levels were 

found to be up-regulated in the less pigmented B16 cell population in vivo and 

TGF- β2 could decrease pigment and increase motility in vitro (Pinner et al., 2009).  

As the motile cells in vivo are less pigmented, TGF- β may both promote motility 

and decrease pigment explaining why the motile cells are less pigmented.   

 

To test whether TGF-β signalling is associated with motility, two clonal TGF-β 

reporter cell-lines were generated.  The reporter constructs used were based on 

the well characterised CAGA12 luciferase reporter which has 12 Smad binding sites 

upstream of a minimal promoter and luciferase.  This reporter had been used 

previously in the lab to generate a fluorescence-based TGF-β reporter, with the 12 

Smad binding sites and minimal promoter upstream of CFP (Figure 3.8A).  

However, during cloning, a 46 base-pair linker sequence was introduced (black bar 

in Figure 3.8A).  Use of this reporter in zebrafish indicated that the linker sequence 

alone, without the Smad binding sites, may promote some CFP expression 

(Caroline Hill, personal communication).  For comparison I generated a second 

CFP TGF-β reporter without the linker sequence (Figure 3.9A). 

 

The two reporters were selected for stable expression in the B16 F2 melanoma 

cell-line with a red membrane marker.  Single cell-cloning generated clonal TGF-β 

reporter cell-lines that were subsequently tested for response to TGF-β by flow 

cytometry.  The clonal reporter cell-lines were treated overnight with either 1 ng/ml 

TGF-β, 10μM SB431542 the TGF-β receptor inhibitor, or vehicle control DMSO.  

Both reporter cell-lines had increased CFP expression in the TGF-β treated wells 

compared to the DMSO control (Figure 3.8B (+linker) and Figure 3.9B (no linker)) 

confirming that they did behave as TGF-β reporters.  However, the reporter cell-line 

generated from the construct with the linker contained a fraction of cells that did not 

respond to TGF-β (Figure 3.8B).  Therefore this reporter cell-line may slightly 

underestimate the extent of TGF-β signalling. This cell-line also showed a slightly 

larger increase in CFP expression, suggesting that the linker may increase the 
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sensitivity to TGF-β.  There was little difference in CFP expression between the 

DMSO vehicle control and SB treated wells for either reporter cell-line (Figure 3.8B 

(+linker) and Figure 3.9B (no linker)).  This implies that there is little basal TGF-β 

signalling in B16 F2 cells grown in vitro.    

 

To investigate patterns of TGF-β signalling in B16 melanoma in vivo and to test 

whether it correlated with single cell motility, the two clonal TGF-β reporter cell-

lines were injected sub-cutaneously into C57Bl6 mice and the resulting tumours 

subjected to intra-vital imaging.  This revealed heterogeneous CFP expression in 

both reporter cell-lines (Figure 3.10 A and B) implying B16 F2 melanoma cells have 

heterogeneous TGF-β signalling in vivo.  Both reporter cell-lines had a similar 

percentage of CFP positive cells suggesting that the linker did not adversely affect 

reporter response or promote non-specific CFP expression.  The reporter cell-line 

generated from the construct without the linker required more laser power to 

visualise the CFP, suggesting that the linker may increase the sensitivity of the 

reporter. 
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Figure 3.8 Generation of clonal TGF-β reporter cell-line from construct 

containing linker sequence. 

A. Schematic showing TGF-β reporter construct used.  Red indicates Smad binding 
sequences.  MLP indicates minimal promoter and black bar indicates the 46 base-pair 
linker sequence introduced previously.  B.  FACS analysis of the clonal TGF-β reporter 
cell-line treated overnight with 1 ng/ml TGF-β, 10 μM SB431542, the TGF-β receptor 
inhibitor, or DMSO vehicle control.  
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Figure 3.9 Generation of clonal TGF-β reporter cell-line from construct without 

linker sequence. 

A. Schematic showing TGF-β reporter construct used.  Red indicates Smad binding 
sequences.  MLP indicates minimal promoter.  No linker sequence present.  B.  FACS 
analysis of the clonal TGF-β reporter cell-line treated overnight with 1 ng/ml TGF-β, 10 
μM SB431542, the TGF-β receptor inhibitor, or DMSO vehicle control. 
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Figure 3.10 TGF-β reporters show heterogeneous TGF-β signalling in vivo. 

Intra-vital still images from the two clonal TGF-β reporter cell-lines.  B16 F2 melanoma 
cells have a red membrane marker.  CFP expression indicates active TGF-β signalling.  
Pigment and Collagen fibres in white.  Scale bar indicates 50 μm. 
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3.3.2.1 TGF-β signalling is increased in the B16 F2 singly motile cell 

population 

Having confirmed heterogeneous TGF-β signalling in vivo, the relationship between 

TGF-β signalling and motility was investigated, to test if signalling correlates with 

motility.  The CFP intensity of non-motile, singly motile and streaming cells was 

measured.  In a similar way to analysis of the Notch reporter, the background CFP 

intensity was subtracted and then the values normalised to the average CFP 

intensity for the image.  Both clonal TGF-β reporter cell-lines showed that singly 

motile cells had increased CFP expression compared to non-motile or cells using a 

streaming mode of motility (Figure 3.11 and Supplementary movie 5).  The reporter 

cell-line generated from the construct without the linker did not have as big an 

increase in CFP intensity in singly motile cells as the other reporter cell-line; 

however it was still a significant difference.  This correlates with the magnitude of 

response to TGF-β of the two reporter cell-lines in vitro.  Therefore both reporter 

cell-lines showed that TGF-β signalling correlates with single cell motility. 

 

The motile cells in the B16 melanoma model are less pigmented and TGF-β2 has 

been shown to decrease pigment in vitro (Pinner et al., 2009).  As TGF-β signalling 

is increased in the singly motile cells the relationship between pigment and TGF-β 

reporter activity was examined to see whether TGF-β correlated with decreased 

pigment in vivo.  Both clonal TGF-β reporter cell-lines showed a mutually exclusive 

relationship between pigment and TGF-β reporter activity (Figure 3.12).  Cells with 

higher TGF-β reporter activity showed lower pigment levels indicating that TGF-β 

signalling correlates with decreased pigment.  These results support the hypothesis 

that TGF-β signalling promotes single cell motility and decreases pigment, 

however, it is possible that the increased TGF-β signalling could be a downstream 

product of a different pathway that drives motility.  Additionally the decreased 

pigment may also be result of other signalling pathways that are concurrent with 

TGF-β signalling.  The reporters only suggest a correlation between TGF-β 

signalling, motility and decreased pigment.  
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Figure 3.11.  TGF-β signalling correlates with single cell motility. 

Box and whiskers plot showing TGF-β reporter activity in non-motile, singly motile or 
streaming cells in B16 tumours generated from A. TGF-β reporter containing linker 
sequence.  67 non-motile cells, 54 singly motile cells and 64 streaming cells analysed.  
Data from 6 movies of 3 mice.  B. TGF-β reporter without linker sequence.  118 non-
motile cells, 36 singly motile cells and 88 streaming cells analysed.  Data from 11 
movies of 3 mice.  Background CFP intensity subtracted from cellular CFP intensity 
before normalising to the average CFP for the image.  Box indicates median and inter-
quartile range.  Whiskers indicate 10th-90th percentile.  Outliers represented by 
individual points.  Star indicates p value < 0.05 in ANOVA test.   
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Figure 3.12.  TGF-β signalling is mutually exclusive with pigment levels. 

Graphs of pigment intensity vs CFP intensity and hence TGF-β reporter activity for A. 
TGF-β reporter containing linker sequence.  B. TGF-β reporter without linker sequence.  
Pigment and CFP intensities measured in the same cell. First background intensity was 
subtracted and then the values normalised to the average signal for the channel in the 
whole image. 
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3.3.3 SRF signalling is heterogeneous in B16 melanoma in vivo 

SRF signalling provides a link between actin cytoskeleton remodelling and gene 

transcription.  It has been shown to regulate metastasis in the B16 model and loss 

of MRTF, a SRF co-factor, was shown to decrease the number of motile cells in 

vivo (Medjkane et al., 2009).  Loss of MRTF may have decreased motility due to a 

lower basal level of MRTF targets such as Myosin light chain and Tropomyosin 

(Medjkane et al., 2009).  Alternatively, SRF signalling may be activated during 

induction of motility and required to maintain the motile state.  Based on this data, 

the prediction was that SRF signalling promotes motility and correlates with motile 

B16 cells.  

 

To test whether SRF signalling correlates with motility in vivo, two clonal SRF 

reporter cell-lines were generated from two different reporter constructs.  Both 

constructs were based on the 3D.A reporter, which contains three serum response 

elements (SREs) from the c-Fos promoter (Mohun et al., 1987).  The reporter only 

responds to the Rho-actin arm of the SRF pathway and not the MAPK arm (Hill et 

al., 1995).  One construct contained the three SREs upstream of two eGFP copies 

(Figure 3.13A).  The other construct had the 3’ UTR sequence of the c-Fos gene 

downstream of eGFP to try and couple the stability of eGFP mRNA to the mRNA 

stability of SRF targets (Figure 3.14A).  

 

The constructs were tested for responsiveness to SRF signalling by transient co-

transfection with a constitutive CFP plasmid in B16 F2 cells.  The cells were then 

serum starved and treated with either 15 % FCS or 5 μM cytochalasin D before 

being subjected to flow-cytometry analysis.  Cytochalasin D activates SRF 

signalling by preventing MRTF binding to monomeric actin, MRTF then 

accumulates in the nucleus and together with SRF, activates transcription 

(Vartiainen et al., 2007).  Flow-cytometry analysis was restricted to the CFP 

positive cells because those were the cells to receive the reporter constructs.  

Treatment of both reporters with 5 μM cytochalasin D increased the GFP positive 

population in a time-dependent manner; cells treated with cytochalasin D for 10 

hours had a larger GFP positive population, with increased GFP intensity 

compared to cells treated for 5 hours (Figure 3.13B and Figure 3.14B (with c-Fos 
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3’UTR).  There was a slight increase in the GFP positive population on treatment 

with 15 % FCS.  This confirmed that both reporters responded to SRF signalling. 

 

Co-transfection of the reporter plasmids together with a hygromycin selection 

plasmid and subsequent selection in hygromycin generated stable SRF reporter 

cell-lines.  These were then subjected to single cell cloning to generate clonal SRF 

reporter cell-lines.  The clonal reporter cell-lines were tested for response to both 

15 % FCS and 5 μM cytochalasin D.  Flow-cytometry analysis showed an increase 

in the GFP intensity of clonal reporter cell-lines generated from both constructs, 

confirming the cells were indeed SRF reporter cell-lines (Figure 3.13C and Figure 

3.14C (with c-Fos 3’ UTR)).  However, the reporter cell-line generated from the 

standard SRF reporter construct contained a proportion of cells that did not 

respond to cytochalasin D.  Therefore this cell-line may underestimate SRF 

signalling. 
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Figure 3.13 Generation of a clonal SRF reporter cell-line. 

A. Schematic showing SRF reporter construct used.  Red indicates SRF binding 
sequences.  xActin M.P denotes Xenopus type 5 Actin minimal promoter containing the 
TATA box and transcription start site.  B.  Flow-cytometry analysis after transient 
transfection assay to test the SRF reporter.  The SRF reporter construct was co-
transfected with a constitutive CFP plasmid.  The cells were serum starved and then 
stimulated with either 15 % FCS or 5 μM cytochalasin D for 5 or 10 hours.  Gates were 
set to analyse only the CFP positive cells.  C.  Flow-cytometry analysis of the clonal 
SRF reporter cell-line after serum starvation and treatment with 15 % FCS or 5 μM 
cytochalasin D for 12 hours. 
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Figure 3.14 Generation of a clonal SRF reporter cell-line with a construct 

containing the 3' UTR of the c-Fos gene.  

A. Schematic showing SRF reporter construct.  Red indicates SRF binding sequences.  
xActin M.P denotes Xenopus type 5 Actin TATA box and transcription start site.  
Construct contains 3’UTR of c-Fos downstream of eGFP.  B.  Flow-cytometry analysis 
after transient transfection assay to test the SRF reporter.  The SRF reporter construct 
was co-transfected with a constitutive CFP plasmid.  The cells were serum starved and 
then stimulated with either 15 % FCS or 5 μM cytochalasin D for 5 or 10 hours.  Gates 
were set to analyse only the CFP positive cells.  C.  Flow-cytometry analysis of the 
clonal SRF reporter cell-line after serum starvation and treatment with 15 % FCS or 5 
μM cytochalasin D for 12 hours. 
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3.3.3.1 SRF signalling is increased in the B16 F2 motile cell population 

To try to establish whether SRF signalling correlated with motility, the clonal SRF 

reporter cell-lines were injected sub-cutaneously into C57Black6 mice and the 

tumours subjected to intra-vital imaging (Supplementary movie 6).  Still images 

revealed that GFP intensity was heterogeneous, indicating heterogeneous SRF 

signalling in vivo (Figure 3.15).  The GFP intensity of non-motile, singly motile and 

streaming cells was measured.  The intensity was corrected for background levels 

and normalised to the average GFP intensity for the whole image.  This showed 

that in both SRF reporter cell-lines both singly motile cells and streaming cells had 

higher GFP intensity than non-motile cells, indicating SRF signalling correlates with 

overall motility (Figure 3.16).  These data support the hypothesis that SRF 

signalling drives motility, however, as there were some non-motile GFP positive 

and so SRF active cells, further gain of function experiments need to be performed 

to confirm that SRF signalling is sufficient to induce motility. 

 

As motile cells in the B16 melanoma model are less pigmented and SRF signalling 

is increased in motile cells, the expectation was that cells with high SRF signalling 

should have low pigment.  Pigment and GFP intensity were measured 

simultaneously and plotted against each other.  Both SRF reporter cell-lines 

exhibited a mutually exclusive relationship between pigment and reporter activity 

(Figure 3.17).  Cells with active SRF signalling had low pigment and vice-versa.  

This also suggests that the cells with active SRF signalling are more motile since 

cells with less pigment are more likely to be motile (Pinner et al., 2009). 

 

Previous data in a breast cancer model had suggested that acquisition of motility 

was a reversible process because cells in lymph-node metastases were non-

motile.  In line with this, TGF-β signalling, shown to be increased in motile cells, 

was low or inactive in breast cancer cells in the lymph node (Giampieri et al., 

2009).  To examine whether SRF signalling was also transiently activated, the GFP 

intensity of cells in the lymph-node was compared to both non-motile and motile 

cells in the primary tumour. The reporter cell-line generated using the standard 

SRF reporter construct was used as it was the brightest in vivo.  Comparison of 

histograms of cellular GFP intensity showed that cells in the lymph-node had higher 
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GFP intensity than non-motile cells in the primary tumour (Figure 3.18).  Lymph-

node metastases also had higher GFP intensity than motile cells in the primary 

tumour.  This suggests that SRF signalling is increased in motile cells of the 

primary tumour and once these cells arrive at the lymph-node, SRF remains active, 

potentially even increasing.  This is a different pattern to activity of TGF-β signalling 

seen in the breast cancer model, but it may be a result of the different ways of 

activating the two pathways.  TGF-β signalling is sensitive to the environment 

however SRF signalling is sensitive to changes in the actin cytoskeleton.  It is 

possible that the lymph-node has low levels of TGF-β signalling, explaining the 

decrease seen in the breast cancer model, but once cells reach the lymph node 

they still require actin cytoskeleton remodelling, hence SRF signalling, to cope with 

arriving at a site with different ECM geometries.  
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Figure 3.15 SRF signalling is heterogeneous in vivo. 

Intra-vital still images from clonal B16 F2 melanoma SRF reporter cell-lines. Reporter 
cell-line generated from A. Construct with no additional 3’UTR.  B.  Construct with c-
Fos 3’UTR.  B16 F2 cells have a red membrane marker.  GFP expression indicates 
active SRF signalling.  Pigment and Collagen fibres in white.  Scale bar indicates 100 
μm. 
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Figure 3.16 SRF signalling correlates with motile melanoma behaviour in vivo. 

Box and whiskers plots showing GFP intensity and hence SRF reporter activity in non-
motile, singly motile or streaming cells in B16 F2 tumours generated from  A. Standard 
SRF reporter.  79 non-motile cells, 79 singly motile cells and 27 streaming cells 
analysed.  Data from 8 movies of 4 mice.  B.  SRF reporter with c-Fos 3’UTR.  61 non-
motile cells, 51 singly motile cells and 17 streaming cells analysed.  Data from 9 
movies of 3 mice.  Background GFP intensity subtracted from cellular GFP intensity 
before normalising to the average GFP intensity for the image.  Box indicates median 
and inter-quartile range.  Whiskers indicate 10th-90th percentile.  Outliers indicated by 
single points.  Star indicates p value < 0.05 in ANOVA test.  NS denotes not significant. 
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Figure 3.17 SRF signalling correlates with decreased pigment production. 

Graphs of pigment intensity vs GFP intensity and hence SRF reporter activity for A. 
Standard SRF reporter.  B. SRF reporter with c-Fos 3’UTR.  Pigment and GFP 
intensities measured in the same cell. First background intensity was subtracted and 
then the values normalised to the average signal for the channel in the whole image. 
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Figure 3.18 SRF signalling is increased in motile cells and cells in lymph node 

metastases. 

Histograms of GFP intensity and hence SRF reporter activity for different populations 
of cells in the primary tumour and lymph-node metastases.  Cellular GFP intensities 
were corrected for background GFP intensity and then normalised to the average GFP 
for the image.  SRF reporter activity is categorised into bins of width 1. 
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3.4 Chapter summary 

Intra-vital imaging of B16 F2 melanoma confirmed heterogeneous cell behaviour in 

vivo as less than 10 % of cells were motile and of this 10 % more than 50 % used a 

rounded single cell mode of motility. Generation of clonal reporter cell-lines showed 

heterogeneous activity of the Notch, TGF-β and SRF signalling pathways.  Time-

lapse analysis of the reporter cell-lines in vivo showed that the singly motile cells 

had higher levels of Notch and TGF-β signalling than non-motile or streaming cells.  

This was in contrast to SRF signalling which was increased in all motile cells.  

Notch, TGF-β and SRF signalling all showed a mutually exclusive relationship with 

pigment, providing more evidence that these pathways were associated with 

motility since motile cells have lower pigment.  In addition, because pigment may 

be considered a surrogate readout for differentiation, these pathways may be 

involved in maintaining or promoting a less differentiated state.  The reporter 

analysis showed non-motile cells that had high levels of Notch, TGF-β and SRF 

signalling, suggesting that none of the pathways alone are sufficient for motility.  
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Chapter 4. Notch signalling is insufficient to drive 

motility but promotes metastasis through both cell-

autonomous and non cell-autonomous mechanisms 

4.1 Chapter introduction 

The results outlined in chapter three indicated that singly motile cells in the B16 F2 

melanoma model had increased levels of Notch, TGF-β and SRF signalling 

compared to non-motile cells.  Previous data also showed that motile cells have 

less pigment and have increased Brn2 promoter activity, which suggested that 

motile cells were less differentiated (Pinner et al., 2009).  Notch is required for 

maintenance of the melanocyte stem cell (Moriyama et al., 2006) and is sufficient 

to confer neural-crest stem cell-like properties on melanocytes (Zabierowski et al., 

2011).  Therefore the role of Notch signalling in melanoma motility and 

differentiation was investigated further.  The aim was to determine whether Notch 

signalling could drive or maintain melanoma cells in a less differentiated state, 

thereby promoting motility.  The data in chapter three only showed a correlation 

between Notch signalling, single cell motility and decreased pigment.  The plan 

was to generate B16 F2 cells with constitutive Notch signalling to ask whether 

Notch signalling alone was sufficient to drive motility in vivo and also to promote a 

less differentiated state. 

 

4.2 Generation of a B16 F2 cell-line with constitutive Notch 

signalling 

Canonical Notch signalling proceeds through engagement of the membrane 

spanning Notch receptor with a membrane bound Notch ligand on an adjacent cell 

(D'Souza et al., 2008).  The Notch receptor is subsequently cleaved twice to 

generate an intra-cellular domain (NICD) which translocates to the nucleus and 

activates transcription together with co-factors such as CBF-1 (Schroeter et al., 

1998).  A B16 F2 cell-line with constitutive Notch signalling was generated by 

transfection of a plasmid containing the Notch1 intracellular domain (NICD) fused 
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to GFP (Figure 4.1A) into B16 F2 melanoma cells with a red membrane marker.  

Subsequent growth of the cells in 1 mg/ml G418 for 2-3 weeks selected for cells 

which had stably inserted the construct into the genome.  These were then FACS 

sorted to collect the double-positive mRFP and GFP cell population to generate a 

pool of cells expressing both a red membrane tag and the NICD-GFP fusion 

protein.  This B16 F2 NICD-GFP cell-line enabled gain of function experiments to 

ascertain the sufficiency of Notch signalling in melanoma motility and metastasis. 

 

A number of experiments were performed to confirm that the B16 F2 NICD-GFP 

cells had increased Notch signalling compared to a control cell-line expressing 

GFP alone.  Western blot using an anti-NICD antibody confirmed that the B16 F2 

NICD-GFP cell-line had higher levels of NICD than the control (Figure 4.1B).  To 

test that NICD-GFP was driving Notch dependent transcription a CBFRE 

dependent Notch luciferase reporter was used.  The reporter was similar to the one 

used in chapter 1, but with expression of luciferase, not GFP, dependent on Notch 

pathway activation.  The B16 F2 NICD-GFP and B16 F2 control cell-lines were co-

transfected with the CBFRE:luciferase reporter and a constitutive renilla plasmid.  

Lysates were made two days after transfection and subjected to analysis of 

luciferase and renilla activity.  The CBFRE dependent luciferase signal was 

normalised to renilla to account for differences in transfection efficiency.  This 

showed that the B16 F2 NICD-GFP cell-line had more than twice the CBFRE 

dependent luciferase activity of the control cell-line, indicating increased Notch 

dependent transcription in the B16 F2 NICD-GFP cell-line (Figure 4.1C).  The cell-

lines were also tested for expression of the endogeneous Notch target, HES-1.  Q 

RT-PCR showed that the B16 F2 NICD-GFP cell-line had higher levels of Hes-1 

mRNA than the control cell-line (Figure 4.1D).  Together this indicates that the B16 

F2 NICD-GFP has increased Notch signalling. 
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Figure 4.1  Generation of a B16 F2 cell-line with constitutive Notch signalling. 

A. Plasmid encoding NICD-GFP fusion protein downstream of CMV promoter (denoted 
P-CMV).  B.  Western blot showing NICD levels in B16 F2 cell-lines generated from 
GFP (control plasmid) or NICD-GFP plasmid.  C.  Graph showing normalised luciferase 
signal in B16 F2 GFP (control) or B16 F2 NICD-GFP cell-lines.  B16 F2 GFP and B16 
F2 NICD-GFP cell-lines were co-transfected with a CBFRE:luciferase plasmid and a 
plasmid encoding constitutive renilla at a ratio of 5:1.  Lysates were made 48 hours 
after transfection and assayed for luciferase and renilla activity.  Luciferase signal was 
normalised to the renilla signal.  Data from 3 independent experiments.  Star indicates 
significance in t-test.  Error bars show standard error.  D.  Graph showing relative Hes-
1 mRNA levels as measured by Q RT-PCR.  Each pair indicates a single experiment. 
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4.3 Driving Notch signalling decreases pigment but may 

increase differentiation 

To test whether Notch signalling can drive cells towards a less differentiated state, 

pigment intensity, used as a surrogate for differentiation status, was measured in 

the B16 F2 NICD-GFP and control B16 F2 cell-line in vivo.  Tumours were 

generated from a 50:50 mix of B16 F2 NICD-GFP and control cells to enable 

analysis of the two different cell-lines in the same tumour environment.  Pigment 

intensity was measured, the background levels subtracted and finally values were 

normalised to the average pigment intensity for the image.  This allowed 

comparison of pigment levels between numerous tumours.  B16 F2 NICD-GFP 

cells had lower pigment levels than control cells in vivo, potentially implying that the 

NICD-GFP cells are less differentiated (Figure 4.2). 

 

To more thoroughly test whether Notch can promote a less differentiated state, 

expression of the melanoma differentiation markers, DCT, TYR and TYRP1 was 

analysed by Q RT-PCR.  These markers are transcriptional targets of MITF, and 

MITF is an important transcription factor in the melanocyte lineage whose 

increased expression is associated with differentiation (Cheli et al., 2011) (Carreira 

et al., 2006). mRNA was extracted from B16 F2 NICD-GFP and control cells 

growing in vitro.  Q RT-PCR showed that B16 F2 NICD-GFP cells had higher 

mRNA levels of all three differentiation markers (Figure 4.3).  However, this was 

not statistically significant in a paired t-test.  This implies that according to the 

known markers, driving Notch signalling may actually slightly increase the 

differentiation state, and is in contradiction to the pigment data.  Therefore pigment 

is probably not a good surrogate for differentiation.  The proposition that Notch 

signalling maintains cells in a less differentiated state, thereby promoting motility, is 

now unlikely since Notch signalling does not decrease melanoma differentiation 

markers.  However, Notch signalling may promote melanoma motility by other 

means, potentially by transcriptional control of genes that regulate motility.  As 

Notch signalling can decrease pigment in vivo and correlates with motility, the 

decrease in pigment seen in motile cells may be as a result of Notch signalling and 

unrelated to changes in differentiation. 
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Figure 4.2 Driving Notch signalling decreases pigment in vivo. 

A. Image of a mixed tumour with B16 F2 NICD-GFP with red membrane and B16 
control cells with green membrane.  Some B16 F2 NICD-GFP cells have lost the NICD-
GFP expression.  Pigment shown in white.  Scale bar indicates 100 μm.  B.  Graph 
showing pigment intensity in vivo for B16 F2 NICD-GFP and B16 F2 control cell-lines. 
Pigment intensity measured on a cell by cell basis.  Background intensity was 
subtracted from the cellular pigment intensity and then the values normalised to the 
average pigment intensity for the whole image.  Each data point represents a single 
cell.  Quantification of at least 100 cells from 4 mice.  Star indicates significance in 
statistical t-test.   
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Figure 4.3 Driving Notch signalling may increase differentiation in vitro. 

mRNA levels of the melanoma differentiation markers DCT, TYR and TYRP1 relative 
to GAPDH in B16 F2 NICD-GFP and control B16 F2 cells grown in vitro.  4 
independent experiments. NS indicates no significance in paired statistical t-test. 
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4.4 Notch signalling is insufficient to drive melanoma motility 

in vivo 

Although Notch did not drive cells into a less differentiated state it may still promote 

melanoma motility by other means.  To test if this was the case, a 50:50 mix of B16 

F2 NICD-GFP and control cells were injected sub-cutaneously into C57Bl6 mice.  

The tumours were subjected to intra-vital imaging and the number of motile cells 

per area of tumour was quantified.  The NICD-GFP and control cells could be 

distinguished because the control cells had a green membrane marker and the 

NICD-GFP cells had a red membrane marker and nuclear NICD-GFP expression.  

Tumours generated from a mix of the two cell-lines enabled comparison of the cells 

in the same tumour environment.  There was no difference in the number of cells 

moving either singly or using more collective modes of motility between the B16 F2 

control and B16 F2 NICD-GFP cell-lines in the mixed tumours (Figure 4.4).  This 

indicated that Notch signalling is insufficient to drive motility in the B16 melanoma 

model in vivo and invalidated the original hypothesis.  The previous chapter 

however, showed that Notch signalling correlated with melanoma motility in vivo.  

Therefore it is most likely that pathways driving acquisition of motility in vivo also 

activate Notch signalling and although this is unlikely to influence the motile 

behaviour it can still be used to mark the singly motile population. 
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Figure 4.4 Notch signalling is insufficient to drive melanoma motility in vivo. 

Box and whiskers plot showing the number of cells using different modes of motility per 
sq mm of tumour.  Tumours were generated from a 50:50 mix of GFP membrane 
labelled B16 F2 control and mRFP membrane labelled B16 F2 NICD-GFP cells.  Box 
indicates median and inter-quartile range.  Whiskers indicate 10th-90th percentile.  
Outliers represented by single points.  Atleast 25 cells analysed for each condition.  
Data from 12 movies of 6 mice. N.S indicates not significant in statistical t-test. 
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4.5 Cells with active Notch signalling can promote lymph-node 

metastasis in a non cell-autonomous manner 

Although Notch signalling is not sufficient to promote melanoma motility, Notch may 

have a role in other aspects of metastasis.  The B16 F2 melanoma cells can 

spontaneously metastasise to the lymph-node and fluorescently labelled melanoma 

cells can be visualised within the lymph-node using either confocal or 

epifluorescent microscopy.  Primary tumours were generated from B16 F2 control 

cells alone, B16 F2 NICD-GFP cells alone or a 50:50 mix of the two cell-lines.  

Each mouse was scored as either positive or negative for lymph node metastases.  

Single cells could be visualised in the lymph-node and so the presence of just a 

single cell counted as positive for lymph-node metastases.  Tumours generated 

from a 50:50 mix of B16 F2 control and B16 F2 NICD-GFP cells had the greatest 

percentage of mice with lymph-node metastases (Figure 4.5).  B16 F2 NICD-GFP 

tumours also showed increased lymph node metastasis compared to control 

however this was not statistically significant (Figure 4.5).  As previous data had 

shown no difference in motility between control and NICD-GFP cells (Figure 4.4), 

this hinted that cells with active Notch signalling in the tumour may promote 

metastasis in a non-cell autonomous manner. 

 

To further probe the potential non-cell autonomous role for Notch signalling in 

melanoma, the cells in metastases from the mixed tumours were examined to see 

if they were predominantly B16 F2 NICD-GFP, control or a mixture of both.  If cells 

with active Notch signalling promote metastasis in a non-cell autonomous manner, 

then the expected ratio of B16 F2 control to B16 F2 NICD-GFP cells in the lymph-

node would be the same ratio as the primary tumour, 50:50.  Indeed lymph-node 

metastases from mixed tumours contained about 50:50 B16 F2 control and B16 F2 

NICD-GFP cells (Figure 4.6A).  Still images of these tumours confirmed that they 

had maintained roughly the 50:50 ratio of control to NICD-GFP cells used at the 

time of injection (Figure 4.6B).  Tumour volume measurements showed no 

difference in tumour growth between B16 F2 control, NICD-GFP and mixed 

tumours indicating the increased metastasis was not from increased tumour size 

(Figure 4.7).  Therefore cells in the primary tumour with active Notch signalling 

promote metastasis to the lymph-node in a non-cell autonomous manner. 
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Figure 4.5 Notch signalling increases metastasis to the lymph node. 

Graph showing percentage of mice with B16 F2 control, B16 F2 NICD-GFP or B16 F2 
control plus NICD-GFP tumours with lymph-node metastases.  Mixed tumours were 
generated from injection of a 50:50 mix of both B16 F2 cell types.  12 mice in B16 F2 
control and B16 F2 NICDGFP cohorts, 14 mice in mixed tumour cohort.  Star indicates 
significance in Fishers exact test, NS indicates non significance. 
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Figure 4.6 Notch signalling promotes lymph-node metastasis in a non-cell 

autonomous manner. 

A.  Pie-chart showing proportion of B16 F2 control and B16 F2 NICD-GFP cells in 
lymph-node metastases from mice with mixed B16 F2 control and B16 F2 NICD-GFP 
tumours (The same tumours analysed as those in Figure 4.5).  B.  Still image of a 
mixed tumour generated from 50:50 mix of B16 F2 control (green membrane) and B16 
F2 NICD-GFP (red membrane).  Scale bar indicates 100 μm.  Quantification of volume 
of B16 F2 control and NICD-GFP cells in this image using Volocity image analysis 
software (Perkin Elmer). 
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Figure 4.7. Notch signalling does not affect B16 F2 melanoma growth in vivo. 

Graph showing tumour volume 10 days after injection of 1 x 106 B16 F2 melanoma 
cells for control, NICD-GFP and tumours containing a 50:50 mix of control and NICD-
GFP cells.  (The same tumours analysed as those in Figure 4.5).  Tumour volume 
calculated from ½(length x width2) with 8 mice in each cohort.  Error bars show 
standard error and NS denotes no significance in ANOVA statistical test. 
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Melanoma cells with active Notch signalling in the primary tumour could promote 

metastasis in a non-cell autonomous manner through a variety of mechanisms.  

They may increase the motility of other melanoma cells through secretion of 

chemokines, or affect aspects of the microenvironment such as the blood or 

lymphatic vessels, thereby increasing the spread of all cells in the tumour.  To try 

and address the first point regarding cells with active Notch signalling promoting 

motility in general, the number of motile control cells per mm
2
 in mixed tumours 

was compared to tumours generated from control cells alone.  The number of 

control cells using a single cell mode of motility was the same in control tumours 

and tumours generated from a 50:50 mix of B16 F2 control and B16 F2 NICD-GFP 

cells (Figure 4.8).  This indicates that cells with active Notch signalling do not 

promote metastasis through increasing the single cell motility of other melanoma 

cells in the tumour.  The number of control cells using more collective modes of 

motility was actually decreased in the mixed tumours compared to control only 

tumours (Figure 4.8).  This was unexpected and potentially counter-intuitive as in a 

breast cancer model collective motility enabled metastasis to the lymph-node 

(Giampieri et al., 2009), and here in tumours where metastasis to the lymph-node 

was increased, there was a decrease in collective modes of motility.  Overall the 

data suggested that melanoma cells with active Notch signalling do not promote 

metastasis in a non-cell autonomous manner through the induction of motility of 

other melanoma cells. 

 

An alternative explanation for the non-cell autonomous promotion of metastasis, is 

that the cells with active Notch signalling affect the microenvironment and thereby 

increase metastasis without influencing acquisition of motility in the primary tumour.  

Examples of this could include altering the endothelial cells resulting in increased 

extravasation, or signalling to the pre-metastatic niche to increase survival of 

melanoma cells at secondary sites.  To investigate the effects of cells with active 

Notch signalling on the microenvironment, B16 F2 control, NICD-GFP or mixed 

tumours were removed, fixed and subjected to immunohistochemical analysis of 

various stromal markers.  Analysis of the endothelial vessels using an anti-

Endomucin antibody revealed changes to the vessels in B16 F2 NICD-GFP and 

mixed tumours (Figure 4.9).  These were most likely blood vessels as staining with 

lymphatic markers revealed very few lymphatic vessels within the tumour bulk.  
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Volocity image analysis software was used to identify the vessels based on 

Endomucin staining.  Objects found by Volocity were subsequently “filled in” to 

include the vessel lumen and the area of each individual object or vessel 

calculated.  Analysis of the vessel density by calculating the percentage of tumour 

area covered by vessels indicated the B16 F2 NICD-GFP tumours had a higher 

density of vessels (Figure 4.9B).  However, B16 F2 NICD-GFP tumours also had 

larger vessel lumens than either mixed or B16 F2 control tumours (Figure 4.9C).  It 

is likely that the increased vessel coverage of the tumour is due to the increased 

lumen size of individual vessels.  The lumen size of vessels in tumours with a 50:50 

mix of B16 F2 control and NICD-GFP cells was also significantly larger than 

control, but significantly smaller than in B16 F2 NICD-GFP alone tumours.  This 

suggests that the more cells with active Notch signalling in the tumour, the larger 

the vessel lumen size, therefore implying that cells with active Notch signalling 

affect components of the tumour microenvironment. 

 

Metastasis to the lymph-node most likely occurs through lymphatic vessels, 

however, analysis of the lymphatics was complicated by technical issues.  A 

number of antibodies specific for LYVE-1, a lymphatic marker (Jackson et al., 

2001), were tested without success.  In addition, Podoplanin, an established 

marker for lymphatic vessels (Breiteneder-Geleff et al., 1999), gave potentially non-

specific lymphatic staining in the margins.  This was similar to published data in the 

B16 melanoma model describing a lymphoid-like stroma at B16 melanoma margins 

(Shields et al., 2010).  Therefore analysis of lymphatic vessel density or size was 

not possible. 
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Figure 4.8 Melanoma cells with active Notch signalling in the primary tumour do 

not promote a general increase in motility. 

Box and whiskers plot showing the number of motile cells per sq mm of tumour in 
mixed B16 F2 control plus B16 F2 NICD-GFP and B16 control alone tumours.  Same 
tumour denotes cells in mixed tumours generated from a 50:50 mix of B16 F2 control 
and B16 F2 NICD-GFP cells.  Control tumour denotes tumours made up of 100 % 
control cells   Box indicates median and inter-quartile range.  Whiskers indicate 10th-
90th percentile.  Outliers represented by single points.  6 mixed tumours analysed and 4 
control tumours.  Stars indicate p value < 0.05 in ANOVA statistical test and N.S 
indicates non-significance. 
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Figure 4.9 Cells with active Notch signalling promote an increase in vessel lumen 

size. 

A.  Immunohistochemical analysis of endothelial vessels in a subset of the tumours 
analysed in Figure 4.5 using anti-Endomucin antibody.  Scale bar indicates 150 μm.    
B.  Quantification of percentage area of tumour covered by vessels vessel in B16 F2 
control, NICD-GFP and mixed tumours.  C.  Quantification of the area of each 
individual vessel in B16 F2 control, NICD-GFP and mixed tumours.  Volocity image 
analysis software was used to identify vessel objects based on the Endomucin staining.  
The objects were filled in and the area of each object or vessel measured.  Analysis of 
3 images from 4 tumours for each condition.  Star indicates statistical significance in an 
ANOVA statistical test. 
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4.6 Notch signalling in B16 F2 melanoma cells increases 

experimental lung metastasis 

Although Notch signalling is insufficient to drive melanoma motility in vivo, the 

Notch reporter indicated that motile cells had increased Notch signalling and hence 

Notch correlated with motility.  As the motile cells in the primary tumour are 

believed to be those that metastasise to secondary sites, the effects of increased 

Notch signalling were investigated on lung colonisation.  The F2 sub-line of B16 

cells do not spontaneously metastasise to the lungs before the mouse needs to be 

sacrificed, so an experimental lung metastasis assay was used.  A 50:50 mix of 

B16 F2 control and NICD-GFP cells was injected into the mouse tail-vein and the 

ratio of cells in the lung examined by confocal microscopy after 48 hours or 10 

days.  The cells were distinguished by different fluorescent protein labelling of the 

plasma membrane.  A separate cohort of control mice received a 50:50 mix of 

control cells (red membrane) and control cells (green membrane).  The ratio of 

NICD-GFP (red membrane) to control cells (green membrane) was normalised to 

the ratio of red:green cells from control mice.  Mixing the cell-types accounted for 

differences in injection efficiency between mice.  This showed that both after 48 

hours and 10 days, NICD-GFP cells were more successful at colonising the lung 

than control cells (Figure 4.10).  Given that there are many steps involved in lung 

colonisation, such as survival in the bloodstream, adherence to vessel walls, 

intravasation and survival in the lung parenchyma, it is difficult to pinpoint the step 

at which Notch exerts its effects.  However, since Notch signalling promotes lung 

colonisation after only 48 hours it is likely to influence the initial steps of survival in 

the bloodstream, adhering to blood vessels or intravasation.  Therefore, although 

Notch signalling does not directly influence the motility of cells in the primary 

tumour, if motile cells have increased Notch signalling (as suggested by the 

reporter), they are then more able to colonise the lungs. 
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Figure 4.10 Notch signalling increases lung colonisation ability of B16 F2 cells. 

Graphs showing relative efficiency of lung colonisation for B16 F2 control and NICD-
GFP cells after A. 48 hours (5 mice per condition) and B. 10 days (9 mice per 
condition).  Star indicates statistical significance in t-test. 
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4.7 Microarray to identify Notch targets in B16 F2 melanoma 

To try and identify Notch targets in B16 F2 melanoma cells and to look for potential 

regulators of the increased lung and lymph-node metastasis, B16 F2 control and 

B16 F2 NICD-GFP cells were subjected to microarray analysis.  Biological 

triplicates of RNA extracted from cells grown in vitro revealed a number of genes 

up-regulated on NICD-GFP expression.  The list of these Notch targets can be 

found in the appendix.  Geneset enrichment analysis (Mootha et al., 2003; 

Subramanian et al., 2005), using software from The Broad Institute, was used to try 

and identify pathways and processes enriched in the Notch targets. The list of 

Notch targets was compared with over 3000 genesets in the Molecular Signatures 

Database (MSigDB) C2 category (compiled by The Broad Institute).  The C2 

collection contains curated genesets from online pathway databases, PubMed 

publications and knowledge of domain experts.  This showed an enrichment for 

interferon regulated genes in the Notch targets (Table 1). Stat1, Ifitm3, Ifit3, Irf9 and 

Ifi35 mRNA levels were all up-regulated greater than 1.5 times in the B16 F2 NICD-

GFP cells.  MYLK, a kinase that phosphorylates myosin light chain leading to 

increased actomysoin contractility, was also identified to be a putative Notch target 

by microarray.  Actomysoin contractility is important for extravasation and lung 

colonisation (Wyckoff et al., 2006) (Pinner and Sahai, 2008).  Vegfb mRNA is up-

regulated about 1.3 times in the B16 F2 NICD-GFP cell-line relative to control.  

VEGF-B is a vascular endothelial growth factor member and can promote 

endothelial survival (Zhang et al., 2009).  Further consideration of how these Notch 

targets may influence metastasis can be found in the discussion.  
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Table 1 Top 10 genesets of the MSigDB C2 category showing enrichment in 

Notch targets. 



Chapter 4 Results 

 

165  

 

4.8 Chapter summary 

Contrary to the initial hypothesis, Notch signalling does not promote a less 

differentiated state, although it does reduce pigment levels in vivo.  In addition, 

driving Notch signalling is not sufficient to increase motility in the B16 melanoma 

model.  This implies that Notch does not maintain cells in a less differentiated state 

to promote motility.  As Notch has been found to correlate with motility, it is 

possible that the signalling/state that induces motility in vivo also increases Notch 

signalling.  The decrease in pigment observed in motile cells (Pinner et al., 2009) 

may be driven by the co-increase in Notch signalling.   

 

Cells with active Notch signalling increase metastasis to the lymph node in a non-

cell autonomous manner.  Primary tumours containing a mix of NICD and control 

cells showed increased metastasis and the cells that arrived in the lymph node 

were both NICD and control cells.  Analysis of the microenvironment confirmed that 

NICD cells could influence vascular phenotype and therefore potentially increase 

metastasis through effects on the endothelium.  Experimental lung metastasis 

assays showed that cells with active Notch signalling were favoured in lung 

colonisation.  An increase in Notch signalling may not affect the motility of cells in 

the primary tumour, but it is beneficial for later stages of the metastatic cascade. 

 

Notch target genes in B16 F2 melanoma cells were identified by microarray 

analysis.  This provided a number of potential regulators of the increased lung 

colonisation displayed by B16 F2 NICD-GFP cells, including Stat signalling, MYLK 

and VEGF-B.  Increased VEGF-B production by B16 F2 NICD-GFP cells may also 

explain the vascular phenotype seen in tumours containing these cells. 
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Chapter 5. Gene expression analysis to identify 

novel genes associated with B16 F2 melanoma 

motility 

5.1 Chapter introduction 

The metastatic cascade begins with the acquisition of motility and local cancer cell 

invasion in the primary tumour.  The motile cells as observed by intra-vital imaging 

are thought to be those that subsequently leave the primary tumour and form 

metastases.  To try to identify novel genes associated with melanoma motility, cells 

with high levels of Brn2 promoter activity and Notch signalling, both pathways 

associated with motility, were purified and their patterns of gene expression 

analysed.  Genes identified in this way may provide fresh ways of targeting cancer 

cell invasion and metastasis. 

 

5.2 Identification of genes up-regulated in populations 

enriched for motile cells 

Data in chapter 3 and previous data showed that the clonal B16 Notch reporter and 

Brn2 promoter activity in a Brn2 reporter cell-line (Pinner et al., 2009) correlated 

with B16 F2 melanoma motility in vivo.  The Brn2 promoter reporter was generated 

using the sequence between about -2.5 kb and -520 upstream of the ATG initiator 

codon of the human Brn2 gene, upstream of eGFP (Goodall et al., 2004).  

Therefore eGFP expression in the Brn2 reporter cells indicated cells with active 

Brn2 promoter expression.  Re-analysis of the Notch reporter data showed that 

cells in the top quartile of Notch reporter intensity were significantly enriched for 

motile cells compared to cells in the lowest quartile of Notch reporter intensity 

(Figure 5.1A).  The data collected from the Brn2 reporter cell-line presented in 

Pinner et al (Pinner et al., 2009) was also re-analysed and showed a significant 

enrichment of motile cells in the top quartile of Brn2 promoter reporter intensity 

(Figure 5.1A).  Therefore, FACS sorting of these reporters to purify the GFP high 

population in each case, i.e Notch high and Brn2 promoter high, should purify a 
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population enriched for motile cells.  To try to identify novel genes that regulate 

motility, the GFP high and GFP low populations from the two reporter cell-lines 

were subjected to microarray analysis. 
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Figure 5.1.  Notch reporter high and Brn2 promoter reporter high cells are 

enriched for motile cells. 

Graph showing percentage of non-motile and motile cells in the top and bottom quartile 
of cells based on A. Notch reporter activity.  Re-analysis of data in Figure 3.7.  (Data 
from 9 movies of 4 mice) and B. Brn2 promoter reporter activity.  Data from Pinner et al.  
Cells were categorised as motile or non-motile and their Notch reporter GFP intensity 
measured.  Background GFP intensity subtracted from cellular GFP intensity before 
normalising to the average GFP for the image.  Star indicates statistical difference in 
Fischer’s exact test. 
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5.2.1 Purification and microarray analysis of B16 F2 melanoma cells with 

high Brn2 promoter reporter activity 

The B16 Brn2 promoter reporter cell-line (Pinner et al., 2009) was injected sub-

cutaneously into C57Black6 mice.  When the tumours reached around 0.8 cm in 

diameter, the mouse was sacrificed, the tumour excised and fully digested in a 

Collagenase dispase solution.  The tumour digest was prepared into a single cell 

suspension and filtered numerous times before FACS sorting to purify the GFP 

high, high Brn2 promoter activity and GFP low, low Brn2 promoter activity 

populations (Figure 5.2).  The melanoma cells were distinguished from the stromal 

cells by a red fluorescent membrane marker.  RNA purified from two tumour 

samples was sent off for microarray to analyse gene expression differences 

between the high Brn2 promoter activity and low Brn2 promoter activity 

populations. 

 

Genes up-regulated in the high Brn2 promoter activity population were identified 

and can be found in the appendix.  To analyse these genes, geneset enrichment 

analysis was performed.  This utilised free software from The Broad Institute and a 

public database of genesets (MSigDB).  Over 3000 genesets from the C2 collection 

of the MSigDB were queried against the Brn2 reporter microarray.  The C2 

collection contains curated genesets from online pathway databases, PubMed 

publications and knowledge of domain experts.   

 

The top 20 genesets overlapping with the high Brn2 promoter activity gene list are 

shown in Table 2.  Within the top 10 were 2 genesets that correlated with the grade 

or outcome of cancer.  The second most significant geneset was genes up-

regulated in the more aggressive and metastatic grade 3 breast cancer versus 

grade 1 (Table 2).  Geneset 8 comprised of genes that were up-regulated in 

melanoma patients that went on to develop metastases within 4 years compared to 

patients whose melanoma did not spread (Table 2).  A number of other genesets 

outside of the top 20, but still showing significant overlap, were also associated with 

disease recurrence or metastasis.  This supports the notion that the high Brn2 

promoter activity population of cells is enriched for the more motile, more 

metastatic cells and also suggests that the genes up-regulated in this population 



Chapter 5. Results 

 

170  

 

may have relevance outside of melanoma.  The geneset showing the most 

significant overlap was that containing genes associated with proliferation in 

cervical cancer.  In addition, a geneset containing genes associated with pro-

metaphase showed significant overlap with genes up-regulated in the high Brn2 

promoter activity population.   On examination of the genes up-regulated in the high 

Brn2 promoter activity population, a number of cell-cycle regulators and genes 

involved in mitotic progression and cytokinesis were identified.  This may suggest a 

link between the cell cycle and cell motility. 
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Figure 5.2. Purification of the high Brn2 promoter activity population in B16 F2 

melanoma. 

B16 Brn2 promoter reporter tumours were digested into a single cell suspension and 
subjected to FACS sorting.  FACS plots were generated after sorting.  A. B16 
melanoma cells with a mRFP membrane label grown in vitro were used to gate around 
cells in the tumour with forward and side scatter characteristics of B16 cells. mRFP and 
GFP labelled B16 melanoma cells were used to identify mRFP positive cells from the 
tumours and identify the Brn2:GFP high and low populations.  B. FACS plot showing 
the gates used to purify the Brn2:GFP high and low populations. 
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Table 2. Top 20 genesets from the MSigDB C2 collection showing significant 

overlap with genes up-regulated in high Brn2 promoter activity population. 
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5.2.2 Purification and microarray analysis of B16 F2 melanoma cells with 

high Notch reporter activity 

The Notch reporter high population, which is enriched for motile cells, is small in 

vivo (Figure 3.6).  Therefore the B16 clonal Notch reporter cells were grown in vitro 

before FACS sorting to collect the GFP high, Notch reporter high cells and GFP 

low, Notch reporter low cells (Figure 5.3).  RNA purified from one sample was sent 

off for microarray to analyse gene expression differences between the Notch 

reporter high and Notch reporter low populations.  Genes up-regulated in the Notch 

reporter high population were identified and can be found in the appendix. 

 

In a similar manner to analysis of the high Brn2 promoter activity population, 

geneset enrichment analysis was used to analyse the genes up-regulated in the 

Notch reporter high population.  The top 20 genesets overlapping with the Notch 

reporter high list are shown in Table 3.  Within the top 20 were a number of 

genesets containing genes associated with proliferation or genes encoding for cell 

cycle regulators and components.  This included the “REACTOME MITOTIC 

PROMETAPHASE” geneset which contains genes encoding for components 

required for pro-metaphase and also showed significant overlap with genes up-

regulated in the Brn2 reporter high population.  However, to test whether the Notch 

reporter high cells had a different cell-cycle profile to the Notch reporter low 

population, which may influence the expression analysis, the Notch reporter cell-

line was subject to DNA content analysis by flow cytometry.  Gating on the Notch 

reporter high and low populations showed little difference in the DNA profiles 

between the two populations (Figure 5.4).  Therefore the enrichment of cell cycle 

associated genes in the Notch reporter high population is unlikely due to 

differences in cell cycle status between the high and low populations. 

 

The geneset containing genes up-regulated in the more aggressive grade 3 breast 

cancer versus grade 1 breast cancer, which overlapped with the high Brn2 

promoter activity population, also showed significant overlap with the genes up-

regulated in the Notch reporter high population (Table 3).  In addition, genes up-

regulated in invasive breast cancer compared to normal tissue were also enriched 

in the Notch reporter high population.  These genes were not enriched in the high 
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Brn2 promoter activity population suggesting they may show specific co-regulation 

with Notch signalling rather than co-regulation with motility.   

 

Other genesets, not in the top 20 but also showing significant overlap, included 

genes up-regulated on breast cancer cell EMT and genes up-regulated in 

melanoma patients that had distant metastasis within 4 years compared to patients 

that did not.  Both of these genesets also showed significant overlap with genes up-

regulated in the high Brn2 promoter activity population.  This supports the notion 

that the Notch reporter high population is enriched for more motile, more metastatic 

cells.  Other interesting genesets that overlapped with genes up-regulated in the 

Notch high population included EGR2 targets and B-Myb targets.  Both of these 

genesets showed significant overlap with genes up-regulated in the high Brn2 

promoter activity population suggesting that these signalling pathways may 

regulate or be co-regulated with motility in melanoma. 
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Figure 5.3.  Purification of the Notch reporter high population in B16 F2 

melanoma. 

B16 F2 Notch reporter cells were grown in vitro and subjected to FACS sorting.  FACS 
plots were generated after sorting.  A. B16 melanoma cells with a mRFP membrane 
label were used to identify the mRFP positive cells and helped indicate the GFP 
negative population.  B. FACS plot showing the gates used to purify the Notch reporter 
high and low populations. 
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Table 3. Top 20 genesets from the MSigDB C2 collection showing significant 

overlap with genes up-regulated in the Notch reporter high population. 
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Figure 5.4. Notch reporter high and low populations have similar cell cycle 

profiles. 

B16 F2 clonal Notch reporter cell-line was grown in vitro and stained with 10 μg/ml 
Hoechst 33342 for 45 minutes at 37 °C.  Cells were subject to flow cytometry analysis 
and gated based on the GFP intensity of the Notch reporter as shown in the upper plot.  
Lower plots show raw DNA staining intensity data in the black line.  Overlaid blue lines 
show FlowJo predictions for G0/G1, S and G2/M phases of cell cycle. 
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5.2.3 Genes up-regulated in the Notch high and high Brn2 promoter 

activity populations show significant overlap 

There were a number of genesets that showed significant overlap with both the 

high Brn2 promoter activity population and the Notch reporter high population.  As 

both populations should be enriched for motile cells, a certain degree of overlap 

between the two populations is expected.  Geneset enrichment analysis was used 

to test if the genes up-regulated in the Notch reporter high population were 

significantly enriched in the high Brn2 promoter activity population and vice versa.  

This indeed showed that genes up-regulated by greater than 1.2 fold in the Notch 

reporter high population were significantly enriched in the high Brn2 promoter 

activity population, with a p-value of 0 (Figure 5.5A).  Genes up-regulated on 

average greater than 1.2 fold in the high Brn2 promoter activity population were 

also significantly enriched in the Notch reporter high population again with a p-

value of 0 (Figure 5.5B).  This indicates a very high degree of overlap between the 

two populations consistent with the fact that they are both enriched for motile cells.  

However, it may be that the high Brn2 promoter activity population also shows high 

Notch signalling or vice versa.  To try and address this, geneset enrichment 

analysis was used to test whether Notch target genes, as determined in the 

previous chapter, were enriched in the high Brn2 promoter activity population.  

There was no significant enrichment of Notch targets in the high Brn2 promoter 

activity population (Figure 5.6) signifying that the high Brn2 promoter activity 

population does not show high Notch signalling.  Therefore, the overlap in gene 

expression between the two populations is likely to suggest a similar phenotype 

between the two populations and is consistent with them both being enriched for 

motile cells.  Although the Notch reporter high cell population was purified in vitro 

and only one sample was used, the considerable overlap between the two 

populations increases my confidence in using this approach to identify novel genes 

associated with melanoma motility.  Another sample is being prepared for the 

Notch reporter high and low populations to further increase the robustness of the 

approach.  
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Figure 5.5. Geneset enrichment analysis shows significant overlap between the 

Brn2 reporter high and Notch reporter high populations. 

Geneset enrichment analysis using free-ware from The Broad Institute.  A.  Genes up-
regulated in the Notch reporter high population by greater than 1.2 fold are significantly 
enriched in the high Brn2 promoter activity population.  B.  Genes up-regulated in the 
high Brn2 promoter activity population on average by greater than 1.2 fold are 
significantly enriched in the Notch reporter high population.  
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Figure 5.6.  No enrichment of Notch targets in high Brn2 promoter activity 

population. 

Geneset enrichment analysis using free-ware from The Broad Institute.  Notch targets, 
as determined by an average 1.2 fold increase or greater on expression of NICD-GFP, 
are not enriched in the high Brn2 promoter activity population. 
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5.2.4 Identification of common genes up-regulated in the populations 

enriched for motile cells 

Genes up-regulated in both the Notch reporter high and high Brn2 promoter activity 

populations are likely to be associated with motility as both populations are 

enriched for motile cells.  Lists of genes up-regulated in these two populations were 

compared and overlapping genes identified (Figure 5.7).  These overlapping genes, 

up-regulated in both the Notch high and high Brn2 promoter activity populations, 

were postulated to be bona fide genes up-regulated in the motile cell population in 

B16 melanoma (Table 4).  For simplicity these genes will now be referred to as 

genes up-regulated in the motile B16 population, although formally are up-

regulated in the B16 population enriched for motile cells.  
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Figure 5.7. Approach to identify novel genes associated with motile cells in B16 

F2 melanoma. 

Schematic showing experimental approach to purify B16 F2 population enriched for 
motile cells and to identify novel genes associated with motility. 
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Symbol Genename 

2610039C10RIK RIKEN cDNA 2610039C10 gene 

4930432O21RIK NA 

6330503K22RIK RIKEN cDNA 6330503K22 gene 

Ada Adenosine deaminase 

Adh7 Alcohol dehydrogenase 7 (class IV), mu or sigma 

polypeptide 

Anln Anillin, actin binding protein 

Aurka Aurora kinase A 

Blm Bloom syndrome homolog (human) 

Bub1b Budding uninhibited by benzimidazoles 1 

homolog, beta (S. cerevisiae) 

Bub3 Budding uninhibited by benzimidazoles 3 

homolog (S. cerevisiae) 

Cacnb4 Calcium channel, voltage-dependent, beta 4 

subunit 

Casp7 Caspase 7 

Ccl5 Chemokine (C-C motif) ligand 5 

Ccnb1 Cyclin B1 

Ccng1 Cyclin G1 

Cdc20 Cell division cycle 20 homolog (S. cerevisiae) 

Cdca2 Cell division cycle associated 2 

Cdca4 Cell division cycle associated 4 

Cdca5 Cell division cycle associated 5 

Cdca8 Cell division cycle associated 8 

Cdkn2c Cyclin-dependent kinase inhibitor 2C (p18, 

inhibits CDK4) 

Cetn4 Centrin 4 

Chkb Choline kinase beta 

Clspn Claspin homolog (Xenopus laevis) 

Dbf4 DBF4 homolog (S. cerevisiae) 

Dcxr Dicarbonyl L-xylulose reductase 

Table .4  
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Symbol Genename 

Ddit4l DNA-damage-inducible transcript 4-like 

Depdc1b DEP domain containing 1B 

Depdc6 DEP domain containing 6 

E130306d19rik RIKEN cDNA E130306D19 gene 

E2f2 E2F transcription factor 2 

Ecm1 Extracellular matrix protein 1 

Esco2 Establishment of cohesion 1 homolog 2 (S. 

cerevisiae) 

Espl1 Extra spindle poles-like 1 (S. cerevisiae) 

Fen1 Flap structure specific endonuclease 1 

Gbp2 Guanylate binding protein 2 

Gpatch2 G patch domain containing 2 

Gsg2 Germ cell-specific gene 2 

Gtse1 G two S phase expressed protein 1 

Ifit2 Interferon-induced protein with tetratricopeptide 

repeats 2 

Incenp Inner centromere protein 

Irf1 Interferon regulatory factor 1 

Kif11 Kinesin family member 11 

Kif22 Kinesin family member 22 

Kif23 Kinesin family member 23 

Kif2c Kinesin family member 2C 

Kif4 Kinesin family member 4 

Mlf1 Myeloid leukemia factor 1 

Mpp5 Membrane protein, palmitoylated 5 (MAGUK p55 

subfamily member 5) 

Mtap2 Microtubule-associated protein 2 

Mxd3 Max dimerization protein 3 

Ncapd3 Non-SMC condensin II complex, subunit D3 

Ncaph Non-SMC condensin I complex, subunit H 

Table 4. 
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Symbol Genename 

Ndc80 NDC80 homolog, kinetochore complex 

component (S. cerevisiae) 

Nde1 Nuclear distribution gene E homolog 1 (A 

nidulans) 

Nup107 Nucleoporin 107 

Nusap1 Nucleolar and spindle associated protein 1 

Parp3 Poly (ADP-ribose) polymerase family, member 3 

Polh Polymerase (DNA directed), eta (RAD 30 related) 

Prc1 Protein regulator of cytokinesis 1 

Ptplad2 Protein tyrosine phosphatase-like A domain 

containing 2 

Rad51ap1 RAD51 associated protein 1 

Rad54l RAD54 like (S. cerevisiae) 

Rbms1 RNA binding motif, single stranded interacting 

protein 1 

Rdh5 Retinol dehydrogenase 5 

Rfwd3 Ring finger and WD repeat domain 3 

Serf2 Small EDRK-rich factor 2 

Sfrs3 Splicing factor, arginine/serine-rich 3 (SRp20) 

Sgol1 Shugoshin-like 1 (S. pombe) 

Slc22a18 Solute carrier family 22 (organic cation 

transporter), member 18 

Stk17b Serine/threonine kinase 17b (apoptosis-inducing) 

Tk1 Thymidine kinase 1 

Top2a Topoisomerase (DNA) II alpha 

Zcchc8 Zinc finger, CCHC domain containing 8 

Zfp41 Zinc finger protein 41 

Table 4. Genes up-regulated by >1.2 fold in both the B16 Notch reporter high and 

high Brn2 promoter activity populations.   
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5.3 Bioinformatic analysis to identify potential regulators of 

the genes up-regulated in the motile B16 F2 population 

Gene ontology (GO) analysis of the genes up-regulated in the B16 F2 population 

enriched for motile cells was performed using The Broad Institute’s MSig Database.  

The overlap between known genesets of GO biological processes, cellular 

components and molecular function, was calculated with the geneset consisting of 

genes up-regulated in the motile B16 population.  This revealed a striking 

association with the cell-cycle (Table 5) which had also been suggested by the 

genes up-regulated in the Notch reporter high population and also to a certain 

extent the high Brn2 promoter activity population.  The genesets were sorted 

according to statistical significance of the overlap and the top 7 genesets were all 

cell cycle processes.  The remainder of genesets in the top 20 were a mix of more 

cell cycle processes and components required for the cell-cycle.  This included the 

two cellular component genesets “microtubule_cytoskeleton” and 

“cytoskeleton_part”, indicating that, as you might expect, cytoskeletal components 

are up-regulated in motile cells.  The genes from these genesets that were up-

regulated in the motile B16 population included Anln, an actin binding protein, and 

a number of kinesins, including Kif2c.  The human homologs, of Kif2c and Anln, 

have been found to correlate with poor survival in breast cancer (Sadi et al., 2011) 

suggesting that these genes might have a wider relevance to cancer metastasis. 

 

The list of genes up-regulated in the motile B16 population was surprising and did 

not reveal any obvious pathways associated with cell motility.  To try and address 

this, geneset enrichment analysis was used to query a public database of over 

3000 genesets for significant overlap with the genes up-regulated in the motile B16 

population.  The aim was to identify potential regulators of B16 melanoma cell 

motility.  The 30 genesets with the most significant overlap are shown in Table 6. 
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Gene set name 

# of 

genes in 

geneset 

# of 

genes 

in 

overlap 

Fraction 

overlap 
p-value 

Cell_Cycle_Process 188 16 0.0851 1.24E-12 

Cell_Cycle_Go_0007049 306 19 0.0621 1.99E-12 

Mitotic_Cell_Cycle 148 14 0.0946 9.02E-12 

Cell_Cycle_Phase 168 13 0.0774 6.85E-10 

Mitosis 81 10 0.1235 7.91E-10 

M_Phase_Of_Mitotic_Cell_Cycle 83 10 0.1205 1.01E-09 

M_Phase 112 11 0.0982 1.28E-09 

Spindle 37 7 0.1892 1.51E-08 

Chromosome_Segregation 31 6 0.1935 1.49E-07 

Microtubule_Cytoskeleton 148 10 0.0676 2.80E-07 

Chromosome_Condensation 10 4 0.4 8.28E-07 

Cytoskeletal_Part 231 11 0.0476 2.25E-06 

Microtubule_Motor_Activity 16 4 0.25 6.92E-06 

Mitotic_Sister_Chromatid_Segrega

tion 

16 4 0.25 6.92E-06 

Microtubule_Cytoskeleton_Organi

zation_And_Biogenesis 

34 5 0.1471 7.29E-06 

Sister_Chromatid_Segregation 17 4 0.2353 8.99E-06 

Cytokinesis 19 4 0.2105 1.45E-05 

Cell_Division 21 4 0.1905 2.21E-05 

Mitotic_Spindle_Organization_And

_Biogenesis 

9 3 0.3333 4.25E-05 

Spindle_Organization_And_Bioge

nesis 

10 3 0.3 6.03E-05 

 

Table 5. GO analysis of genes up-regulated in the motile B16 population. 

Top 20 GO genesets showing overlap with genes up-regulated in the motile B16 F2 
population.  Genesets sorted based on statistical significance of the overlap (see last 
column). 
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Table 6. Top 30 genesets from MSigDB C2 showing overlap with genes up-

regulated in the B16 motile population. 
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The geneset enrichment analysis, similar to the GO analysis, also found genesets 

associated with the cell cycle.  However, there were also some transcriptional-

based genesets identified.  Interestingly, the third most significant geneset was 

genes regulated by EZH2 (Table 6).  EZH2 is a member of the polycomb repressor 

2 complex and is involved in gene silencing (Margueron and Reinberg, 2011).  In 

embryonic stem cells it is involved in silencing genes associated with differentiation 

(Ezhkova et al., 2009) (Lee et al., 2006) (Boyer et al., 2006), so it may maintain 

B16 cells in a less differentiated, more motile state.  In a similar vein, genes 

associated with both human and mouse embryonic stem cells were found to be 

enriched in the genes up-regulated in the motile B16 population (Geneset entitled 

“WONG EMBRYONIC STEM CELL CORE at rank 20).  This provides further 

support for the idea that the motile cells are less differentiated.   

 

Similar to the analysis of the Notch high and high Brn2 promoter activity 

populations individually, there were a number of genesets associated with poor 

prognosis within the top 30.  This included a geneset containing genes up-

regulated in melanoma patients that developed metastasis within 4 years 

compared to patients that did not.  This provides further support for the genes up-

regulated in the B16 melanoma population enriched for motile cells being 

associated with distant metastasis in melanoma. 

 

Two genesets within the top 30 were B-Myb target genes (SHEPARD CRUSH AND 

BURN MUTANT DN and SHEPARD BMYB TARGETS). B-Myb is a transcription 

factor involved in cell proliferation and survival (Sala, 2005) and this analysis 

suggests it may also play a role in regulating B16 melanoma motility.  Genes co-

regulated with Brca2 are also significantly enriched in the B16 motile cell 

population.  Although BRCA2 is classically thought of as involved in the DNA 

damage response it is also known to have transcriptional activities (Scully, 2000) 

and so may regulate motility through transcriptional changes.  Brca2 germline 

mutation is also associated with increased risk of malignant melanoma (1999). 

 

Genes up-regulated on transformation with a constitutively active RhoA Q63L 

plasmid were the sixth most significant geneset.  RhoA is important to initiate 

cytoskeletal changes and the induction of contractility required for motility (Ridley 
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and Hall, 1992) (Takaishi et al., 1994).  Although less is known about the 

transcriptional role of RhoA in motility, SRF, a transcription factor activated as a 

result of RhoA induced F-actin polymerisation, is involved in B16 melanoma motility 

and metastasis (Medjkane et al., 2009) (chapter 3.3.3).  The publication in which 

the RhoA regulated geneset was identified, shows that E2F is required for RhoA 

induced transcriptional changes (Berenjeno et al., 2007).  This is consistent with 

the up-regulation of E2F2 in the motile B16 cell population (Table 4).  

 

Data in chapter three showed that SRF signalling correlates with B16 melanoma 

motility and in addition loss of SRF has previously been shown to decrease B16 

melanoma motility in vivo (Medjkane et al., 2009).  If SRF signalling is a key driver 

of motility in this model, then SRF target genes would be expected to show overlap 

with the genes up-regulated in the B16 melanoma population enriched for motile 

cells.  To test this hypothesis, genesets were generated from genes up-regulated 

or down-regulated by MRTF loss in B16 F2 cells as published in Medjkane et al 

(Medjkane et al., 2009).  Overlap analysis showed that MRTF dependent SRF 

targets, i.e genes down-regulated on MRTF loss, showed significant overlap with 

the genes up-regulated in the B16 melanoma population enriched for motile cells 

(Table 7).  This is consistent with the data in chapter three showing that SRF 

signalling correlated with motility.  Also, by using an independent array dataset, it 

provided more evidence that the list of genes generated by FACS purification of the 

reporter cell-lines is representative of the genes up-regulated in the motile cell 

population. 
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Geneset 
Observed 

overlap 

Expected 

overlap 
p-value FDR 

Genes 

downregulated on 

MRTF loss 

15 1.05 3.87E-014 3.61E-013 

Genes upregulated 

on MRTF loss 
0 0.38625 0.320402 0.35885 

 

Table 7. MRTF-dependent SRF targets significantly overlap with genes up-

regulated in the B16 F2 melanoma population enriched for motile cells. 
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5.4 Chapter summary 

To identify novel genes associated with melanoma motility and metastasis, the B16 

high Brn2 promoter activity and Notch reporter high populations were purified as 

they are enriched for motile cells.  The gene expression profiles of the reporter high 

and low populations were compared.  Genes up-regulated in either the high Brn2 

promoter activity and Notch reporter high populations showed significant overlap 

with a number of genesets associated with disease progression and metastasis.  

This included a geneset containing genes up-regulated in melanoma patients that 

developed distant metastasis in 4 years compared to patients that did not.  Genes 

up-regulated in the high Brn2 promoter activity and Notch reporter high populations 

showed significant overlap with each other, consistent with them both being 

enriched for genes up-regulated in the motile cell population.  The individual genes 

overlapping between the high Brn2 promoter activity and Notch reporter high 

populations were identified and considered to be genes up-regulated in the B16 F2 

population enriched for motile cells.  Gene ontology analysis of these genes 

revealed a link with mitotic machinery.  A non-biased geneset enrichment analysis 

approach revealed potential regulators of the transcriptional program associated 

with B16 cell motility including the polycomb protein EZH2.  Further bioinformatic 

analysis confirmed that SRF targets showed significant overlap with genes up-

regulated in the B16 F2 melanoma population enriched for motile cells.  This is 

consistent with the data in chapter three and previous data that showed SRF 

regulates B16 F2 motility.   
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Chapter 6. PRC2 components regulate the actin 

cytoskeleton and metastasis 

6.1 Chapter introduction 

Geneset enrichment analysis of the genes up-regulated in the B16 F2 population 

enriched for motile cells suggested that EZH2 may regulate B16 motility, as genes 

positively regulated by EZH2 in prostate cancer cells were significantly enriched in 

genes up-regulated in the motile B16 population.  EZH2 is a member of the 

Polycomb repressor complex 2 (PRC2) and the other core members include EZH1, 

Suz12 and EED.  The PRC2 complex mediates gene silencing through regulation 

of chromatin modifications (Margueron and Reinberg, 2011) and during 

development it silences differentiation associated genes (Boyer et al., 2006) 

(Landeira et al., 2010) (Ezhkova et al., 2009).  Jarid2 is a more recently identified 

member of the PRC2 complex and is thought to regulate PRC2 activity and gene 

occupancy (Li et al., 2010b) (Peng et al., 2009) (Shen et al., 2009).  EZH2 is up-

regulated in melanoma (McHugh et al., 2007) and promotes metastasis in prostate, 

breast and squamous cell carcinoma (Min et al., 2010) (Wang et al., 2011).  

Therefore the hypothesis was that EZH2 may promote cell motility by silencing 

differentiation associated genes to maintain cells in a less-differentiated, more 

motile state.   

 

6.2 EZH2 levels are heterogeneous in melanoma 

The microarray analysis suggested that Ezh2 mRNA was up-regulated in the Notch 

reporter high population, a population enriched in motile cells.  To further explore 

heterogeneity in EZH2 levels and to confirm the microarray data, the levels of Ezh2 

mRNA were examined in the Notch reporter cell populations.  This confirmed the 

array analysis and showed that Ezh2 mRNA was increased in the Notch reporter 

high population, a population enriched for motile cells (Figure 6.1). 

 

Given that less than 10 % of melanoma cells are motile (Figure 3.2) and Ezh2 

mRNA is up-regulated in the B16 F2 motile cell population (Figure 6.1), if EZH2 
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regulates cell motility the levels should be heterogeneous in vivo.  To address this, 

tumours of the syngeneic Black6 melanoma models, B16, 4434 and 5555 were 

stained for EZH2 using immunohistochemistry and immunofluorescence.  EZH2 

immunohistochemistry of paraffin embedded B16, 4434 and 5555 tumours 

revealed heterogeneity of EZH2 staining on a cell to cell basis (Figure 6.2 A).   

4434 and 5555 tumours also showed increased EZH2 staining at the tumour 

margin, an area enriched for invasive cells (Figure 6.2).  This is consistent with 

increased EZH2 being associated with motility and invasion.  Immunofluorescent 

staining of frozen B16 tumours allowed quantification of the EZH2 staining 

intensity.  This showed that the majority of cells have similar levels of nuclear EZH2 

but a shoulder of the frequency histogram extended to higher EZH2 levels (Figure 

6.2 B and C).  The skewness of the distribution was calculated to be 0.97, 

indicating a positive skew and suggesting more cells than expected from a normal 

distribution, have high EZH2 staining.  The shoulder of cells with high EZH2 

staining contained about 7 % of cells, similar to the percentage of motile cells. 

 

Two frozen tissue samples of human melanoma metastases were also tested for 

heterogeneity in EZH2 expression using immunofluorescence.  EZH2 levels were 

also heterogeneous in human melanoma, and again the distributions had a positive 

skew.  The skewness value was 1.33 for human melanoma metastasis 1 and 2.02 

for human melanoma metastasis 2.  This suggests that an EZH2 high population of 

cells may also exist outside of murine melanoma (Figure 6.3). 

 

EZH2 catalyses the tri-methylation of histone H3 at lysine 27 (H3K27me3).  If EZH2 

regulates cell motility through histone modification and gene regulation then levels 

of H3K27me3 should also be heterogeneous.  The second human melanoma 

metastasis was co-stained for global levels of H3K27me3 together with EZH2.  This 

showed heterogeneity in the global levels of the tri-methyl mark catalysed by PRC2 

(Figure 6.3).  Image analysis software to measure the staining intensity of EZH2 

and H3K27me3, showed a significant correlation between the two, with a 

Spearman correlation coefficient of 0.34 (Figure 6.3 B).  This was consistent with 

data showing a significant decrease in global levels of H3K27me3 on PRC2 

component depletion (Figure 6.4 C). 
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Figure 6.1. Ezh2 mRNA is up-regulated in the Notch reporter high population. 

Q RT-PCR confirmation of Ezh2 transcript levels in the Notch reporter high and low 
populations of the clonal Notch reporter cell-line grown in vitro.  Data from 2 samples 
and error bars show the standard error.  FACS plots showing controls and the gates for 
collection of the Notch reporter high and low populations are presented in Figure 5.3. 
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Figure 6.2. EZH2 levels are heterogeneous in syngeneic mouse melanoma. 

A.  Immunohistochemical staining for EZH2 in B16 F2, 4434 and 5555 melanoma 
grown in syngeneic C57Black6 mice.  Tumours were excised and fixed at 0.7 cm 
diameter. Top row images have scale bar indicating 50μm, bottom row images have 
scale bar indicating 150 μm.  Arrows indicate nuclei with high EZH2 staining.  T 
indicates the tumour and M indicates the margin.  B.  Immunofluorecence staining of 
B16 frozen tumour sections for actin (green), nuclei (pink) and EZH2 (white).  Scale bar 
indicates 50 μm.  C.  Histogram showing the relative frequency of relative EZH2 
staining intensity in individual nuclei in B16 tumour sections. 
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Figure 6.3. EZH2 levels are heterogeneous in human melanoma metastases. 

Immunofluorecence staining of frozen sections from 2 human melanoma metastases 
for actin (green), nuclei (pink) and EZH2 (white).  Scale bar indicates 50 μm.  B.  
Histograms showing the relative frequency of relative EZH2 staining intensity in 
individual nuclei in sections from human melanoma metastases. 
 

 

 

 



Chapter 6. Results 

 

198  

 

 

Figure 6.4. Levels of tri-methylated lysine 27 on histone H3 are heterogeneous in 

vivo. 

A.  Immunofluorecence staining of frozen sections of human melanoma metastasis 2 
for actin (green), nuclei (white) and EZH2 (blue) and tri-methylated lysine 27 on histone 
H3 (H3K27me3) (red).  Scale bar indicates 50 μm.  B.  Graph showing correlation 
between relative nuclear EZH2 and H3K27me3 intensities.  p-value indicates 
statistically significant correlation using Spearmans rank test.  C.  Graph showing a 
decrease in global H3K27me3 levels on PRC2 component depletion.  B16 F2 cells 
were transfected with control or PRC2 targeted siRNA and fixed for immunofluorescent 
staining of H3K27me3 48 hours after transfection.  Data from at least 5 images of 3 
independent experiments.  Error bars show the standard error and stars indicate 
significant decrease in H3K27me3 staining by ANOVA statistical test.  
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6.3 PRC2 components regulate cell morphology 

6.3.1 Loss of EZH2 leads to an increase in cell area 

To determine whether EZH2 may promote motility, cell morphology was examined 

following knockdown of EZH2 with targeted siRNA.  The idea was that regulators of 

motility should also regulate the actin cytoskeleton and hence cell morphology.  

B16 F2 cells were transfected with either control or EZH2 targeted siRNAs, plated 

on glass and fixed after 48 hours.  Three different EZH2 siRNAs gave a similar flat 

cell phenotype with an increased cell area (Figure 6.5).  EZH2 knockdown was 

confirmed using both Q RT-PCR and western blot (Figure 6.6).  Although all 

siRNAs increased the cell area, siRNA #2 had a slightly different phenotype to the 

other two siRNA.  siRNA #1 and 4 increased the cell area and many cells had long 

tails indicative of tail retraction problems (Figure 6.5), however, siRNA #2 resulted 

in very large and flat cells with F-actin cables at the cell edge. 

 

. 
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Figure 6.5. Loss of EZH2 leads to an increase in cell area. 

A.  B16 F2 cells were transfected with control or EZH2 siRNA and plated on glass.  
Cells were fixed 48 hours after knockdown.  Image shows cells with labelled plasma-
membrane.  Scale bar indicates 25 μm.  B.  Cells used for measuring cell area were 
first stained with DAPI and then imaged.  The cell area per image, measured with 
Volocity image analysis software, was divided by the number of nuclei.  Data from at 
least 5 individual images of 2 different experiments.  Stars indicate significance in 
ANOVA statistical test. 
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Figure 6.6 Confirmation of EZH2 knockdown. 

A.  Q RT-PCR analysis of Ezh2 mRNA levels 48 hours after knockdown with control or 
EZH2 targeted siRNA in B16 F2 cells.  Error bars show the standard error from 3 
independent experiments and stars indicate significance in ANOVA statistical test.  B.  
Western blot of EZH2 protein levels 48 hours after knockdown with control or EZH2 
targeted siRNA in B16 F2 cells.  
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6.3.2 Loss of the PRC2 components, Suz12, and Jarid2 also leads to an 

increased cell area 

To try and determine whether the change in cell morphology on loss of EZH2 was a 

PRC2 dependent or independent phenomenon, other members of the PRC2 

complex were subject to siRNA knockdown and the cell morphology phenotype 

analysed.  Depletion of the PRC2 core complex member, Suz12, led to an increase 

in cell area, although siRNA #2 also resulted in an increase in actin ruffles.  This 

was not seen with other Suz12 siRNA and so may be an off-target effect (Figure 

6.7).  Depletion of Jarid2 also resulted in a similar cell morphology phenotype to 

EZH2 loss, with a concurrent increase in cell area.  However, the increase in cell 

area with Jarid2 siRNA #2 did not reach significance compared to control (Figure 

6.7).  As knockdown of the PRC2 components EZH2, Suz12 and Jarid2 all gave an 

increase in cell area, this suggests that the PRC2 complex can regulate cell 

morphology and the actin cytoskeleton.  

 

The PRC2 complex works together with the PRC1 complex to mediate gene 

silencing (Simon and Kingston, 2009).  If the effects on cell morphology on PRC2 

component knockdown are through changes in gene regulation then loss of PRC1 

components should give a similar phenotype.  Loss of BMI-1 only resulted in a 

significant increase in cell area in 1 out of the 3 siRNAs that depleted BMI-1 levels 

(Figure 6.8).  This suggests that BMI-1 and the PRC1 complex does not regulate 

cell morphology, although analysis of further PRC1 components would help to 

confirm this. 
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Figure 6.7.  Loss of PRC2 components leads to an increase in cell area. 

A.  B16 F2 cells were transfected with control, Suz12 or Jarid2 siRNA and plated on 
glass.  Cells were fixed 48 hours after knockdown and stained with phalloidin.  Scale 
bar indicates 25 μm.  B.  Q RT-PCR analysis of Jarid2 mRNA levels 48 hours after 
transfection in B16 F2 cells.  Data from 3 independent experiments. C.  Western blot of 
Suz12 protein levels 48 hours after transfection in B16 F2 cells.  D. Graph of cell area 
on Jarid2 and Suz12 knockdown.  Cells were stained with DAPI and phalloidin.  The 
cell area per image, measured with Volocity image analysis software, was divided by 
the number of nuclei.  Data from at least 5 individual images of 2 different experiments.  
Error bars show the standard error and stars indicate significance in ANOVA statistical 
test. 
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Figure 6.8. Loss of the PRC1 component BMI-1 does not increase cell area. 

A.  Western blot of BMI-1 protein levels 48 hours after knockdown with control or BMI-1 
targeted siRNA in B16 F2 cells.  B.  B16 F2 cells were fixed 48 hours after transfection  
with control or BMI-1 siRNA and stained with phalloidin.  Scale bar indicates 30 μm.  C.  
Graph of cell area on BMI-1 depletion.  The cell area per image, measured with 
Volocity image analysis software, was divided by the number of nuclei.  Data from at 
least 5 individual images of 2 different experiments.  Error bars show the standard error 
and stars indicate significance in ANOVA statistical test. 
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6.4 PRC2 regulates cell morphology through ERM protein 

activation 

6.4.1 PRC2 depletion does not decrease actomyosin contraction 

Cells depleted for EZH2 and other PRC2 components are flatter with an increased 

cell area and possible tail retraction problems (section 6.3).  This phenotype could 

be indicative of a loss of actomyosin contractility, as contraction is required to 

retract the rear of the cell during cell motility on a 2D surface and for maintenance 

of cell morphology (Levayer and Lecuit, 2012).  However, neither western blot nor 

immunofluorescence revealed a decrease in phospho-MLC levels on EZH2 

depletion (Figure 6.9 and Figure 6.10).  In fact, EZH2 siRNA #2 resulted in a slight 

increase in phospho-MLC by western blot and this could be visualised in the strong 

actin cables at the cell periphery using immunofluorescence.  Therefore the flat cell 

phenotype and increase in cell area is not as a result of a decrease in actomyosin 

contractility. 
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Figure 6.9. Loss of EZH2 does not decrease total phospho-MLC levels. 

A. Western blot of B16 F2 cells 48 hours after transfection with control or EZH2 
targeted siRNA.  B. Immunofluorescent staining for phospho-MLC.  B16 F2 cells were 
transfected with control or EZH2 targeted siRNA and plated on glass.  48 hours after 
transfection cells were fixed and stained with phalloidin and a phospho-MLC antibody.  
Scale bar indicates 25 μm. 
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6.4.2 Loss of PRC2 leads to a decrease in Ezrin and Radixin 

phosphorylation and activation 

Ezrin, Radixin and Moesin are a family of proteins that link the actin cytoskeleton to 

the plasma membrane and are involved in maintaining cell shape and polarity and 

regulating migration (Fehon et al., 2010).  Phosphorylation of ERM proteins by 

kinases such as ROCK, PKCα and PKCθ, leads to a conformational change and 

activation (Matsui et al., 1998) (Ng et al., 2001) (Simons et al., 1998).  This allows 

ERM proteins to bind both F-actin and membrane proteins, acting to link the two 

cellular components.  To investigate whether PRC2 components may exert their 

effects on cell morphology through regulation of ERM proteins, western blotting 

was performed for phosphorylated ERM proteins after PRC2 knockdown. 

 

Loss of EZH2 resulted in a decrease of a subset of phosphorylated ERM proteins 

(Figure 6.10), suggesting that EZH2 can regulate ERM activation.  The ERM 

proteins are closely related and the activating phosphorylation occurs on a 

conserved threonine residue (Mangeat et al., 1999).  The antibody recognises the 

phosho-site on all three proteins, however, the molecular weight of Moesin is 75 

kDa and Ezrin and Radixin are both around 80 kDa.  As Ezrin and Moesin have a 

very similar molecular weight, it is difficult to resolve the three bands on a gel.  

Figure 6.10A shows a loss in the upper phospo-band (indicated by an arrow) on 

EZH2 knockdown.  If the bands represent the individual ERM proteins according to 

molecular weight, this suggests a loss of phosphorylated Ezrin, Radixin or both.  To 

check that regulation of ERM activation is a PRC2 dependent mechanism 

phospho-ERM levels were also analysed after Suz12 and Jarid2 depletion.  In 

Figure 6.10B, 3 bands can just about be determined and loss of Suz12 and Jarid2 

leads to a loss of the two upper bands, indicative of a decrease in activity of both 

Radixin and Ezrin.  Suz12 siRNA #2 reproducibly resulted in a total loss of all 

phosphorylated ERM proteins, which correlates with it resulting in a slightly 

different cell morphology phenotype due to possible off-target effects (Figure 6.7). 
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Figure 6.10 Loss of PRC2 leads to a decrease in ERM phosphorylation. 

A.  Western blot of phospo-ERM levels 48 hours after transfection with control or EZH2 
targeting siRNAs.  Arrow indicates the upper phospho-ERM band lost on EZH2 
depletion.  EZH2 blot shows the efficiency of knockdown with each individual siRNA 
and β-tubulin is a loading control.  B.  Western blot of phospo-ERM levels 48 hours 
after transfection with control, EZH2, Jarid2 or Suz12 targeting siRNAs.  Lines show 
the two upper phospho-ERM bands decreased on PRC2 depletion.  Vinculin used as a 
loading control. 
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To further dissect which member or members of the ERM family were affected on 

loss of PRC2, lysates of control cells were run on the same gel, transferred 

together and then the membrane was cut to blot for total Ezrin, total Moesin and 

phospho-ERM.  The membranes were lined up before exposure to help identify 

which bands in the phospho-ERM blot corresponded to which ERM proteins.  The 

individual bands represented the individual phospho-proteins and were in order 

according to molecular weight (Figure 6.11).  The upper most band being Ezrin, 

followed by Radixin and the lowest band Moesin.  This suggests that loss of PRC2 

components leads to a decrease in activation of Ezrin and Radixin. 

 

To check that loss of PRC2 components lead to a decrease in activation of ERM 

proteins rather than a decrease in the total levels, western blots of total Ezrin were 

performed after knockdown of EZH2 and Jarid2.  This showed no change in total 

levels of Ezrin after PRC2 component depletion, indicating that PRC2 regulates 

Ezrin and Radixin phosphorylation and activation (Figure 6.12). 
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Figure 6.11.  Confirmation of the identity of phospho-ERM bands on a western 

blot. 

Control cell lysates were run on the same gel and then the membrane cut before 
blotting for phospho-ERM, total Ezrin and total Moesin on separate membranes.  The 
membranes were lined up again before exposure.  β-tubulin acts as a control to check 
the efficiency of membrane line-up before exposure. 
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Figure 6.12 PRC2 component loss does not change total Ezrin levels. 

Western blot of total Ezrin levels 48 hours after transfection with control, EZH2 or 
Jarid2 smartpool siRNAs.  EZH2 blot shows the efficiency of knockdown and β-tubulin 
is a loading control. 
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6.4.3 Constitutively active Ezrin is sufficient to rescue the increase in cell 

area on PRC2 depletion 

Loss of PRC2 components causes an increase in cell area and a decrease in 

activation of ERM proteins (section 6.3 and 6.4.2).  As ERM proteins are known to 

regulate cell morphology, the hypothesis was that the increase in cell area on 

PRC2 depletion was due to a decrease in ERM protein activation and a 

subsequent decrease in the connection between the plasma membrane and 

underlying actin cytoskeleton.  To test this hypothesis, plasmids encoding Ezrin-

GFP and constitutively active Ezrin-GFP (EzrinTD-GFP) were used to try and 

rescue the cell area phenotype seen on PRC2 depletion.  The consitutively active 

Ezrin construct contained full-length Ezrin fused to GFP with a threonine to 

aspartate point mutation at Ezrin residue 567 to mimic phosphorylation. 

 

B16 F2 cells were co-transfected with either control or EZH2 targeted siRNA 

together with a plasmid encoding either Ezrin-GFP, EzrinTD-GFP or membrane 

targeted GFP (GFPCAAX).  Ezrin-GFP and GFPCAAX were used as controls for 

the increased Ezrin and GFP in the cells respectively.  Cells transfected with EZH2 

targeted siRNA showed an increase in cell area as expected, however, cells co-

transfected with EZH2 siRNA and EzrinTD-GFP had a similar morphology to 

control cells, indicating that constitutively active EzrinTD-GFP can rescue the 

phenotype (Figure 6.13 A).  No rescue was observed with the Ezrin-GFP or 

GFPCAAX constructs, confirming that the increase in cell area is a result of loss of 

ERM activation rather than loss of ERM levels (Figure 6.13A).  Quantification of the 

cell area using Volocity image analysis software confirmed that only the 

constitutively active Ezrin construct significantly rescued the EZH2 depletion 

phenotype (Figure 6.13 B).  The cell area after co-transfection of EZH2 targeted 

siRNA #2 and EzrinTD-GFP did not return to control levels but was significantly 

reduced compared to co-transfection with Ezrin-GFP. 

 

The experiment was repeated for depletion of Jarid2.  Constitutively active 

EzrinTD-GFP also significantly rescued the cell area phenotype seen on Jarid2 

depletion (Figure 6.14).  This indicates the increase in cell area seen on PRC2 

component depletion is most likely a result of decreased ERM protein activation. 
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Figure 6.13 Constitutively active Ezrin-GFP rescues the increase in cell area seen 

on EZH2 depletion. 

A.  Single confocal images of B16 F2 cells plated on glass 48 hours after co-
transfection with EZH2 targeted siRNA and either a GFPCAAX, Ezrin-GFP or EzrinTD-
GFP plasmid.  B16 F2 cells have a red plasma membrane marker and green indicates 
transfected cells.  B.  Quantification of B16 F2 cell area after co-transfection with EZH2 
targeted siRNA and GFPCAAX, Ezrin-GFP or EzrinTD-GFP plasmids.  Cell area was 
measured from at least 4 individual images of 3 different experiments using Volocity 
image analysis software.  Error bars show standard error and stars indicate significant 
reduction in cell area compared to GFPCAAX and Ezrin-GFP transfected cells.  
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Figure 6.14. Constitutively active Ezrin-GFP rescues the increase in cell area 

seen on Jarid2 depletion. 

A.  Single confocal images of B16 F2 cells plated on glass 48 hours after co-
transfection with Jarid2 targeted siRNA and either a GFPCAAX, Ezrin-GFP or EzrinTD-
GFP plasmid.  B16 F2 cells have a red plasma membrane marker and green indicates 
transfected cells.  B.  Quantification of B16 F2 cell area after co-transfection with Jarid2 
targeted siRNA and GFPCAAX, Ezrin-GFP or EzrinTD-GFP plasmids.  Cell area was 
measured from at least 4 individual images of 3 different experiments using Volocity 
image analysis software.  Error bars show standard error and stars indicate significant 
reduction in cell area compared to GFPCAAX and Ezrin-GFP transfected cells. 
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6.5 EZH2 positively regulates motility in vitro and metastasis 

As PRC2 components regulate cell morphology through ERM protein activation 

and Ezrin positively regulates metastasis (Hunter, 2004), the hypothesis was that 

EZH2 regulates melanoma cell motility and metastasis.  To test this hypothesis, the 

more metastatic sub-line B16 F10 was plated on Fibronectin in vitro to examine cell 

motility and also used in experimental metastasis assays.   

 

6.5.1 EZH2 depletion slightly decreases cell speed in vitro 

As an initial investigation into the role of EZH2 in regulating cell motility, B16 F10 

cells treated with control or EZH2 targeted siRNA were plated on Fibronectin 

coated glass plates and imaged following stimulation with 5 ng/ml HGF 

(Supplementary movie 7).  This indicated that EZH2 depletion resulted in cells 

having tail retraction problems, consistent with the increase in cell tails observed in 

fixed cells.  Cell tracking showed that cells depleted for EZH2 were also slower 

than control cells, although this only reached significance after 2 experiments for 

EZH2 siRNA #2. 
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Figure 6.15.  EZH2 depletion decreases cell speed in vitro. 

B16 F10 cells were transfected with control or EZH2 targeted siRNA and plated on 
Fibronectin coated glass.  Cells were stimulated with 5 ng/ml HGF for 2 hours before 
imaging with a Nikon lowlight microscope.  Cells were tracked using Metamorph 
software and cell speeds calculated.  Error bars show standard error of the mean for 
the average cell speeds from two experiments.  Star indicates significance in ANOVA 
statistical test. 
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6.5.2 EZH2 positively regulates metastasis 

Given that PRC2 components regulate Ezrin and Radixin activation and EZH2 

depletion resulted in altered cell motility, the role of EZH2 in metastasis was 

investigated using short term lung metastasis assays.  B16 F10 cells constitutively 

expressing mCherry or GFP were transfected with control or EZH2 targeted siRNA.  

A 50:50 mix of GFP expressing B16 F10 cells transfected with control siRNA and 

mCherry expressing B16 F10 cells transfected with EZH2 targeted siRNA was 

injected into the mouse tail-vein.  The ratio of green:red cells in the lung was 

examined by confocal microscopy after 48 hours.  A separate cohort of control 

mice received a 50:50 mix of B16 F10 GFP and B16 F10 mCherry cells both 

transfected with control siRNA.  The ratio of control transfected B16 F10 GFP to 

EZH2 siRNA transfected B16 F10 mCherry cells was normalised to the ratio of 

red:green cells from control mice.  Mixing the cell-types accounted for differences 

in injection efficiency between mice.  The control transfected B16 F10 cells were 

alternated between GFP and mCherry expressing to ensure that the cell-line or 

colour was not creating bias in the analysis. 

 

Loss of EZH2 in the metastatic B16 F10 sub-line decreased the lung colonisation 

efficiency in 2 out of the 3 siRNAs tested (Figure 6.16 A).  EZH2 siRNA #2, which 

gave the largest increase in cell area, dramatically increased the lung colonisation 

efficiency of B16 F10 cells.  As 2 out of 3 of the siRNAs tested decreased lung 

colonisation this suggests that EZH2 positively regulates metastasis and correlates 

with the increased EZH2 levels in the motile cell population of B16 melanoma.  

However, analysis of more siRNAs are required to be more confident of the data. 

 

To test whether the positive regulation of metastasis was a general PRC2 

mechanism the experimental metastasis assays were repeated for Jarid2 

depletion.  Depletion of Jarid2 with 2 out of the 3 siRNAs tested had no effect on 

the lung colonisation efficiency of the metastatic B16 F10 sub-line (Figure 6.16).  

However, siRNA #1 considerably increased lung colonisation efficiency.  This was 

surprisingly similar to EZH2 siRNA #2 as again the siRNA that induced the greatest 

increase in cell area promoted metastasis.  The fact that Jarid2 depletion in 2 of the 

siRNA had no effect on metastasis was also surprising because Jarid2 depletion 
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results in a change in cell morphology mediated by the loss of ERM protein 

activation, yet this had no effect on metastasis.  Ezrin has well characterised roles 

in different steps during metastasis (Hunter, 2004), yet it appears in B16 melanoma 

loss of Radixin and Ezrin activation does not affect metastasis.  As 1 out of 3 

siRNAs for both EZH2 and Jarid2 gave contradictory results, more siRNAs are 

required to confirm these observations. 
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Figure 6.16.  Analysis of PRC2 regulation of metastasis. 

Graphs showing relative efficiency of lung colonisation 48 hours after injection of B16 
F10 cells depleted for A. EZH2 and B. Jarid2 using 3 different siRNAs for each gene.  
Data from at least 5 mice over at least 2 experiments for each point.  Error bars show 
standard error and star indicates a statistically significant difference to control cells in 
ANOVA test. 
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6.6 PRC2 components regulate pigment production but do not 

significantly affect melanoma differentiation marker 

expression 

During development, the core PRC2 component EZH2, mediates silencing of 

differentiation associated genes and loss of EZH2 induces premature expression of 

differentiation markers (Boyer et al., 2006) (Lee et al., 2006) (Ezhkova et al., 2009).  

However, Jarid2 has a different role.  Jarid2 is essential for differentiation and 

depletion of Jarid2 leaves ES cells unable to differentiate in vitro (Landeira et al., 

2010) and leads to an arrest in gastrulation of xenopus embryos (Peng et al., 

2009).  

 

EZH2 levels decrease during murine epidermal differentiation (Ezhkova et al., 

2009), so to determine  whether EZH2 levels correlate with differentiation in B16 F2 

melanoma, the cells were subject to α-MSH treatment for 48 hours, as α-MSH is 

known to induce differentiation in this cell-type (Hunt et al., 1994) (Bennett et al., 

1994).  Treatment with 10 μM α-MSH significantly reduced Ezh2 mRNA levels and 

Jarid2 mRNA also showed a slight decrease (Figure 6.17).  This suggests that 

Ezh2 mRNA levels correlate with differentiation status in B16 melanoma. 

 

As motile cells in B16 melanoma are thought to be less differentiated (Pinner et al., 

2009) and EZH2 correlates with differentiation state, EZH2 may maintain cells in a 

less differentiated state to promote motility.  To test this hypothesis, pigment levels 

and expression of differentiation markers were assessed in cells depleted for EZH2 

and other PRC2 components.  Although discussion in previous chapters notes that 

pigment is not a good substitute for differentiation markers, decreased pigment 

correlates with motility in vivo and it is a simple assay to perform. 

 

Depletion of EZH2 in B16 F2 cells led to an increase in pigment levels as 

determined by both the colour of the B16 F2 cell pellet and quantification of 

pigment intensity on a cell by cell basis following imaging with a two-photon 

microscope (Figure 6.18).  To further explore the role of PRC2 in regulation of 

pigment levels, depletion of Jarid2 and Suz12 was performed.  Pigment levels on 
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loss of Jarid2 were dependent on the individual siRNA (Figure 6.18).  siRNA #1 

consistently decreased pigment levels as determined by the colour of the cell 

pellet.  siRNA #2 slightly increased pigment and siRNA #4 consistently increased 

pigment levels.  Due to the differences between siRNA oligos, a reliable conclusion 

of the effects of Jarid2 depletion on pigment levels could not be reached.  Depletion 

of Suz12 lead to a significant increase in pigment in 2 out of the three siRNAs 

tested (Figure 6.18).  This suggests that loss of PRC2 activity increases pigment 

production in B16 F2 cells, but this may or may not be Jarid2 dependent.  An 

increase in pigment after PRC2 loss implies that PRC2 activity maintains cells in a 

less pigmented state.   
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Figure 6.17. Ezh2 mRNA levels decrease on differentiation of B16 melanoma 

cells. 

B16 F2 cells were treated with 10 μM α-MSH or PBS control for 48 hours before Q RT-
PCR analysis of Ezh2 and Jarid2 mRNA levels.  Data points show 3 independent 
experiments.  Star indicates statistical significance in a paired t-test. 
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Figure 6.18.  PRC2 complex regulates pigment levels in vitro. 

A.  B16 F2 cells were transfected with control, EZH2, Jarid2 or Suz12 targeted siRNA 
and collected by centrifugation 48 hours after transfection.  B.  Quantification of 
pigment levels on a cell by cell basis following depletion of EZH2, Jarid2 and Suz12.  
B16 F2 cells were transfected with control, EZH2, Jarid2 or Suz12 targeted siRNA and 
plated on glass.  Cells were fixed 48 hours after transfection and imaged using a two-
photon microscope to detect pigment.  Cellular pigment intensity was measured and 
background levels subtracted.  At least 50 cells quantified from at least 2 experiments.  
Error bars show standard error and stars indicate significance in ANOVA statistical test. 
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To investigate the interplay between known regulators of pigment and 

differentiation and EZH2, B16 F2 cells depleted of EZH2 were treated with α-MSH 

or H89.  α-MSH results in an increase in B16 cell differentiation and pigment 

through stimulating MC1R (Hunt et al., 1994) (Kondo and Hearing, 2011).  H89 is a 

PKA inhibitor and decreases pigment levels through inhibition of the signal 

downstream of MC1R (Kondo and Hearing, 2011).  Stimulation of EZH2 depleted 

cells with α-MSH did not increase pigment levels further (Figure 6.19).  However, 

H89 treatment of EZH2 depleted cells prevented the increase in pigment normally 

seen on the loss of EZH2 (Figure 6.19).  This indicates that the increase in pigment 

on loss of EZH2 is dependent on PKA signalling.   

 

To test the requirements for EZH2 and Jarid2 in differentiation of B16 melanoma, 

cells were transfected with EZH2 or Jarid2 targeted siRNA and the mRNA levels of 

melanoma differentiation markers assessed by Q RT-PCR.  Basal levels of Tyrp1, 

Tyr and Dct mRNA did not change dramatically on EZH2 and Jarid2 loss (Figure 

6.20).  However, there was a trend towards increased mRNA levels of 

differentiation markers on EZH2 depletion and decreased mRNA levels of 

differentiation markers on Jarid2 depletion (Figure 6.20).  This trend is consistent 

with data from ES cells regarding PRC2 regulation of differentiation, however, 

given the small changes in differentiation markers there is not sufficient evidence to 

confirm a role for PRC2 in regulating B16 melanoma differentiation state. 

 

Overall, the data suggest that EZH2 regulates pigment independently of the 

differentiation associated MITF targets DCT, TYR, and TYRP1 as the increase of 

the MITF target genes on EZH2 depletion is not significant.  In addition, the 

changes in Dct, Tyr, and Tyrp1 mRNA levels between EZH2 siRNAs do not 

correlate with changes in pigment.  This is consistent with data discussed later in 

this chapter regarding a role for the P protein in EZH2 pigment regulation.  

Therefore, it is unlikely that EZH2 maintains cells in a less differentiated state to 

promote motility.    
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Figure 6.19. The increase in pigment observed on EZH2 depletion is dependent 

on PKA signalling. 

B16 F2 cells were transfected with control or EZH2 targeted siRNA.  24 hours after 
transfection PBS, 10 μM α-MSH or 10 μM H89 was added for a further 48 hours, 
before centrifugation to pellet the cells. 
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Figure 6.20.  Depletion of EZH2 and Jarid2 may have different effects on 

melanoma differentiation markers. 

Q RT-PCR analysis of the melanoma differentiation markers TYPR1, TYR and DCT in 
B16 cells 48 hours after transfection with control, EZH2 or Jarid2 targeted siRNA. Error 
bars show standard error. 
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6.7 PRC2 depletion decreases the number of cells in mitosis  

EZH2 up-regulation in melanoma is thought to suppress oncogene-induced 

senescence, a state associated with benign nevi, hence allowing the progression 

from benign nevi to melanoma (Fan et al., 2011) (Michaloglou et al., 2005).  

Senescence is usually associated with an up-regulation of cell-cycle inhibitors 

including p16, however B16 cells have lost the Ink4/ARF locus and so are p16 null 

(Campisi and d'Adda di Fagagna, 2007) (Melnikova et al., 2004).  EZH2 has been 

shown to regulate senescence in melanoma through suppression of the cell cycle 

inhibitor p21 (Fan et al., 2011) and microarray analysis discussed later (chapter 

6.8), identified p21 as an EZH2 target in B16 F2 cells.  Furthermore, senescent 

cells change morphology in vitro and have a large cell area (Campisi and d'Adda di 

Fagagna, 2007) so the change in cell morphology on PRC2 depletion may be as a 

result of senescence.  To test whether EZH2 and PRC2 suppresses senescence in 

B16 F2 cells, cell cycle profile analysis was carried out on cells depleted for PRC2 

components.  Loss of EZH2 and Jarid2 led to a decrease in the percentage of cells 

in S and G2 phase, however in all siRNAs tested there was a significant 

percentage of cells in mitosis (Figure 6.21). This suggests that PRC2 depleted cells 

are not senescent, however, β-galactosidase staining would help to confirm this.  

The siRNAs that induce the largest increase in cell area, EZH2 #2 and Jarid2 #1, 

also decrease the mitotic population the most, suggesting a link between cell 

morphology and cell growth. 
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Figure 6.21. PRC2 depletion reduces the percentage of cells in S and G2 phases 

of the cell cycle. 

B16 F2 cells were fixed in 70 % Ethanol 48 hours after transfection with control or 
EZH2 targeted siRNA.  Cells were then stained with propidium iodide and subject to 
flow cytometry and cell cycle profile analysis using FlowJo software. Plots show raw 
DNA staining intensity data in the black line.  Overlaid blue lines show FlowJo 
predictions for G0/G1, S and G2/M phases of cell cycle. 
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6.8 Genome-wide analysis of EZH2 and Jarid2 gene regulation 

6.8.1 Microarray analysis of EZH2 and Jarid2 depleted cells 

To try and establish how the PRC2 complex regulates ERM protein activation and 

how EZH2 may regulate cell motility and metastasis, microarrays were performed 

on depletion of EZH2 and Jarid2.  B16 F2 cells were transfected with EZH2 siRNA 

#1 and 4 and Jarid2 #1 and 4 as these showed the greatest similarity to each other 

in terms of cell morphology phenotype.   

 

To try and identify genes mediating the decrease in Ezrin and Radixin activation on 

PRC2 component depletion, genes showing a fold reduction of greater than 1.2 in 

all EZH2 and Jarid2 siRNAs were filtered from the microarray (found in appendix).  

This included Fscn1, and if the filters were relaxed to a reduction in 3 out of 4 

siRNAs, Rhoc.  Fascin is an actin cross-linking protein and RhoC is a small Rho-

GTPase protein with high sequence similarity to RhoA (Hashimoto et al., 2011) 

(Wheeler and Ridley, 2004).  However, western blot for both of these proteins did 

not reveal a loss in expression on EZH2 or Jarid2 depletion.  In addition, siRNA 

targeting Fascin and RhoC did not greatly decrease levels of phosphorylated ERM 

proteins.  A suitable candidate for loss of ERM protein activation on EZH2 and 

Jarid2 loss could not easily be found. 

 

6.8.2 EZH2 and Jarid2 can regulate genes up-regulated in motile B16 

population 

As work in chapter 5 had determined a list of genes up-regulated in the motile B16 

population, it would be interesting to test if EZH2 or Jarid2 could regulate these 

genes.  This may help to determine if either EZH2 or Jarid2 are chief components 

regulating B16 melanoma motility.  Overlap analysis was performed between 

genes up- or down-regulated on EZH2 or Jarid2 depletion and the genes up-

regulated in the motile B16 population.  In addition, genes that co-regulated with 

EZH2 in public datasets (oncomine) were analysed (all gene lists can be found on 

accompanying CD).  These genes co-regulated with EZH2 were shown to have the 

greatest overlap with the genes up-regulated in the motile B16 population (Table 
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8).  This suggests that EZH2 may control expression of the genes up-regulated in 

B16 motile cells.  To further support this notion, genes that are down-regulated on 

EZH2 loss in B16 F2 cells show significant overlap with genes up-regulated in the 

B16 motile cell population (Table 8) (genes found in appendix).  As Ezh2 mRNA is 

increased in the motile cell population (Figure 6.1), this is consistent with EZH2 

positively regulating motility through positive regulation of the genes up-regulated in 

the motile cell population.  However, EZH2 is normally considered to silence genes, 

so these genes down-regulated on EZH2 loss may be indirect targets. 

 

To test if Jarid2 could regulate the transcriptional program associated with B16 

melanoma motility, Jarid2 target genes were analysed for overlap.  Genes up-

regulated after Jarid2 knockdown significantly overlapped with the genes up-

regulated in the motile B16 cell population (Table 8) (genes found in appendix).  

This may suggest that Jarid2 activity is low in the motile cell population.  Taken 

together this correlates with data from experimental metastasis assays in which 

loss of EZH2 decreased metastasis yet loss of Jarid2 had no effect.  If the gene 

expression pattern associated with motility is similar for metastasis, then genes 

positively regulated by EZH2 but Jarid2 independent should overlap with genes 

increased in motile B16 cells (gene lists found in Supplementary file 1).  Indeed, 

these genes show significant overlap (Table 8).  Therefore it is likely that control of 

the genes up-regulated in the motile cell population in B16 melanoma correlates 

with ability to regulate metastasis.  
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Geneset 
Observed 
overlap 

Expected 
overlap p-value FDR 

Genes that co-vary with Ezh2 
(oncomine) 16 0.42 3.96 x 10

-20
 3.96 x10

-19
 

Genes up-reg. by Jarid2  7 1.09 0.00014 0.00065 

Genes down-reg by EZH2 and 
Jarid2 independent (only oligo 4)  7 1.19 0.00024 0.00065 

Genes down-reg by EZH2 8 1.65 0.00031 0.00065 

Genes down-reg by EZH2 and 
Jarid2 independent (both Jarid2 
oligos) 5 0.78 0.00129 0.00215 

 

Table 8. Overlap analysis of EZH2 and Jarid2 regulated genes with genes up-

regulated in the B16 motile cell population. 
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6.8.3 Identification of PRC2 regulated genes that correlate with pigment 

EZH2 depletion resulted in an increase in pigment production and Jarid2 depletion 

gave mixed results, with siRNA #1 resulting in a decrease in pigment and siRNA #4 

resulting in an increase in pigment levels.  The microarray data was used to try and 

identify genes regulated by the PRC2 complex that control pigment production. 

Genes that correlated with changes in pigment levels were selected, i.e genes that 

were both up-regulated on EZH2 siRNA #1, 4 and Jarid2 siRNA #4 and down-

regulated on Jarid2 siRNA #1 depletion.  This resulted in a list of 31 genes that 

correlated with changes in pigment (Table 9).  One of the genes was Oca2 and 

mutations in this gene in humans are known to result in a form of albinism called 

oculocutaneous albinism type 2 (Donnelly et al., 2012).  In addition, polymorphisms 

in Oca2 result in most of the variation in human eye colour (Duffy et al., 2007) and 

can account for differences in skin and hair pigmentation (Han et al., 2008).  Oca2 

encodes a melanosomal membrane protein known as the P protein, which is 

thought to be involved in tyrosine transport and processing (Rosemblat et al., 1994) 

(Chen et al., 2002) (Toyofuku et al., 2002).  Therefore, changes in expression of 

this gene may affect pigment production.   

 

To confirm that PRC2 components could regulate Oca2 mRNA levels, B16 F2 cells 

depleted for EZH2 and Jarid2 were subject to Q RT-PCR for Oca2.  This validated 

the array results and showed an increase in Oca2 mRNA levels on depletion of 

EZH2 (Figure 6.22), in parallel with the increased pigment observed on EZH2 

depletion.  Oca2 mRNA levels decreased on knockdown of Jarid2 siRNA #1 

(Figure 6.22), correlating with a decrease in pigment levels in cells treated with this 

siRNA.  Depletion of Jarid2 with siRNA #2 and 4 increased Oca2 mRNA (Figure 

6.22).  This correlated with the quantification of pigment levels on a cell to cell basis 

as both these siRNA increased pigment levels in this assay.  
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Gene symbol Fold change 

  EZH2 #1 EZH2 #4 Jarid2 #1 Jarid2 #4 

1810014f10rik 1.23 1.44 -1.22 1.26 

1810058m03rik 1.33 1.40 -1.50 1.52 

Trnp1 1.53 2.38 -2.29 1.25 

A530050n04rik 2.10 2.48 -1.28 2.03 

Bace2 1.75 1.45 -1.88 1.34 

Capzb 1.60 1.34 -1.29 1.49 

Ccl5 1.69 1.39 -1.66 1.77 

E430003j01rik 1.42 1.28 -1.28 1.24 

Esrra 1.26 1.20 -1.75 1.42 

Gsta1 1.66 1.54 -3.66 1.37 

Hist1h1c 1.87 2.37 -1.39 2.57 

Hist1h2bc 1.30 1.53 -1.38 1.88 

Hist1h2be 1.23 1.64 -1.28 1.57 

Hist1h2bf 1.23 1.92 -1.30 1.75 

Hist2h2aa1 1.38 1.26 -1.36 1.24 

Irf9 1.31 1.53 -1.35 1.84 

L3mbtl2 1.47 1.98 -1.53 1.46 

Loc100038882 1.71 1.64 -1.69 1.87 

Loc100048346 1.55 1.63 -1.49 2.46 

Loc634731 1.31 1.56 -1.64 2.00 

Lrrc8a 1.25 1.22 -1.68 1.21 

Mpv17l 1.44 1.26 -1.29 1.30 

Oas1g 1.20 1.58 -1.35 1.93 

Oca2 2.38 2.08 -1.32 2.25 

Rab1 1.31 1.35 -1.92 1.23 

Rbks 1.26 1.25 -1.27 1.68 

Samd9l 1.28 1.67 -1.44 1.25 

Sepw1 1.30 1.43 -1.25 1.52 

St6galnac2 1.55 1.21 -1.41 1.37 

Tbrg4 1.24 1.25 -1.28 1.34 

Usp18 1.65 1.74 -1.77 3.13 

Table 9.  Genes correlating with changes in pigment levels. 

Genes selected showed a fold change of greater than 1.2 in EZH2 siRNA #1, 4 and 
Jarid2 #4 and a change of less than -1.2 in Jarid2 siRNA #1.  
 
 
 
 



Chapter 6. Results 

 

234  

 

 
Figure 6.22. Oca2 mRNA expression on EZH2 and Jarid2 depletion. 

B16 F2 cells were transfected with control, EZH2 or Jarid2 targeted siRNA.  48 hours 
after transfection the cells were lysed and the total RNA extracted for Q RT-PCR 
analysis. Error bars show the standard error of the mean.  Data from at least four 
experiments.  Stars indicate statistical significance in ANOVA test. 
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To test whether the P protein could regulate pigment levels in B16 F2 melanoma, 

cells were depleted of P protein and the colour of the cell pellet analysed.  This 

showed a dramatic loss of pigment levels on loss of P protein expression (Figure 

6.23)  Even treatment with siRNA #3 and 4, which only slightly reduced mRNA 

levels, resulted in very little pigment in the cell pellets . 

 

As Oca2 mRNA levels are regulated by PRC2 components and P protein regulates 

pigment, the hypothesis was that PRC2 regulates P protein resulting in changes in 

pigment levels.  To investigate this hypothesis, P protein and PRC2 components 

were simultaneously depleted and the pigment levels of cell pellets examined.  B16 

F2 cells were transfected with equal amounts of control and EZH2 siRNA or P 

protein smart pool and EZH2 siRNA.  Control cells received control siRNA alone.  

The total amount of siRNA was kept constant.  EZH2 depletion resulted in an 

increase in pigment levels as expected, however concurrent loss of EZH2 and P 

protein decreased pigment compared to control cells (Figure 6.24).  This indicates 

that P protein is required for the increase in pigment observed on EZH2 depletion.   

 

Surprisingly, on depletion of P protein, changes to the cell morphology were 

observed.  P protein depleted cells appeared flatter and had a larger cell area 

(Figure 6.25).  Although the increase in cell area was similar to the EZH2 depletion 

phenotype, the actin phenotype was slightly different, as depletion of P protein 

resulted in an increase in actin cables in the cell.  The change in cell morphology 

was unexpected because although the motile cell population has less pigment, a 

direct link between pigment regulation and the actin cytoskeleton was not 

expected.  However, as P protein is involved in regulating pigment levels and 

depletion results in altered cell morphology, there may be a role for pigment 

associated proteins in control of the actin cytoskeleton. 
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Figure 6.23.  P protein regulates pigment levels in B16 F2 melanoma cells. 

A.  Image showing pigment levels in B16 F2 cell pellets after transfection with control 
or P protein targeted siRNA.  48 hours after transfection the cells were pelleted and 
imaged.  B.  Graph showing Oca2 mRNA levels (encoding for P protein) in B16 F2 
cells 48 hours after transfection with control or P protein targeted siRNA as determined 
by Q RT-PCR.  Error bars show the standard error for three experiments.  Stars 
indicate statistical significance in ANOVA test. 
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Figure 6.24. P protein is required for EZH2 pigment regulation in B16 melanoma 

cells. 

A.  Image showing pigment levels in B16 F2 cell pellets after transfection with 
individual or combinations of control, EZH2 or P protein targeted siRNAs.  Total siRNA 
was kept constant at 100 nmols.  48 hours after transfection the cells were pelleted and 
imaged. 
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Figure 6.25. P protein depletion results in a change of cell morphology. 

A. Images of B16 F2 cells transfected with control or P protein siRNA and plated on 
glass.  Cells were fixed 48 hours after knockdown and stained with phalloidin.  Scale 
bar indicates 25 μm.  B. Quantification of B16 F2 cell area after P protein or control 
knockdown.  Area was quantified manually by drawing around 20 cells in Zen imaging 
software.    
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6.8.4 Identification of PRC2 regulated genes that correlate with 

metastasis 

To try and identify which EZH2 target genes regulate metastasis, the microarray 

data was queried to identify genes that correlated with metastasis.  EZH2 depletion 

with siRNA #1 and 4 in B16 F10 cells resulted in decreased metastasis and Jarid2 

depletion with siRNA #2 and 4 had no effect on metastasis.  However Jarid2 

siRNA#1 resulted in a dramatic increase in metastasis.  Therefore, genes up-

regulated on Jarid2 siRNA #1 depletion and down-regulated on EZH2 siRNA #1 

and 4 depletion were filtered out from the microarray.  The microarray analysis was 

performed in the F2 sub-line and the metastasis assays with the F10 sub-line, but  

this analysis assumes that EZH2 targets will be maintained between the two lines.   

 

The expression of 40 genes correlated with metastasis (Table 10).  Out of these 40 

genes, Actn4, Mcam, Mybl2, Myl12b, Smarce1, Sparc and Srf were chosen 

because they were known cytoskeletal regulators or had previously been 

associated with metastasis.  Their expression levels after EZH2 and Jarid2 

depletion were analysed by Q RT-PCR to confirm the microarray results.  SPARC, 

Alpha actinin-4 and MCAM expression most closely correlated with metastatic 

potential of B16 F10 cells on knockdown of EZH2 and Jarid2 with the individual 

siRNAs (Figure 6.26).  Although the genes were initially chosen based on the 

expression after knockdown with EZH2 siRNA #1, 4 and Jarid2 #1, all genes 

showed an increase in expression after knockdown with EZH2 #2.  As shown 

previously, (Figure 6.16) this siRNA dramatically increases metastasis showing 

good correlation between regulation of these genes and metastasis.  However, only 

MCAM showed a significant reduction in expression on knockdown with EZH2 

siRNA #1 and 4 (Figure 6.26).  As both of these siRNA decrease metastasis, 

MCAM is the most likely candidate to regulate metastasis on PRC2 component 

depletion.   
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 Gene symbol Fold change 

 

EZH2 

#1 

EZH2 #4 Jarid2 

#1 

Jarid2 

#4 
Fam76b -1.26 -1.21 1.26 -1.34 

9430080k19rik -1.41 -1.30 1.26 -1.36 

9830001h06rik -1.24 -1.21 1.43 -1.13 

Actn4 -1.49 -1.21 1.24 -1.04 

Anp32a -1.52 -1.44 1.36 -1.44 

Ddx39b -1.35 -1.38 1.21 -1.02 

Casp2 -1.58 -1.38 1.32 -1.09 

Cdca4 -1.32 -1.24 1.23 -1.03 

Celf2 -1.30 -1.21 1.23 -1.54 

Dennd2a -1.29 -1.28 1.31 -1.30 

E030026i10rik -1.35 -1.32 1.40 -1.12 

Ehbp1l1 -1.22 -1.45 1.37 -1.02 

G3bp1 -1.33 -1.20 1.23 -1.00 

Gm22 -1.37 -1.32 1.44 -1.45 

Hmgb2 -1.24 -1.34 1.25 1.13 

Igfbp4 -1.41 -1.23 1.24 -1.30 

Loc381889 -1.34 -1.25 1.21 -1.02 

Mapre2 -1.41 -1.28 1.32 -1.45 

Mbnl1 -1.28 -1.24 1.58 -1.18 

Mcam -1.58 -1.53 3.66 -1.00 

Mybl2 -1.43 -1.24 1.25 -1.33 

Myl12b -1.30 -1.28 1.40 -1.06 

Ncapd2 -1.38 -1.41 1.24 -1.09 

Nfib -1.29 -1.36 1.80 1.04 

Nrm -1.47 -1.48 1.49 -1.08 

Hmgn5 -1.38 -1.20 1.22 -1.30 

Pabpc1 -1.72 -1.21 1.23 -1.12 

Pias1 -1.32 -1.25 1.30 -1.62 

Polr2a -1.22 -1.31 1.31 -1.02 

Zmynd8 -1.21 -1.21 1.55 -1.27 

Raly -1.26 -1.25 1.25 1.15 

Skp2 -1.50 -1.28 1.50 1.01 

Smarce1 -1.36 -1.43 1.25 -1.06 

Sparc -1.69 -1.28 2.41 -1.51 

Srf -1.41 -1.68 1.50 -1.29 

Suds3 -1.47 -1.49 1.25 -1.42 

Tmsb10 -1.20 -1.57 1.26 -1.06 

Tpm1 -1.35 -1.22 1.29 1.06 

Vgll4 -1.32 -1.56 1.53 -1.02 

Wnk1 -1.33 -1.20 1.23 1.04 

Table 10. PRC2 regulated genes that correlate with metastasis. 

Genes selected showed a fold change of less than -1.2 in EZH2 siRNA #1, 4 and a 
change of greater than 1.2 in Jarid2 siRNA #1.  
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Figure 6.26. SPARC, Alpha-actinin-4 and MCAM expression closely correlates 

with individual EZH2 and Jarid2 siRNA effects on metastasis. 

Graphs showing Sparc, Actn4 and Mcam mRNA levels in B16 F2 cells 48 hours after 
transfection with control, EZH2 or Jarid2 targeted siRNA as determined by Q RT-PCR.  
Data from at least three experiments.  Error bars show the standard error and stars 
indicate statistical significance in ANOVA test. 
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6.9 Chapter summary 

Bioinformatic analysis of the genes up-regulated in the motile B16 F2 population 

identified EZH2 as a potential regulator of motility.  Consistent with EZH2 having a 

role in regulating the motile B16 F2 population, Ezh2 mRNA was up-regulated in 

the Notch reporter high population, a population enriched for motile cells.  EZH2 

levels were also heterogeneous in a number of syngeneic mouse melanoma 

models and in two human melanoma metastases.  EZH2 and other PRC2 

components including Jarid2 regulate B16 F2 cell morphology and the actin 

cytoskeleton through activation of the ERM proteins Ezrin and Radixin (Figure 

6.27).  To test whether EZH2 regulates cell motility and metastasis, the more 

metastatic B16 F10 sub-line was used.  Cells depleted in EZH2 showed tail 

retraction problems and a reduction in cell speed when migrating on Fibronectin in 

vitro.  EZH2 depletion also decreased metastasis although depletion of Jarid2 had 

no effect (Figure 6.27).  This indicates that the PRC2 dependent regulation of ERM 

proteins does not influence metastasis since Jarid2 depletion could decrease ERM 

activation yet had no effect on metastasis. Microarray analysis suggested that 

EZH2 regulation of MCAM may influence the metastatic ability of B16 F10 cells.  

Further support for EZH2’s role in regulating motility and metastasis came from 

overlap analysis of the genes up-regulated in the motile B16 F2 population.  Genes 

positively regulated by EZH2 showed significant overlap with the genes up-

regulated in the motile B16 F2 population.  As EZH2 is currently believed to 

suppress gene expression, EZH2 regulation of these genes may be indirect.  

CHIPSeq analysis is currently underway to differentiate between direct and indirect 

EZH2 targets.  EZH2 depletion resulted in an increase in pigment levels in B16 F2 

cells and this was mediated by an increase in P protein (Figure 6.27).  However, 

the role of the PRC2 component, Jarid2, in regulation of pigment levels was 

unclear.  Consistent with data from ES cells, loss of EZH2 slightly increased 

differentiation markers and loss of Jarid2 slightly decreased differentiation markers 

in B16 F2 cells, although the changes were not significant.   
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Figure 6.27. Summary. 

Schematic showing a summary of the role of EZH2 in B16 melanoma cells.  Details 

in black supported by data in chapter 6 and details in red remain speculative.  

EZH2 silences P-protein expression resulting in reduced pigment levels in EZH2 

high cells.  EZH2 regulates the cytoskeleton and cell morphology through 

regulation of Ezrin and Radixin activation.  EZH2 also positively regulates 

metastasis, possibly through positive regulation of MCAM expression or through 

regulation of the cytoskeleton. 
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Chapter 7. Intra-vital imaging reveals distinct 

tumour vascular zones with different responses to 

Sunitinib 

7.1 Chapter introduction 

The previous chapters have considered heterogeneous melanoma behaviour, in 

particular motility, and melanoma cell properties associated with it.  However, 

stromal components can also influence cancer cell invasion and metastasis 

(Gaggioli et al., 2007; Wyckoff et al., 2004).  The vasculature is an important 

component of the tumour microenvironment, and provides a route for cells to 

metastasise (Zetter, 1998).  It provides oxygen, metabolites and growth factors to 

the tumour and access to these may affect tumour cell behaviour (Folkman, 1971).  

Data from intra-vital imaging suggests breast cancer cells are more motile in 

regions with increased blood vessel density (Wang et al., 2005).  In addition the 

blood vasculature is a novel target for cancer therapy.  Mono-clonal antibodies 

targeting VEGF-A, such as Bevacizumab, or VEGFR-2 inhibitors, such as 

Sorafenib and Sunitinib, have been developed and licensed to treat a variety of 

cancers.  However, treatments have not performed as well as expected and 

numerous clinical trials have indicated no benefit for overall survival (Allegra et al., 

2011).  Furthermore, pre-clinical testing has indicated that anti-angiogenic 

treatments may cause tumours to relapse into a more aggressive state, increasing 

metastasis (Ebos et al., 2009; Paez-Ribes et al., 2009). Therefore the relationship 

between blood vessels and cancer cell motility was investigated further.  The aim 

was to determine whether cancer cell motility is associated with certain vascular 

morphologies or behaviours and whether anti-angiogenic treatments may perturb 

the relationship.  A transgenic mouse with GFP-labelled endothelial cells was used 

to analyse the tumour vasculature of the syngeneic B16 and 5555 models of 

melanoma. 
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7.2  Tumour vascular morphology and dynamic behaviour is 

heterogeneous in vivo 

7.2.1 Intra-vital imaging using VE-Cadherin:GFPCAAX mice provides a 

high resolution dynamic picture of the tumour vasculature 

Current methods to analyse the tumour vasculature include immunohistochemistry 

(Figure 7.1A) and injecting labelled probes into the blood.  Immunohistochemistry 

involves fixing the tumour and cutting thin slices.  Due to fixation any dynamic 

information is lost and artefacts may be introduced during the fixation process.  In 

addition, the technique does not easily allow 3-D analysis of the vasculature.  

Injectable probes, whether fluorescent or radiolabelled, only give information about 

perfused vessels and information about the endothelial cells themselves is not 

easily available. To circumvent these issues, intra-vital imaging was used to 

analyse the tumour vasculature.  Intra-vital imaging allows serial z-sections to be 

imaged to form a 3-D reconstruction.  Additionally time-lapse imaging enables 

dynamic information to be recorded.   

 

VE-Cadherin:GFPCAAX mice were used to visualise the vasculature.  These mice 

were generated by Ralf Adams and have GFP with a membrane targeting CAAX 

box under the control of the VE-Cadherin promoter.  Briefly, cDNA encoding for 

enhanced green fluorescent protein fused to a C-terminal CAAX box was 

introduced by recombineering into the start codon of VE-Cadherin in a PAC clone.  

The resulting construct was used in a circular form for pronuclear injection into 

fertilised mouse oocytes.  Founders, identified by PCR genotyping, were screened 

and, following successful validation, bred into a C57BL/6J background.  VE-

Cadherin expression is limited to endothelial cells and so only the vasculature is 

labelled with membrane GFP.  Sub-cutaneous injection of either B16 F2 or 5555 

melanoma cells with a red fluorescent membrane marker into VE-

Cadherin:GFPCAAX mice allowed visualisation of both the melanoma cells and the 

vasculature using either two-photon or single photon intra-vital microscopy.  This 

enabled analysis ranging from a large scale overview of the tumour 

microenvironment (Figure 7.1 B) to a high magnification look at individual sprouting 

vessels interacting with the ECM (Figure 7.1F).  However, due to the penetration 
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capabilities of single and two-photon lasers, the depth into the tumour that could be 

imaged was limited to around 200μm with a two-photon laser. This is indicated in 

Figure 7.1A by the dashed box showing the limit of intra-vital imaging on a 

immunohistochemical staining. 

 

Injection of the fluorescent probe Angiosense 680 immediately prior to imaging 

tumours in VE-Cadherin:GFPCAAX mice indicated that many of the nascent 

sprouting vessels in the tumour are not perfused. (Compare Figure 7.1C,D and E).  

This highlights the fact that injectable probes do not provide information about the 

entire tumour vasculature network.   
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Figure 7.1 Imaging the tumour vasculature. 

A. Immuno-histochemical staining of B16 F2 tumours using anti-Endomucin antibody to 
identify blood vessels.  Dashed area roughly represents the area possible to image 
with multi-photon intra-vital microscopy.  B. Intra-vital confocal tile image showing 
whole tumour and margin.  C-E. Intra-vital confocal image of angiogenic sprouting 
towards tumour. C. GFP channel showing only vasculature.  D. Infra-red channel 
showing extent of blood flow using Angiosense 680.  E. Merge of red melanoma cells, 
green vasculature and Angiosense 680.  F. Two-photon intra-vital image of a sprouting 
blood vessel with Collagen second harmonic in blue. Intra-vital images show B16 F2 
melanoma cells with red membrane marker in VE-Cadherin:GFPCAAX mice. 
Endothelial cells have green membrane marker.  Scale bar indicates 100μm. 
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7.2.2 Quantification of vascular morphologies reveals distinct zones in 

the tumour environment 

Tile images spanning several hundred microns of B16 F2 melanomas in VE-

Cadherin:GFPCAAX mice suggested that different vessels in the same tumour had 

different morphologies (Figure 7.1).  To further characterise the vessel 

morphologies, images of numerous vessel areas in several tumours were taken 

using a 20x objective (3D reconstructions shown in Supplementary movies 8 and 

9).  Images were characterised into tumour or margin depending on the presence 

or absence of tumour cells.  Healthy vessels were analysed on the alternative flank 

to the tumour as a control.  A number of morphometric parameters were analysed 

for each image.  The parameters chosen were based on conventional parameters 

used to define vascular morphology with a focus on aspects of morphology known 

to be abnormal in the tumour vasculature.  Tortuosity was calculated by measuring 

the arc length and chord length of a vessel and dividing the arc length by chord 

length (Figure 7.2A).  Branch points were measured by counting the number of 

branch points and dividing by the vessel length to get a number of branch points 

per vessel length (Figure 7.2A).  Blunt ends were measured by counting the 

number and dividing by the vessel area (Figure 7.2A). Vessel area was calculated 

by thresholding on the GFP signal for the image and using image analysis software 

to measure the area.  Variation in vessel width was calculated by measuring the 

vessel width every 15μm along a 150μm vessel section.  The mean and standard 

deviation of vessel width were determined for the 150μm section and variation in 

vessel width was calculated by dividing the standard deviation by the mean (Figure 

7.2A). 

 

The morphological data for individual vascular networks was then subject to 

hierarchical clustering to create a cluster dendrogram (Figure 7.2 B). The distance 

along the arms in the dendrogram represents the degree of similarity in morphology 

between vascular networks, with smaller distances indicating increased similarity. 

This analysis revealed three predominant classes of vascular organisation: one 

class was dominated by healthy tissue (Figure 7.2 B cluster 1), the second by 

vessels from the tumour margin (Figure 7.2 B cluster 2), and the third included both 

tumour vessels and some tumour marginal vessels (Figure 7.2 B cluster 3). The 
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margin vascular networks fell into two distinct clusters (cluster 2 and 3), which 

shows that there are two distinct types of vascular networks found at the tumour 

margin. The vascular networks at the tumour margin in cluster 2, were the least 

similar to any other group and were characterised by increased tortuosity and 

variation in vessel width. The margin networks in cluster 3 were characterised by 

increased branch points and vessel ends. 

 

Further analysis of tile images of B16 F2 tumours indicated that the distinct margin 

regions may be related to distance to tumour (Figure 7.3 and Supplementary movie 

10).  However, it is difficult to conclusively show the relationship between distance 

to tumour and vascular morphology due to the curvature of the tumour and the 

distance limit of imaging.  The distinct vascular zones were thereby labelled 

immediate margin and peripheral margin.  The peripheral margin refers to the most 

morphometrically abnormal zone (cluster 2 in Figure 7.2) and the immediate margin 

(cluster 3 in Figure 7.2) refers to the zone with similar morphology to tumour 

vasculature.   
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Figure 7.2 Quantification of vascular morphology reveals distinct margin 

regions. 

A.  Schematic showing parameters quantified; tortuosity, number of branch points per 
vessel length, number of blunt ended vessels (tip cells), variation in vessel width.  B.  
Hierarchical cluster dendrogram of vessels based on the four morphometric 
parameters.  3 individual clusters are designated by the dashed lines. Clustering using 
Ward’s criterion and Euclidean distance.  Multiple images for each region are shown by 
coloured letters, tumour regions with a red “T”, margin regions with an orange “M” and 
healthy regions with a green “H”.  Numerous representative vessels were quantified in 
each image and images from at least 3 mice used for each region. Healthy regions 
were imaged in skin on opposite flank to tumour growth. 

 

 



Chapter 7. Results 

 

251  

 

 
Figure 7.3 Two zones with distinct vascular morphology exist within the tumour 

margin. 

Intra-vital tile image of B16 F2 melanoma in VE-Cadherin:GFPCAAX mouse.  B16 F2 
melanoma cells have red membrane marker.  Additional auto-fluorescent cells, 
potentially phagocytic macrophages, can be seen in the red channel in both margin 
zones. Endothelial cells have green membrane marker.  Scale bar indicates 50μm. 
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Images illustrating vascular morphology in the different zones are shown in Figure 

7.4.  The main characteristics of the peripheral margin are high tortuosity and a 

large variation in vessel width. The immediate margin has the most branch points 

and a high density of blunt ends, very similar to the tumour (Figure 7.5). 

 

To test if the vascular morphologies observed in B16 F2 melanoma were a more 

general phenomenon, vascular morphology was also quantified in different areas of 

sub-cutaneous 5555 melanomas.  This also indicated that there were differences in 

morphology in different margin areas, again highlighting the increased tortuosity 

and variation in vessel width in the peripheral margin (Figure 7.5). However values 

for tortuosity and variation in vessel width were not as high as in the B16 model.  

The 5555 model also had a high number of branch points and blunt ends in the 

intermediate margin and tumour (Figure 7.5).  In the 5555 model the intermediate 

margin had the most blunt ends whereas in the B16 model the tumour had the 

most blunt ends, potentially indicating a slower angiogenic response in 5555 

tumours. 
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Figure 7.4 Heterogeneity in vascular morphology in different tumour 

environments. 

 
Intra-vital images of vasculature from VE-Cadherin:GFPCAAX mice with sub-
cutaneous B16 F2 melanoma tumours.  A.  Healthy skin was imaged on adjacent flank 
to the tumour.  B. Peripheral margin.  C. Immediate margin. D. Tumour.  Endothelial 
cells have green membrane marker.  Scale bar indicates 50μm. 
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Figure 7.5 Quantifcation of vascular morphometric parameters in two melanoma 

models. 

Graphs of morphometric variables A. Tortuosity, B. Branch points, C. Blunt ends and 
D. Variation in vessel width.   Vessels were quantified in the four distinct vascular 
zones in both B16 and 5555 BRAFV600E melanomas grown in syngeneic C57Black6 
mice.  Numerous representative vessels were quantified in each image and images 
from at least 3 mice used for each region. Error bars show standard errors.  Stars 
indicate a p-value <0.05 in a one-way ANOVA with a post-test to compare against 
Healthy vessels. 
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7.2.3 Intra-vital imaging reveals heterogeneous dynamic endothelial cell 

behaviour 

To analyse the dynamic behaviour of tumour associated endothelial cells 3-D z-

stacks of the vasculature were taken every minute for a period of 20-30 minutes.  

Movies of healthy, peripheral margin, immediate margin and tumour vasculature 

were analysed.  This indicated a number of dynamic cellular behaviours (Figure 

7.6). Two different types of protrusions were observed; filopodia-like 

(Supplementary movie 11) and bleb-like (Supplementary movie 12), and these 

could be either intra- or extra-luminal.  Endothelial cells were observed moving 

within the vessel walls (Supplementary movie 13).  Unexpectedly, they were also 

observed using a rounded mode of motility (Supplementary movie 14), reminiscent 

of amoeboid cancer cell motility, to move within the tumour distant to vessels at 

speeds of about 35 μm/hour. 

 

Quantification of dynamic behaviour by counting the number of events and 

normalising to the vessel area revealed that, as expected, the healthy vessels were 

relatively quiescent with little dynamic behaviour.  The peripheral margin was the 

most dynamic (Figure 7.7A).  This correlates with the peripheral margin also having 

the most abnormal morphology.  Dynamic activity in the peripheral margin was 

characterised by cell protrusions (Figure 7.7).  The immediate margin and tumour 

had similar levels of dynamic activity, although the types of behaviours differed 

slightly.  Vessels in the immediate margin had more protrusions where as tumour 

vessels had increased motility both within the vessel and distant to it (Figure 7.7).  

The dynamic information confirms that vessels in distinct vascular zones based on 

morphology, also have distinct dynamic behaviour.   
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Figure 7.6 Dynamic endothelial cell behaviour in vivo. 

A Filopodia-like protrusions.  Stills taken from a movie at time 0, 4 and 9 minutes.  
Arrowheads indicate filopodia-like protrusion from tip cell and stars indicate filopodia 
retraction.  Scale bar indicates 20 μm.  B. Bleb-like protrusions. Stills taken from a 
movie at time 0, 13 and 25 minutes.  Arrowhead indicates a bleb-like protrusion from a 
vessel.  Scale bar indicates 20 μm. C.  Intra-vessel wall motility.  Stills taken from a 
movie at time 0, 18 and 38 minutes.  Arrow indicates collective movement of 
endothelial cells within the vessel wall and yellow dashed line indicates extent of 
movement.  Scale bar indicates 20 μm.  D. Endothelial cell motility distant to vessels.  
Stills taken from a movie at time 0, 12 and 28 minutes.  Arrowheads indicate two 
different motile endothelial cells.  Scale bar indicates 50 μm. Endothelial cells have 
green membrane marker.   
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Figure 7.7 Quantification of dynamic behaviours in different vascular zones. 

A.Graph showing total number of dynamic events in distinct vessel regions.  Dynamic 
events measured by intra-vital time-lapse imaging and given as an average over the z-
stack.  Graphs showing prevalence of different dynamic events; B. Protrusions, C. 
Intra-vessel wall motility, D. Endothelial cell motility distant to vessel, in distinct vessel 
regions. At least 8 movies analysed from 4 mice for each region.  Error bars show 
standard errors.  Stars indicate a p-value < 0.05 in ANOVA statistical tests and ns is 
not significant. 
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7.3 Melanoma cell motility correlates with aspects of vascular 

morphology and dynamics 

Chapter three discussed the heterogeneity in melanoma motility in vivo.  

Differences in motile behaviour could be a result of the microenvironment and after 

determining heterogeneity in morphology and dynamics of the vasculature in vivo, 

the correlation between vasculature and melanoma cell motility was investigated.  

Melanoma cell motility, vessel density and the previously described morphological 

and dynamic parameters were measured simultaneously in twenty different tumour 

time-lapse movies.  Parameters were averaged to get a value for the whole volume 

of the z-stack movie.  Z-stacks were typically 20μm deep.  Initially cancer cell 

motility was plotted against vessel area to determine if there was a simple 

correlation between the extent of vascularisation and melanoma motility.  Statistical 

tests did not reveal a significant correlation between melanoma cell motility and 

vessel area (Figure 7.8). 

 

To determine if melanoma cell motility correlated with morphological features of the 

vasculature, levels of cell motility was arbitrarily divided into six groups from no 

cancer cell motility to high (>120 cells moving per sqmm tumour) and given a 

colour from white, through pink to red for high melanoma cell motility.  This was 

then overlaid onto the dendrogram generated through hierarchical clustering of 

vascular morphology. Tumour areas in the dendrogram were thereby represented 

by a measure for melanoma cell motility in the same region.  This revealed that 

even though the clustering was performed using morphological parameters, tumour 

regions with high melanoma cell motility were within the same cluster (Figure 7.9). 

Furthermore, tumour vascular networks fell into two main sub-clusters based on 

morphology, sub-cluster A and B (shown in Figure 7.9) and sub-cluster A had 

statistically higher melanoma motility than sub-cluster B.  This suggests that there 

is a link between overall vascular morphology and levels of melanoma cell motility. 
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Figure 7.8 Melanoma cell motility does not correlate with vessel area 

Plot of cancer cell motility vs vessel area.  Cancer cell motility and vessel area 
measured in the same intra-vital z-stack time-lapse movie.  Cancer cell motility given 
as an average over the z-stack.  Vessel density measured by thresholding green 
endothelial cell channel and given as an average over the z-stack.  Time-lapse movies 
from 7 mice analysed. 
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Figure 7.9 Melanoma cell motility correlates with vascular morphology. 

A. Hierarchical cluster dendrogram of vessel morphology.  Tumour regions have been 
replaced with relative cancer cell motility metric on a white to red scale.  White 
represents no motile cancer cells and red represents high cancer cell motility with > 
120 motile cancer cells per sqmm of tumour.  Melanoma cell motility measured by 
counting the number of motile cells from a 20 minute intra-vital timelapse movie and 
averaging over the z-stack.  20 timelapse movies from 7 mice analysed. B. Graph 
showing average motile melanoma cells for tumour areas in sub-clusters A and B. Star 
indicates p-value <0.05 in t-test.  
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To determine which morphological, and in addition whether dynamic characteristics 

of the vasculature correlated with high melanoma cell motility, each parameter was 

correlated to melanoma cell motility using data from 20 tumour areas.  In addition, 

each morphometric and dynamic parameter was correlated with each other to look 

for interesting correlations between the characteristics.  The correlations used the 

Spearman co-efficient which is robust to non-parametric parameters.  The 

correlations showed potential links between melanoma cell motility and endothelial 

cell intra-vessel wall motility, endothelial bleb-like extra-luminal protrusions and 

variation in vessel width ( 

Table 11).  The correlation p-values are not corrected for the large number of 

correlations and due to the small sample size (20 data points) the correlations can 

only be considered as potential links between the two variables.  Interesting 

relationships from the matrix were subsequently plotted against each other (Figure 

7.10).  Endothelial intra-vessel wall motility and endothelial bleb-like extra-luminal 

protrusions both show correlation with melanoma cell motility, but also with each 

other.  To determine if there was a relationship between endothelial intra-vessel 

wall motility and endothelial bleb-like extra-luminal protrusions to melanoma cell 

motility, model fitting was carried out using both standard linear regression and 

robust linear regression, which is more robust to outliers.  Models that included 

various combinations of linear terms and quadratic and cubic interaction terms 

were considered.  Interaction terms suggest that the relationship between one 

interacting variable and the dependent variable is reliant on the second interacting 

variable.  Hypothesis tests using ANOVA were carried out to deduce which model 

is the most significant.  The model that fitted the data best is given by 

M = β0+ β1I + β2B +β3I
2B 

where M is the melanoma cell motility, I is the intra-vessel wall motility and B is the 

bleb-like extra-luminal protrusions. βs are fitted parameters.  The fitted model 

indicates that the effects between the two independent variables on melanoma cell 

motility are not additive, but that there is a cubic interaction between them. Hence 

these two variables may describe a permissive environment for melanoma motility. 
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The correlations suggested a link between endothelial cell intra-vessel wall motility 

and extra-luminal bleb-like protrusions ( 

Table 12).  Both protrusions and endothelial cell motility are driven by VEGF-A 

(Rousseau et al., 2000) (Gerhardt et al., 2003) and as both of these parameters 

correlate with melanoma cell motility, melanoma motility may be increased in 

regions of high VEGF-A (see Discussion for alternative hypotheses).  A further 

interesting point is that bleb-like and filopodia-like protrusions are negatively 

correlated.  This suggests that these distinct protrusions form in different 

microenvironments potentially as a result of different growth factor stimulation. 
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Variable One Variable Two Spearman Correlation 

Coefficient (Robust to 

non-Gaussian) 

Spearman 

Correlation p-

value 

Melanoma 

Cell Motility 

Intra-vessel Wall 

Motility 

0.59 0.006545 

Melanoma 

Cell Motility 

Extra Luminal 

Protrusions (Bleb-

like) 

0.55 0.01200 

Melanoma 

Cell Motility 

Variation in vessel 

width  

0.46 0.04423 

 

Table 11 Correlations between dynamic and morphological parameters and 

melanoma cell motility. 

Spearman correlations were performed for each variable against melanoma motility.  
Correlations with p-value <0.05 are shown.  No p-value correction for the number of 
correlations performed. 
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Variable 

One 

Variable Two Spearman Correlation 

Coefficient (Robust to non-

Gaussian) 

Spearman 

Correlation p-

value 

Intra-vessel 

Wall Motility 

Extra Luminal 

Protrusions (Bleb-

like) 

0.65 0.001942 

Extra 

Luminal 

Protrusions 

(Filopodia) 

Extra Luminal 

Protrusions (Bleb-

like) 

-0.56 0.009441 

Blunt Ends Sum of Extra 

Luminal 

Protrusions 

0.54 0.01384 

Extra 

Luminal 

Protrusions 

(Filopodia) 

Branch Points 0.51 0.02280 

Variation in 

vessel width 

Sum of Intra 

Luminal 

Protrusions 

0.49 0.02713 

 

Table 12 Correlation matrix for morphometric and dynamic parameters. 

Spearman correlations were performed for each dynamic and morphological variable 
against each other.  Correlations with p-value <0.05 are shown.  No p-value correction 
for the number of correlations performed. 
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Figure 7.10 Melanoma cell motility correlates with specific endothelial dynamic 

behaviour 

Graphs showing motile melanoma cells vs A. Endothelial cell intra-vessel wall motility, 
B. Endothelial cell bleb-like extra-luminal protrusions and C. Index of variation in vessel 
width.  Melanoma cell motility and dynamic behaviours measured in the same intra-
vital z-stack time-lapse movie and given as an average over the z-stack.  20 time-lapse 
movies from 7 mice analysed. 
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7.4 Sunitinib anti-angiogenic therapy decreases tumour 

growth but vascular response is heterogeneous in vivo 

7.4.1 Sunitinib decreases vascular density and tumour growth in the B16 

melanoma model 

Results outlined in the previous section indicated a correlation between vascular 

morphology and dynamics and melanoma cell motility.  Therefore Sunitinib, an anti-

angiogenic drug, was used to try and perturb the vasculature and look at the effects 

on melanoma cell motility.  B16 F2 melanoma cells were injected sub-cutaneously.  

When the tumour was palpable, 40 mg/kg of Sunitinib or DMSO vehicle control was 

administered daily by oral gavage.  During this time tumour length and width were 

measured using callipers and tumour volume was calculated.  Mice were treated 

for three to four days and then imaged immediately following a Sunitinib/DMSO 

injection.  After imaging, tumours were fixed in 10 % neutral buffered saline 

overnight and subjected to immunohistochemical staining to analyse vessel 

density. 

 

Treatment with 40 mg/kg Sunitinib treatment significantly decreased the vessel 

density of B16 F2 melanoma (Figure 7.11) confirming the anti-angiogenic 

capabilities of the drug.  Treatment also slowed the growth of sub-cutaneous B16 

melanomas and significantly reduced the increase in tumour volume during the 

treatment period (Figure 7.12).  
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Figure 7.11 Sunitinib decreases vessel density in B16 F2 melanoma. 

A. Representative immunohistochemical staining of vessels in DMSO vehicle control or 
40 mg/kg Sunitinib treated tumours. A subset of the tumours analysed in Figure 7.12  
B.  Graph showing tumour vessel area after 4 days treatment. Vessel area measured 
by immunohistochemical staining of paraffin fixed tumour sections using anti-
Endomucin and subsequent area analysis using Volocity software. 3 separate images 
analysed per tumour section and 4 tumours used for each treatment.  Star indicates p-
value of <0.05 in statistical t-test. Error bars show standard errors. 
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Figure 7.12 Sunitinib decreases B16 melanoma growth in vivo. 

A. Tumour growth for DMSO vehicle control tumours (black line) and Sunitinib treated 
tumours (red-line).  Tumours were treated from Day 10 when the tumour became 
palpable.  B. Change in tumour volume over the treatment period for DMSO vehicle 
control and Sunitinib treated tumours.  Tumour volume calculated from ½(length x 
width2) with 7 mice in each cohort. Star indicates p-value of <0.05.  Error bars show the 
standard error. 
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7.4.2 Sunitinib treatment does not affect B16 F2 melanoma cell motility in 

vivo 

To try to determine if there is a causal relationship between the vasculature and 

melanoma cell motility, the number of motile cells was determined in DMSO or 

Sunitinib treated tumours.  The number of motile cells in Sunitinib treated tumours 

was not significantly different to DMSO vehicle control tumours.  In addition the 

relationship between number of motile melanoma cells and vessel area did not 

differ between the treatments.  This suggests that at least in the relatively short-

term (three to four days) Sunitinib does not affect melanoma cell motility.  However, 

as discussed in the forthcoming sections, the response of the vasculature in 

regions image-able by intra-vital microscopy was not as expected.  Therefore it is 

difficult to comment on the link between vascular morphology and dynamics and 

melanoma cell motility. 
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Figure 7.13 Sunitinib does not affect melanoma cell motility. 

A. Number of motile cancer cells measured by intra-vital time-lapse imaging in DMSO 
vehicle control or Sunitinib treated tumours using a subset of the tumours analysed in 
Figure 7.12. Tumours treated for 3-4 days prior to imaging and immediately before 
imaging.  Each data point indicates a single movie.  NS indicates no significant 
difference in statistical t-test. Error bars show standard errors.  B. Plots of vessel 
density vs cancer cell motility for DMSO vehicle control tumours and Sunitinib treated 
tumours. Cancer cell motility and vessel density measured in the same intra-vital z-
stack time-lapse movie.  Cancer cell motility is given as an average over the z-stack.  
Vessel density was measured by thresholding green endothelial cell channel and is 
given as an average over the z-stack.  
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7.4.3 Vessels in the tumour margin are resistant to Sunitinib anti-

angiogenic therapy 

Time-lapse intra-vital movies of the vasculature after DMSO vehicle control or 

Sunitinib treatment enabled analysis of the response of tumour associated 

vasculture to anti-angiogenic treatment.  Although Sunitinib treatment significantly 

decreased vessel area and tumour growth, there was not a significant difference in 

dynamic behaviour on Sunitinib treatment.  However, there was a trend towards 

fewer protrusions, and less endothelial cell motility, whether within the vessels or 

distant to it (Figure 7.14). 

 

Previous data had shown distinct vasculature zones based on dynamics and 

morphology.  The response of the different zones to Sunitinib was assessed based 

on the number of endothelial cell protrusions.  This was used as a read-out of the 

angiogenic response because angiogenic factors are known to promote filopodia 

and tip-cell sprouting (Gerhardt et al., 2003).  Vessels in the tumour showed a 

significant decrease in endothelial cell protrusions on Sunitinib treatment (Figure 

7.15).  However, vessels in the two tumour margin zones, as well as vessels in the 

margin as a whole, did not show a significant difference in number of protrusions 

on Sunitinib treatment.  This suggests that vessels in the margin are still 

responding to angiogenic factors and exhibiting an angiogenic response, even in 

the presence of the anti-angiogenic drub Sunitinib.  It also explains why that when 

considering all vessels together there is no significant difference in the number of 

protrusions between DMSO and Sunitinib treated tumours. 

 

Immunohistochemistry revealed a decrease in tumour vessel area after Sunitinib 

treatment and this correlates with the decrease in protrusions in tumour vessels 

seen by intra-vital imaging.  A closer look at the immunohistochemical staining 

revealed similar Endomucin staining at the margins of both DMSO and Sunitinib 

treated tumours confirming these vessels may be resistant to Sunitinib (Figure 

7.16). 
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Figure 7.14 Quantification of endothelial cell dynamics in DMSO and Sunitinib 

treated tumours. 

A.  Extra and intra-lumenal protrusions, B. Endothelial cell intra-vessel wall motility  C. 
Endothelial cell motility distant to vessels. NS indicates no significant difference in 
statistical t-test. Endothelial cell dynamics measured using intra-vital timelapse 
imaging.  Quantification of at least 7 movies from 4 mice.  Error bars show standard 
errors. 
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Figure 7.15 The tumour margin is resistant to Sunitinib anti-angiogenic therapy. 

Breakdown of endothelial cell protrusions based on vessel region. A Tumour regions, B 
immediate margin C. peripheral margin and D. Collation of margins.  Star indicates p-
value of <0.05 in statistical t-test and ns indicates no significant difference. 
Quantification of atleast 7 movies from 4 mice. Error bars show standard errors 
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Figure 7.16 Tumour margin vessels persist during Sunitinib treatment. 

Immunohistochemical staining of vessels in the margin using anti-Endomucin in DMSO 
vehicle control and Sunitinib treated tumours.  Scale bar indicates 100 μm. 
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One prediction of the heterogeneous vascular response to Sunitinib is that the 

tumour cell response would also be heterogeneous.  Melanoma cells at the edge of 

the tumour may still be receiving oxygen and nutrients due to the resistant vessels 

in the margin.  To test this prediction, DMSO vehicle control and Sunitinib treated 

tumours were stained for cleaved Caspase-3 to show melanoma cells undergoing 

apoptosis.  Quantification of the area of cleaved Caspase-3 staining demonstrated 

a decrease in melanoma cell apoptosis at the tumour edge in both DMSO and 

Sunitinib treated tumours.  However this was only significant in Sunitinib tumours 

(Figure 7.17).  In addition Sunitinib treated tumours showed a slight increase in 

apoptosis in the tumour centre when compared to DMSO vehicle control tumours, 

but apoptosis at the tumour edge was actually decreased in Sunitinib tumours 

(Figure 7.17).  This demonstrates that in Sunitinib treated tumours melanoma cells 

at the edge of the tumour are protected from apoptosis potentially due to the 

Sunitinib resistant vessels that are still able to provide oxygen and nutrients to the 

very outer parts of the tumour.  
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Figure 7.17 Heterogeneous melanoma response to Sunitinib. 

Immunohistichemical staining of cleaved Caspase 3 in A. DMSO vehicle control and B. 
Sunitinib treated tumours using a subset of the tumours analysed in Figure 7.12.  Scale 
bar indicates 250μm.  C. Caspase 3 signal area in tumour centre and tumour margin 
for DMSO vehicle control and Sunitinib treated tumours.  Immuno-histochemical 
staining of paraffin fixed tumour sections using anti-cleaved Caspase-3 and 
subsequent area analysis using Velocity software. Tumour edge defined as outer 
200μm of tumour area as visible by hematoxylin and eosin staining.  Caspase 3 
staining area normalised to area of margin or tumour centre for individual section. 3 
separate images analysed per tumour section and 4 tumours used for each treatment.  
Star indicates p-value of <0.05 in statistical t-test. Error bars show standard errors. 
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7.4.4 Tumour margins are enriched for stromal cells and have increased 

MMP activity 

Previous reports indicate that response to anti-angiogenic therapy may depend on 

the pericyte coverage of vessels (Bergers et al., 2003).  To investigate whether 

vessels in the margin had different pericyte coverage, tumours were stained for the 

pericyte markers NG2 and α-SMA.  There was little difference between pericyte 

staining in the tumour margin and tumour interior (Figure 7.18) suggesting that 

differences in response to Sunitinib were not as a result of pericyte coverage. 

 

Many different cell-types in the tumour can promote angiogenesis and a 

heterogeneous distribution may provide a reason for the heterogeneous vascular 

response to Sunitinib.  To test whether there was an increase in stromal cells at the 

tumour margins, B16 melanoma tumours were stained for a variety of stromal cell 

markers using immunohistochemistry.  Endomucin staining helped to highlight the 

tumour margin due to the increase in vessels at the very edge of the tumour.  F4/80 

staining showed a concurrent increase in macrophages at the tumour margin 

(Figure 7.19).  Additionally, the tumour margin was enriched for both CAFs 

indicated by α-SMA positive cells not associated with vessels, and T-lymphocytes 

(Figure 7.19).  Both CAFs and macrophages are known to be pro-angiogenic and 

so these stromal cells in the tumour margin may provide VEGFR-2 independent 

pro-angiogenic signals.  Alternatively, the sheer number of cells pro-angiogenic 

cells in the margin may result in a less effectual inhibition of angiogenesis by 

Sunitinib.   
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Figure 7.18 Vessels in the tumour margin and tumour interior have similar 

pericyte coverage. 

Immunohistochemical staining of vessels in tumour margin and interior.  Endomucin 
indicates presence of vessels and NG2 and α-SMA indicate extent of pericyte 
coverage.  Scale bar indicates 100μm. 
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Figure 7.19 Stromal cells are enriched at the tumour margin. 

Immunohistochemical staining of B16 melanomas for various stromal cells.  
Endomucin indicates blood vessels.  F4/80 is a marker for macrophages. α-SMA is a 
marker for both pericytes and cancer-associated fibroblasts. CD3 is a marker for T-
lymphocytes.  Scale bar represents 250 μm. 



Chapter 7. Results 

 

280  

 

In vivo pro-angiogenic growth-factors, such as VEGF-A, bind the ECM and a 

common mechanism of activation is cleavage by proteases (Lee et al., 2005).  

Stromal cells, including CAFs and macrophages, secrete proteases and for this 

reason the level of protease activity was investigated in the different vascular zones 

in vivo.  Protease activity was determined with MMPsense 680, an injectable probe 

that is only activated after protease cleavage.  MMPsense 680 was injected 6-8 

hours before imaging and activity in different vascular zones was compared with 

healthy vessels on the alternate flank to the tumour.  Very little fluorescence was 

detected in and around healthy vessels (Figure 7.20).  However, high levels of 

fluorescence were found around the tumour, particularly in the peripheral margin 

zone and to a lesser extent in the intermediate margin.  Some signal in the 

peripheral margin looked to be coming from phagocytic macrophages.  

Fluorescence signal dropped off in the tumour itself (Figure 7.20).  This suggests 

that there is increased protease activity in the margins and supports the notion that 

stromal cells in the margin provide angiogenic signals, potentially by activating 

ECM bound factors through protease function, to enable an angiogenic response 

even in the presence of Sunitinib. 
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Figure 7.20 Tumour margins have increased protease activity. 

Confocal images of different vascular zones showing protease activity.  Endothelial 
cells have green membrane marker, B16 F2 melanoma cells with red membrane 
marker and protease activity shown in purple using MMPsense 680.  Extent of the 
tumour indicated by white dashed line.  First tile and immediate margin images the 
scale bar represents 250 μm. Peripheral margin and healthy vessel images the scale 
bar represents 30 μm. 
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7.5 Longitudinal analysis of the tumour vasculature 

Intra-vital imaging of sub-cutaneous tumours using the skin-flap method is limited 

to one imaging session per tumour. For that reason, information regarding the 

development of the tumour vasculature over a number of days is lost.  Imaging 

windows enable day-after day imaging of the tumour microenvironment and may 

help to provide temporal links between the different vascular zones.  In 

collaboration with Dr Jacco van Rheenen in Utrecht, I set-up the use of imaging 

windows for repeated imaging of sub-sutaneous melanoma. 

 

Imaging windows were made of titanium, a lightweight yet strong metal that is 

biologically inert.  Coverslips were glued on to the window frame the day before 

implantation (Figure 7.21).  After the glue had set the window was placed in 70 % 

ethanol overnight for sterilisation.  On the day of surgery, mice were given an 

analgesic and anaesthetised.  A small incision was made lengthways in the skin of 

the animal, large enough to accommodate the window.  Sutures were made around 

the outside of the incision, similar to a running stitch, so that when the ends were 

pulled tight the skin was drawn into a groove on the outside of the window.  This 

left the skin snug to the window.  Immediately following the surgery, B16 F2 

melanoma spheroids in 100 % matrigel were injected underneath the window.  4-5 

days after surgery the tumour environment underneath the window was imaged 

every day until the tumour became too large.   

 

Immunohistochemical staining for stromal cell markers revealed a similar 

microenvironment in tumours grown under the window and those grown sub-

cutuaneously (Figure 7.22).  There was a slight increase in the F4/80 staining in 

window tumours but this may be due to the initial surgical procedure.  The staining 

showed fewer Endomucin positive vessels in the tumour bulk, however, window 

tumours were smaller than sub-cutaneous tumours when removed.  It is likely that 

this difference in tumour size accounted for the decrease in tumour vessels as 

endomucin staining was seen around the margins of window tumours. 
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Figure 7.21 Imaging window experimental outline. 

A. Schematic of experimental approach for window imaging experiments.  B.  Image 
showing window implanted in VE-CADherin:GFPCAAX mouse with B16 melanoma 
growing under window. 
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Figure 7.22 Sub-cutaneous tumours and tumours grown under imaging windows 

have similar stromal components. 

A.  Haemotoxylin and eosin staining of a window tumour to show orientation.  White 
box indicates area represented in B.  Scale bar represents 200 μm.  B.  
Immunohistochemical staining of a sub-cutaneous tumour or tumour grown under 
imaging window for various stromal cell markers.  F4/80 stains macrophages.  α-SMA 
marks cancer associated fibroblasts and pericytes.  Endomucin stains endothelial cells 
and CD3 marks T cells.  Scale bar indicates 150 μm. 
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7.5.1 Tumour angiogenesis in the B16 model occurs through a similar 

mechanism to developmental sprouting angiogenesis 

The tumour vasculature is thought to arise through at least two possible 

mechanisms, sprouting of new vessels from existing ones, or co-option of existing 

vessels in to tumour vessels (Carmeliet and Jain, 2011a).  Although intra-vital 

imaging using the skin-flap method revealed blunt-ended vessels pointing in the 

direction of the tumour suggestive of vascular sprouting, this was not conclusive.  

To further investigate whether tumour vessels in the B16 melanoma model arise 

from sprouting angiogenesis, window analysis of B16 melanoma in VE-

Cadherin:GFPCAAX, involving repeated imaging of the same tumour area, was 

performed.  The same vessels could be tracked over time and this showed a clear 

angiogenic front, consisting of tip cells, growing towards the tumour and eventually 

totally surrounding the tumour (Figure 7.23).  This indicates that sprouting 

angiogenesis is the main source of tumour-associated vasculature in B16 

melanoma.   

 

A more detailed analysis of angiogenic front progression and sprouting 

angiogenesis in B16 melanoma revealed striking similarities to developmental 

sprouting angiogenesis.  Sprouting vessels were seen to extend and grow and 

were frequently seen to branch (sprouts a,b and f in Figure 7.24).  Individual 

sprouts were measured and the rate of extension was calculated to be 186 μm per 

day (Figure 7.25).  Vessel branching is a response to angiogenic factors such as 

VEGF or FGF family members and helps to increase the vascular network 

(Carmeliet and Jain, 2011a).  Therefore vessel branching in the tumour 

environment increases the tumour volume receiving oxygen and other factors from 

the blood.  Anastomosis is the process of connection between two branches of the 

vascular network (Fantin et al., 2010).  It helps to form a functional vascular 

network by forming new circuits.  Anastomosis was also observed between two 

neighbouring nascent sprouts during tumour angiogenesis (Figure 7.26).  Similar to 

developmental anastomosis (Fantin et al., 2010), the tip cells protruded filopodia 

towards each other before fusion ( 

Figure 7.27).   
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Later steps in developmental vascular patterning include vessel remodelling and 

pruning.  Branch point migration, a form of vessel remodelling, was observed in the 

B16 melanoma tumour vasculature (Figure 7.28).  Vascular remodelling is thought 

to be dependent on blood flow (Lucitti et al., 2007) and the vessels undergoing 

remodelling were large vessels within the tumour.  Therefore it is likely that blood 

flow was present in these vessels.  The process of vessel pruning was difficult to 

observe and the evidence for it was not clear.  This was due to the fast growth of 

B16 melanoma cells and the fact that it occurs later during vascular patterning.  

After just a day in the late stages of tumour development, it was not clear whether 

the same z-sections were being imaged.  However, a noticeable decrease in vessel 

density, suggestive of vessel pruning, was observed. 



Chapter 7. Results 

 

287  

 

 

Figure 7.23 Advance of the tip-cell rich angiogenic front towards the tumour. 

Image series of tumour-associated vasculature from days 6 to 12 after injection of 
melanoma cells.  The dotted line indicates the angiogenic front, note the advancement 
towards the tumour over time.  B16 F2 melanoma cells in red and endothelial cells 
shown in green.  Images show a region 1000 μm by 800 μm. 
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Figure 7.24 Sprout extension and branching during angiogenesis in B16 

melanoma. 

Image series of tumour-associated vasculature from days 8 to 11 after injection of 
melanoma cells.  Letters indicate the same sprout in sequential images.  Note the 
increasing length of sprouts over time and branching behaviour of sprouts a,b and f.  
B16 F2 melanoma cells in red and endothelial cells shown in green.  Images show an 
area 1.3 mm by 2 mm. 
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Figure 7.25.  Quantification of the rate of sprout extension. 

6 individual sprouts were tracked between 2 and 4 days and their length measured 
every day.  Individual data points show daily extension rate.  Error bars show the 
standard error of the mean. 
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Figure 7.26 Anastomosis between two neighbouring vessels. 

Image series of tumour-associated vasculature from days 8 to 11 after injection of 
melanoma cells.  “A” marks sites of vessel anastomosis. B16 F2 melanoma cells in red 
and endothelial cells shown in green.  Images show an area 1 mm by 1 mm. 
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Figure 7.27 Tip cells protrude filopodia towards each other before anastamosis. 

Confocal image of B16 F2 melanoma spheroids in a VE-Cadherin:GFPCAAX mouse.  
B16 F2 melanoma cells have red membrane marker.  Endothelial cells have green 
membrane marker.  Yellow is overlap of two channels and most likely represents auto-
fluorescent phagocytic cells.  Scale bar indicates 100 μm.  
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Figure 7.28 Vessel remodelling during tumour angiogenesis. 

A. Image series of tumour-associated vasculature on days 9 and 10 after injection of 
melanoma cells.  Arrow marks vessel branch that migrates during remodelling. B16 F2 
melanoma cells in red and endothelial cells shown in green.  B. Schematic of vessel 
remodelling shown in A.  Each vessel marked in separate colour. 
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7.5.2 Analysis of the temporal relationship between the immediate and 

peripheral margins 

Although skin-flap imaging of sub-cutaneous B16 melanoma revealed two distinct 

vascular zones in the margin, how they develop and the relationship between the 

two is unknown.  Window imaging of B16 melanoma was used to try and address 

these points.  It revealed the development of the immediate margin from existing 

vessels, a process that involved the emergence of tip cells, or blunt ended vessels, 

and extension of these nascent sprouts to form similar vascular morphologies to 

those seen in the immediate margin (Figure 7.29).   

 

A key characteristic of the peripheral margin is increased vessel tortuosity.  

Analysis of similar areas day after day revealed that tortuous vessels arose in 

areas that had previously exhibited a more sprouting morphology, similar to the 

immediate margin (Figure 7.30).  This suggested a progression from an immediate 

margin phenotype to a peripheral margin phenotype, implying that the peripheral 

margin may arise out of the immediate margin.  To further analyse this, the number 

of blunt ends and vessel tortuosity was quantified in the same area of marginal 

vessels for a number of days.  An increase in blunt ends was observed over time in 

the tumour margins (Figure 7.31) indicating the development of the immediate 

margin.  This was then followed by a decrease in blunt ends, potentially as the 

angiogenic response stabilised and sprouts extended.  However, the number of 

blunt ends was still comparable to those measured using the skin-flap method of 

imaging.  Vessel tortuosity also increased over time (Figure 7.31), although this 

increase was delayed by 1 or 2 days in comparison to the increase in blunt ends.  

This shows that characteristics of the peripheral margin develop later than 

characteristics of the immediate margin and hints that the peripheral margin may 

develop from areas that had once been immediate margins.  It is possible that as 

the angiogenic front progresses regions further from the front develop increased 

tortuosity and characteristics of the peripheral margin. 
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Figure 7.29 Emergence of the immediate margin. 

A. Image series of tumour-associated vasculature between days 4 and 9 after injection 
of melanoma cells.  Letters indicate the same B16 F2 melanoma spheroid in sequential 
images.  Note the increasing number of tip cells over time.  B16 F2 melanoma cells in 
red and endothelial cells shown in green.  Images show an area 1.5 mm by 1.6 mm. 
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Figure 7.30 Margin vessels show an increase in tortuosity over time. 

A. Image series of tumour-associated vasculature between days 5 and 9 after injection 
of melanoma cells.  Letters indicate the same object in sequential images.  T indicates 
vessels with medium to high tortuosity.  B16 F2 melanoma cells in red and endothelial 
cells shown in green.  Images show an area 850 μm by 750 μm. 
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Figure 7.31  Increase in margin vessel tortuosity is delayed compared to the 

increase in number of blunt ends. 

Graphs showing number of blunt ends per vessel area and tortuosity of vessels in the 
tumour margins over time.  Each graph from a different tumour.  Individual data points 
are an average over the image stack for the day. 
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7.6 Chapter summary 

Intra-vital imaging of the tumour vasculature revealed heterogeneous vascular 

morphology and dynamics.  Two distinct vascular zones in the margin, named 

immediate margin and peripheral margin, were defined based on morphology and 

this also correlated with distinct dynamic endothelial cell behaviour.  Longitudinal 

analysis of the tumour vasculature using imaging windows revealed that the tumour 

vasculature in B16 melanoma stems from sprouting angiogenesis of existing 

vessels and proceeds with similar steps to developmental angiogenesis.  

Furthermore, day after day imaging of the same tumour environment suggested 

that the peripheral margin may arise from areas which previously had immediate 

margin characteristics, suggesting the two distinct vascular zones in the margin are 

temporally linked.  Melanoma cell motility, previously shown to be heterogeneous, 

correlated with aspects of vascular morphology and endothelial dynamics, in 

particular extra-lumenal bleb-like protrusions and endothelial intra-vessel wall 

motility.  The anti-angiogenic drug Sunitinib did not affect melanoma cell motility.  

However endothelial cell response to Sunitinib was heterogeneous and vessels in 

the tumour margin displayed resistance to Sunitinib anti-angiogenic therapy.  This 

correlated with an increase in stromal cells and protease activity in the margin.   
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Chapter 8. Discussion 

8.1 Chapter overview 

Many factors, intrinsic and extrinsic, influence melanoma motility in vivo.  Induction 

of motility in melanoma may be coupled to changes in gene expression, resulting in 

specific signalling pathways and gene expression patterns in motile melanoma 

cells.  The main section of this discussion will first address modes of motility in vivo 

and the contribution of the microenvironment on motility.  It will then address the 

regulation of gene expression in motile cells including the Notch, TGF-β and SRF 

pathways and chromatin mediated control of gene expression.  Later steps in the 

metastatic cascade and the vasculature in melanoma will then be discussed.  The 

final sections will discuss the broader relevance of this work to melanoma and 

clinical treatment. 

 

8.2 Melanoma motility and metastasis 

8.2.1 Melanoma behaviour is heterogeneous in vivo 

A benefit of intra-vital imaging is the possibility for analysis of cell to cell variation in 

behaviour and signalling.  Work in chapter 3 illustrates that motile behaviour of B16 

F2 melanoma is heterogeneous in vivo and that motility correlates with differences 

in signalling pathway activation.  Less than 10 % of B16 F2 melanoma cells are 

motile in vivo (Figure 3.2), a similar percentage to that found in murine breast 

cancer models (Giampieri et al., 2009).  B16 F2 cells also use similar modes of 

motility in vivo to those described previously.  More than 50 % of the motile cells 

use an amoeboid-like single cell mode of motility.  However, a significant fraction, 

30 %, use a streaming mode of motility.  The caveat to this quantification is that it is 

often difficult to categorise the mode of motility.  Singly motile cells often use the 

same path and, depending on their proximity, it can be difficult to determine if they 

are streaming or moving independently as single cells.  This can be compounded if 

non-labelled host cells, such as macrophages, are also present in the stream.  The 

difference between streaming cells and collectively motile cells is even more 

difficult to interpret as the main difference is the level of adhesion between cells.  
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Use of membrane-labelled cells, as in chapter 3, helps to ascertain whether the 

cells are in contact, however, the nature of the contacts is unknown.  Therefore 

work in this thesis to investigate signalling in different modes of motility considers 

streaming and collective motility together. 

 

Despite the difficulties in determing between modes of motility, streaming most 

likely represents a distinct mechanism of motility as the work in chapter 3 shows 

differences in the activation of TGF-β and Notch signalling pathways between 

single and streaming cells (discussed later).  Streaming cells also appear faster 

than singly motile cells and may be following pre-generated tracks in the ECM, 

potentially made by fibroblasts, as illustrated by in vitro studies (Gaggioli et al., 

2007).  Occasionally multiple streams of cells were observed travelling in the same 

direction, possibly as a result of interstitial flow.  Indeed, interstitial flow can 

increase the metastatic potential of melanoma cells and can direct cancer cell 

motility in a CCR7 dependent manner (Shields et al., 2007). 

 

8.2.1.1 Microenvironment contribution to melanoma motility 

The microenvironment may contribute to cancer cell motility and heterogeneity in 

motility through paracrine signalling, stromal cell ECM remodelling and other 

mechanisms to create a permissive environment for motility.  Imaging of melanoma 

cells together with the blood vasculature enabled analysis of morphological and 

dynamic features of endothelial cells that correlate with melanoma cell motility.  

Unlike previous reports, data in chapter 7 shows that cancer cell motility is not 

increased in areas with increased vessel density (Figure 7.8).  However, my work 

hints that melanoma cell motility is high in areas where endothelial cells show 

dynamic bleb-like protrusions, migrate within vessel walls and the vessels have 

increased variation in width (Figure 7.10).  In some cases of endothelial bleb-like 

protrusions, I found autofluorescent signal, believed to be from macrophages, 

adjacent to the vessel.  Previous reports have shown that peri-vascular 

macrophages attract cancer cells and are associated with sites of intravasation 

(Wyckoff et al., 2007).  As I observed increased melanoma motility in areas with 

endothelial bleb-like protrusions, this is consistent with a link between increased 
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melanoma motility, endothelial bleb-like protrusions and peri-vascular 

macrophages. 

 

The endothelial behaviours associated with melanoma motility, described in 

chapter 7, may indicate low pericyte coverage, as pericytes act to maintain 

endothelial cell quiescence and may impose a structure and hence limit the vessel 

width.  Therefore, areas with low vessel pericyte coverage may have increased 

melanoma motility.  The quantitative analysis of stromal components and cancer 

cell motility, such as described in this thesis, should help to describe a permissive 

environment for cancer cell motility. 

 

8.2.2 Regulation of gene expression in motile melanoma cells 

8.2.2.1 TGF-β, SRF and Notch signalling is heterogeneous and associated 

with motility 

In addition to a general description of motility, I took a more targeted approach to 

investigate the regulation of gene expression in motile cells.  Work in chapter 3 

shows that singly motile B16 F2 melanoma cells in vivo have increased activation 

of Notch, TGF-β and SRF signalling as assessed by transcriptional reporters.  

Consistent with previous work showing that the motile cells in B16 melanoma have 

decreased pigment (Pinner et al., 2009), Notch, TGF-β and SRF signalling are 

mutually exclusive with pigment levels (Chapter 3).  Streaming cells have increased 

activation of SRF signalling but do not show increased TGF-β or Notch signalling 

(Chapter 3).  This is interesting as it suggests that different pathways control the 

different modes of motility.  In addition, it implies that there may be mechanistic 

differences between single cell motility and streaming and that streaming cells are 

not just adjacent single cells following a similar track or chemokine gradient.  SRF 

signalling may be increased in both singly motile and streaming cells as a response 

to changes in the G-/F-actin ratio.  Actin polymerisation is likely to occur in both 

forms of motility, which would subsequently reduce the G-actin concentration 

releasing MRTF to accumulate in the nucleus and activate SRF dependent 

transcription. 
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The data in chapter 3, showing that TGF-β signalling is increased in singly motile 

but not streaming cells, is consistent with previous work in the B16 model.  Pinner 

et al showed that TGF-β2 induces motility in vitro and hypothesised that TGF-β 

induces motility and decreases pigment of cells in vivo (Pinner et al., 2009).  The 

work by Pinner et al showed that the less pigmented cells, which are enriched for 

motile cells, had increased TGF-β2 expression, suggesting an autocrine 

mechanism for TGF-β induced motility (Pinner et al., 2009).  A similar study using 

intra-vital imaging of TGF-β reporters in breast cancer showed that TGF-β induces 

single cell motility in vivo (Giampieri et al., 2009).  This, together with my work, 

suggests that TGF-β may have a wider role in promoting single cell motility of 

cancer cells. 

 

In contrast to TGF-β signalling, work in chapter 3 shows that SRF signalling is 

increased in both the singly motile and streaming cells.  SRF has previously been 

shown to be required for B16 motility in vivo (Medjkane et al., 2009).  The earlier 

experiments required long-term MRTF-A depletion, which decreases expression of 

important actin regulators including actin itself.  Therefore there are two possibilities 

for the role of SRF in motility: 

1. Cells with high SRF signalling may be motile because SRF signalling is 

required for sufficient expression of actin regulators.   

2. SRF signalling may be activated during the induction of motility, due to the 

changes in the G-/F-actin ratio, and SRF signalling may be needed for 

maintenance of motility. 

 

Chapter 3 shows that some non-motile cells have high SRF-dependent 

transcription suggesting SRF signalling is not a consequence of motility.  However, 

given the half-life of GFP (~24 hours) it is not possible to rule out that these non-

motile, SRF high cells were motile previous to imaging (the kinetic limitations of 

reporters are discussed later).  Therefore it is difficult to determine whether SRF 

signalling is activated during or prior to motility. 

 

Although Notch is up-regulated in singly motile cells (Figure 3.7), further analysis in 

chapter 4 suggested that Notch is not sufficient for motility, as driving Notch 

signalling through expression of NICD does not increase the number of motile cells 
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in vivo (Figure 4.4).  This is in contrast to previous in vitro studies showing that 

Notch signalling increases motility of melanocytes (Pinnix et al., 2009).  Perhaps 

Notch signalling in melanoma does not increase motility because expression of the 

relevant target genes is already increased compared to melanocytes.  However, 

my analysis of motile cells after NICD expression does not address whether Notch 

signalling is required for motility.  Further loss of function analysis, for example 

using γ-secretase inhibitors or expression of dominant-negative MAML, could 

address this point.  If Notch signalling is not required for motility in vivo it may be 

co-activated with motility, indeed TGF-β has been shown to induce HES-1 

expression in a NICD dependent manner (Blokzijl et al., 2003).  This may explain 

the decrease in pigment observed in motile cells as expression of NICD was 

sufficient to decrease pigment in vivo (Figure 4.2).   

 

Chapter 3 showed using individual clonal reporters that Notch, TGF-β and SRF 

signalling is increased in motile cells.  However, it did not address whether the 

signalling pathways were co-activated or the relationship between cells with active 

Notch, TGF-β or SRF signalling.  Combinatorial reporter cell-lines, showing 

activation of more than one pathway, for example both TGF-β and SRF signalling, 

would help to address if activation of more than one of these pathways is required 

for motility. 
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Figure 8.1 Model of heterogeneity in melanoma in vivo. 

Notch, TGF-β and SRF signalling is heterogeneous in vivo and increased in the motile 
cell population.  The Notch high population can promote metastasis in a non-cell 
autonomous manner potentially through effects on tumour endothelium.  EZH2 
expression levels are also heterogeneous in vivo and EZH2 positively regulates 
metastasis.   
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8.2.2.2 EZH2 expression is heterogeneous in vivo and increased EZH2 

expression may be associated with the motile state 

Work described in chapter 6 shows that expression of EZH2, a PRC2 Histone 

methyltransferase, is heterogeneous in both murine and human melanoma (Figure 

6.2 and 6.3).  The proportion of EZH2 high cells is similar to the proportion of motile 

cells perhaps indicating an overlap of the two populations.  Bioinformatic analysis in 

chapter 5 (discussed later) provides further support that EZH2 may be associated 

with the motile state as EZH2 is co-regulated with Notch signalling and it may 

positively regulate the genes associated with the motile B16 population.   

 

Heterogeneity in chromatin modifying enzymes has previously been described in 

melanoma.  Reports have shown that expression of the JARID1B histone 

demethylase is heterogeneous with around 10 % of cells showing high JARID1B 

expression (Roesch et al., 2005) (Roesch et al., 2010).  The JARID1B positive cells 

were shown to proliferate slowly and be important for maintainance of melanoma 

growth (Roesch et al., 2010).  The work in chapter 6 describes an EZH2 high 

population of cells also around 10 % of the total, so it is interesting to speculate 

whether JARID1B levels would also be elevated in these cells.  I propose that the 

EZH2 high population in melanoma is more motile, however JARID1B was not up-

regulated in the motile cell population, and JARID1B siRNA knockdown had no 

effect on B16 F2 cell morphology.  This suggests that JARID1B is not implicated in 

motility and perhaps that the EZH2 and JARID1B population do not overlap.  It is 

interesting to note that the slow-cycling JARID1B positive population that maintains 

melanoma growth is reported to have increased expression of Notch targets 

(Roesch et al., 2010).  Therefore the sub-populations of cells in melanoma may be 

overlapping. 

  

EZH2 and motility have not been formally linked in melanoma, but a number of 

reports in other cancer types indicate a role for EZH2 in promoting cancer cell 

invasion and EMT (Ren et al., 2012) (Tong et al., 2012).  The next sections will 

discuss the links between EZH2 and melanoma cell motility. 
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8.2.2.2.1 PRC2 complex regulates cell morphology and motility in vitro 

Previously, a single publication had shown that EZH2 may control actin 

polymerisation (Su et al., 2005).  Work in chapter 6 shows that depletion of EZH2 

and other PRC2 components, such as Jarid2, in B16 F2 cells induces a flat cell 

phenotype with an increase in cell area (Figure 6.5 and 6.7).  Changes in cell 

morphology are likely to require changes in the actin cytoskeleton and so this 

provides additional evidence for EZH2-dependent regulation of the actin 

cytoskeleton.  Further investigation into the cytoskeletal associated changes 

showed that PRC2 components regulate cell morphology through regulating 

phosphorylation of the ERM proteins Ezrin and Radixin (Figure 6.10 and Figure 

6.13).  Intriguingly, depletion of the PRC1 complex member BMI-1, does not have 

consistent effects on cell morphology, suggesting a PRC1 independent role for 

PRC2 in regulating cell morphology (Figure 6.8).  However, analysis of further 

PRC1 components would confirm this.  How PRC2 may regulate Ezrin and Radixin 

phosphorylation is unclear.  The microarray analysis outlined in chapter 6 did not 

show a change in any of the well established ERM kinases.  However, it did 

suggest a decrease in expression of Fascin, an actin bundling protein, on EZH2 

and Jarid2 depletion.  This could lead to effects on actin binding of the ERM 

proteins.  However, decreases in Fascin expression could not be detected at the 

protein level.  As PRC2 regulation of Ezrin and Radixin activation may be PRC1 

independent, this may suggest PRC1 independent control of gene expression or a 

cytoplasmic protein methylation mechanism similar to that suggested by Su et al.  

Given the important roles for the actin cytoskleleton and ERM proteins in cell 

motility, this suggests that EZH2 may regulate melanoma motility.  Indeed, 

timelapse analysis of B16 cells in vitro showed a decrease in cell speed on EZH2 

depletion and an increase in tail retraction problems (Figure 6.15).  The presence 

of tail retraction problems is consistent with an increase in cell tails observed in 

fixed cells after EZH2 depletion (Figure 6.5).  It would be interesting to perform 

timelapse analysis of EZH2 depleted cells rescued with constitutively active 

EzrinTD-GFP to test whether the tail retraction problem is associated with a loss of 

ERM protein activation.  
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8.2.2.2.2 EZH2 and Jarid2 regulate the genes associated with B16 motility 

In chapter 3, the heterogeneous activation of transcriptional-based reporters 

correlating with motility indicates different patterns of gene expression in the motile 

population compared to the tumour bulk.  The genes up-regulated in the B16 

population enriched for motile cells, were identified using the Brn2 promoter and 

Notch reporters (discussed later).  Overlap analysis described in chapter 6 

suggests that EZH2 positively regulates genes associated with motility whereas 

Jarid2 negatively regulates the genes associated with motility (Table 8).  Therefore, 

EZH2 may have a positive role in motility, in opposition to Jarid2.  This is consistent 

with the effects of EZH2 and Jarid2 on short-term lung colonisation as determined 

in an experimental lung metastasis assay (Figure 6.16).  How EZH2 positively 

regulates the genes associated with melanoma motility is unknown as EZH2 and 

PRC2 are classically considered to silence gene expression.  Perhaps EZH2 

indirectly regulates these genes through silencing a transcriptional repressor.  

Further experiments involving long-term silencing of EZH2 and Jarid2 are required 

to test their roles in motility in the primary tumour in vivo.  In addition, genome-wide 

CHIP experiments could establish if EZH2 is directly regulating the genes 

associated with motility and could explore the contrasting effects of EZH2 and 

Jarid2 in this system. 

 

8.2.2.2.3 EZH2 regulates changes in pigment associated with motility 

Previous work has shown that the motile cells in B16 melanoma are less pigmented 

than non-motile cells (Pinner et al., 2009).  Work in chapter 6 shows that EZH2 can 

control this phenotype change associated with motility, potentially through regulation of 

P protein expression, as loss of EZH2 increases pigment in an P protein dependent 

manner (Figure 6.24).  EZH2 depletion results in increased Oca2 mRNA levels (Figure 

6.22) and previous reports have shown an increase in pigmentation with increased P 

protein expression (Sitaram et al., 2009).  To confirm the role of P protein in EZH2 

dependent pigment regulation, CHIP could be performed to test if EZH2 directly binds 

the Oca2 promoter and inhibits expression.  The role of Jarid2 in pigment regulation is 

unclear due to different results from different siRNA tested.  Further siRNA oligos are 

required to determine if Jarid2 also regulates P protein expression and hence pigment. 
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8.2.2.3 Overlapping heterogeneity in signalling activation 

Analysis of the reporter cell-lines in chapter 3 shows that a small proportion of non-

motile cells exhibit activation of TGF-β, SRF or Notch signalling, implying that none 

of these pathways alone are sufficient for motility.  Perhaps, activation of more than 

one signalling pathway is required for motility and interplay between all three 

pathways and additional ones, e.g Brn2 expression, together with a permissive 

microenvironment, is required for motility.  Combinatorial reporter cell-lines which 

show activation status of more than one pathway would help to address this point.   

 

I propose that EZH2 high cells are more motile, and we know that TGF-β, Notch, 

SRF dependent transcription and Brn2 promoter activity are increased in the motile 

cell population, but how do they all interact?  The epigenetic status of a cell may 

dictate how responsive it is to external signals such as TGF-β or indeed it may 

dictate the target genes transcribed.  Alternatively, an increase in EZH2 may 

sensitise the cells to activity through the TGF-β, Notch, SRF and Brn-2 pathways 

hence promoting motility, or an altered cytoskeleton, due to changes in EZH2 

expression, may activate SRF and potentially Notch signalling. 

 

Given the heterogeneity in Notch, TGF-β and SRF signalling described in chapter 

3, it is interesting to think about how these populations with active signalling of 

various pathways overlap.  The use of combinatorial reporter cell-lines showing the 

signalling status of multiple pathways would help and may enable the 

characterisation of further sub-populations within melanoma 

 

8.2.2.4 Sources of heterogeneity in vivo  

The reporter cell-lines outlined in chapter 3 indicate heterogeneity in Notch, TGF-β 

and SRF signalling activation in vivo and immunohistochemistry shown in chapter 6 

indicates heterogeneous expression of EZH2.  As the cell-lines are clonal in origin, 

the heterogeneity does not result from genetic differences but potentially from the 

local microenvironment or differences in the differentiation hierarchy.  Another 
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possibility is heterogeneity in gene expression as a result of noise in gene 

transcription (Marusyk et al., 2012).   

 

Heterogeneity in TGF-β signalling has also been reported in murine breast cancer 

in vivo (Giampieri et al., 2009).  TGF-β is secreted by many cell-types in the tumour 

microenvironment, such as fibroblasts and macrophages, so proximity to stromal 

cells may dictate levels of TGF-β signalling.  It would be interesting to image the 

TGF-β reporter cell-line together with other stromal components in the 

microenvironment to look for a correlation between the stroma and signalling status 

of melanoma cells.  Attempts early in my PhD to GFP-tag TGF-β failed, but may 

have enabled visualisation of paracrine signalling in the tumour microenvironment.  

SRF signalling is responsive to external physical tension (Zhao et al., 2007b) and 

so the heterogeneity in SRF signalling observed in chapter 3 may reflect local 

differences in ECM stiffness and tension.   

 

Chapter 3 shows that Notch signalling is heterogeneously active in melanoma in 

vivo (Figure 3.6).  This may be a result of differences in differentiation state 

between cells as Notch is known to regulate differentiation (Andersson et al., 2011) 

and is required for maintainance of melanocyte stem cells (Moriyama et al., 2006).  

Notch signalling is also sufficient to confer a neural-crest like state on melanocytes 

suggesting that cells with active Notch in melanoma may be less differentiated 

(Zabierowski et al., 2011).  However, work in chapter 4 showed that driving Notch 

signalling by expression of NICD slightly increased the differentiation associated 

genes TYR, TYRP and DCT, indicating that Notch did not promote a less 

differentiated state of B16 F2 cells (Figure 4.3).  Therefore it is unlikely that 

heterogeneity in Notch signalling is a result of differences in differentiation.   

 

Notch signalling is activated through cell-cell interactions (Andersson et al., 2011) 

so heterogeneous Notch activation may arise from heterogeneous expression of 

Notch ligands.  Alternatively, Notch ligands are expressed by different stromal cell 

types, such as endothelial cells, so for example, melanoma cells adjacent to blood 

vessels cells could have increased Notch signalling.  However, imaging of the 

Notch reporter cell-line in the VE-Cadherin:GFPCAAX mice did not reveal an 

obvious relationship between the vasculature and cells with active Notch signalling.  
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Notch signalling is also activated by hypoxia (Sahlgren et al., 2008), so regions of 

hypoxic tumour cells may have increased Notch signalling.  However, the pattern of 

Notch reporter high cells in vivo does not seem to match this hypothesis.  

Therefore the origin of Notch heterogeneity is unclear.  It is also interesting that the 

proportion of GFP positive cells in the Notch reporter cell-line changed vastly 

between in vitro and in vivo cultures (Chapter 3).  It suggests that Notch signalling 

is high in vitro but low in vivo, this highlights the difference between cells in vitro 

and cells in the tumour microenvironment and the importance of in vivo studies.  

 

Work in chapter 6 shows that EZH2 expression is heterogeneous in both murine 

and human melanoma and that it is increased at the invasive tumour margins in 

murine melanoma (Figure 6.2 and Figure 6.3).  Previous work in an arthritis model 

has shown that EZH2 is up-regulated by the inflammatory cytokine, TNF-α, in 

synovial fibroblasts (Trenkmann et al., 2011).  TNF-α is expressed by both 

melanoma cells and stromal cells in the microenvironment (Balkwill, 2002) and 

work in chapter 7 shows that the tumour margins are enriched for stromal cells 

(Figure 7.19).  Therefore, areas such as the tumour margin, with increased stromal 

cells and TNF-α, may have increased melanoma EZH2 expression leading to 

heterogeneity in EZH2 levels.  If EZH2 promotes motility and TNF-α induces 

increased EZH2 expression, then TNF-α should promote melanoma cell motility.  

Indeed TNF-α been reported to promote melanoma invasion in vitro (Katerinaki et 

al., 2003).   

 

Alternatively, EZH2 is an E2F transcriptional target (Bracken et al., 2003), so cells 

with high E2F activity may drive high EZH2 expression.  Chapter 4 indicates that 

E2F2 is up-regulated in the B16 motile cell population (Table 4), which correlates 

with a high E2F, high EZH2 motile population.  E2F activity is cell-cycle state 

dependent and so the cell cycle may be an additional source of heterogeneity 

(Verona et al., 1997). 
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8.2.2.5 Approach to analyse signalling in motile melanoma cells in vivo 

The approach to characterise signalling pathways associated with melanoma 

motility uses transcription-based reporter cell-lines, which depends heavily on the 

reliability of the reporter construct and subsequent cell-lines.  It is difficult to 

absolutely exclude that reporter promoters respond to other signals.  Preferably, 

multiple clones would be tested for each reporter cell-line, however, I only obtained 

one responsive Notch reporter clone.  A drawback of the fluorescent transcriptional 

based reporters is the kinetics of response.  Ideally, the fluorescent protein of the 

reporter should have a similar half-life to endogenous transcriptional targets of the 

pathway, so that expression of the fluorescent protein mirrors expression of 

relevant targets.  GFP has quite a long half-life of about 24 hours, so its expression 

may not closely follow targets of the relevant pathways.  How well GFP expression 

mirrored transcriptional target expression was not addressed for any of the 

reporters in this thesis.  Therefore we cannot be certain that a cell with GFP 

reporter expression has pathway dependent transcription at that exact moment, but 

potentially the pathway has been active within the last 24 hours.  To further validate 

heterogeneity in signalling of the SRF and TGF-β pathways I would perform 

immunohistochemical staining of the endogeneous transcription factors, in a similar 

manner to the NICD staining in Figure 3.6.  In addition, imaging fusion proteins of 

SMAD2 and MAL (MRTF-A) with fluorescent proteins in vivo would improve the 

kinetics of the reporter and would allow determination of transcription factor 

localisation and hence activity, in motile versus non-motile cells. 

 

8.2.3 Investigating the gene signature of motile cells 

Although the transcriptional reporters used in chapter 3 suggest a different 

transcriptional program of motile cells, they only report on a single signalling 

pathway.  Chapter 5 describes the genome-wide approach to analyse gene 

transcriptional programs associated with melanoma motility and will be discussed 

in this section.  The Notch reporter from chapter 3 and a Brn2 promoter reporter 

developed in Pinner et al were used to purify the B16 F2 population enriched for 

motile cells.  Subsequent microarray analysis enabled the derivation of a gene 

signature associated with motile cells (Chapter 5).   
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Analysis of the Brn2 promoter and Notch reporter microarrays revealed significant 

overlap between the high Brn2 promoter activity population and Notch high 

population, resulting in around 70 genes up-regulated in both populations.  Having 

confirmed that the high Brn2 promoter activity population did not have an increase 

in Notch signalling and Notch targets, these genes were assumed to overlap due to 

similar cell phenotypes and hence were used to define a gene signature associated 

with motile cells. The geneset enrichment analysis also showed a number of 

genesets enriched in both the high Brn2 promoter activity population and Notch 

reporter high population, such as genes up-regulated in melanoma patients that 

had distant metastasis within 4 years compared to patients that did not.  Although 

there was statistically significant overlap, the genes up-regulated in the high Brn2 

promoter activity population and Notch reporter high population were not identical.  

This could be because the Notch reporter cells were purified in vitro and so the 

cells were under different conditions to the Brn2 promoter reporter cells purified 

from the tumour environment.  In addition, data in chapter 3 shows that the 

proportion of cells in the Notch reporter high population is much larger in vitro and 

so the population in vivo may only be a subset and hence only have certain genes 

of the Notch reporter high list up-regulated.  Additionally, although these 

populations are enriched for motile cells, chapter 3 shows the presence of non-

motile Notch reporter high cells.  These cells contribute to the analysed population 

and may result in the identification of genes that are not co-regulated with motility 

and hence not present in both lists.  The acquisition of motility may not require the 

same gene expression changes each time.  Instead, activation of a core gene 

expression network may be required together with additional inputs, which may 

differ.  These additional inputs may come from the microenvironment and depend 

upon the local composition. 

  

Surprisingly, a number of genes regulating the cell-cycle, especially cytokinesis and 

spindle assembly were up-regulated in motile cells (Table 4).  However, this is not 

too dissimilar to previous expression analysis of the motile cell population of breast 

cancer cells collected by an in vivo chemotactic assay.   In motile breast cancer 

cells more than half of the differentially regulated genes were associated with the 

cell-cycle (Goswami et al., 2004).   



Chapter 8. Discussion 

 

312  

 

 

There are a number of similarities between the genes up-regulated in the motile 

B16 F2 cells outlined in chapter 5 and previously identified genes up-regulated in 

the motile breast cancer cell population.  Geneset enrichment analysis in chapter 5 

revealed that B-Myb targets are enriched in the genes up-regulated in motile 

melanoma cells (Table 6).  B-Myb is also up-regulated in the motile cell population 

of breast cancer (Goswami et al., 2004).  Geneset enrichment analysis also 

revealed that genes positively regulated by EZH2 in prostate cancer are enriched in 

the B16 motile cell population.  Further analysis in melanoma described in chapter 

6 also points to EZH2 having a positive role in promoting motility (discussed 

earlier).  This is consistent with the other PRC2 components EZH1 and EED being 

up-regulated in the motile cell population of breast cancer (Goswami et al., 2004).  

Genes co-regulated with BRCA2 are enriched in the motile B16 population (Table 

6) and BRCA2 is itself up-regulated in the breast cancer motile cell population 

(Goswami et al., 2004).   

 

Kinesins are up-regulated in the motile population of both B16 F2 melanoma and 

breast cancer.  KIF2C (also known as MCAK) and KIF23 (also known as MKLP1) 

are up-regulated in the motile B16 population (Table 4).  Interestingly previous 

reports show that KIF2C is over-expressed in a number of human tumours and is 

associated with lymph-node metastasis and poor prognosis in colorectal cancer 

(Ishikawa et al., 2008).  Furthermore, overexpression of KIF2C in gastric cancer 

cells increases motility (Nakamura et al., 2007).  Therefore the reporter cell-line 

approach described in chapter 5 to identify genes up-regulated in motile cells in 

melanoma seems to have similar results to both previous reports identifying genes 

up-regulated in motile breast cancer cells and wider analyses of metastasis.  This 

helps to validate the approach taken in this thesis to identify novel genes 

associated with motility and metastasis. 

 

Due to the large proportion of genes involved in cell cycle control in the B16 F2 

motile cell gene signature (Table 4 and Table 5), it is interesting to speculate that 

melanoma cell motility is dependent on the cell cycle.  During development, neural 

crest cells synchronously delaminate and migrate in S-phase and migration can be 

blocked by blocking the G1/S transition (Burstyn-Cohen and Kalcheim, 2002).  As 
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melanocytes arise from the neural crest, aspects of neural crest migration 

regulation may still remain in melanoma cells.  A number of the genes increased in 

the motile cell population identified in chapter 5 regulate cytokinesis (Table 4).  As 

cytokinesis requires Kinesins and localised control of the actomyosin network, 

regulators of cytokinesis may also be controlling actomyosin during amoeboid-like 

motility in vivo. 

 

8.2.3.1 Approach to derive a gene signature associated with melanoma 

motility 

The gene signature associated with the B16 motile cell population described in 

chapter 5 was derived from the overlap of genes up-regulated in the high Brn2 

promoter activity population and Notch reporter high population.  The Notch high 

population was purified from in vitro culture, which is not ideal but in vivo 

purification did not yield enough cells.  Also only one sample of the Notch reporter 

was subject to microarray, compared to two samples of the Brn2 promoter reporter 

populations.  Work is ongoing to repeat the Notch reporter microarray and increase 

the strength of the analysis.  Despite these caveats, there was a surprising degree 

of overlap between the Notch and Brn2 promoter reporter cells.  Having shown the 

high Brn2 promoter activity population is not enriched in NICD targets (Figure 5.6), 

one can assume that the high Brn2 promoter activity and Notch high populations 

share a similar phenotype (increased motility) and subsequently gene expression 

pattern.  To further support the gene signature associated with the B16 F2 motile 

cell population, there is considerable overlap with a totally independent array 

performed in a different laboratory identifying MRTF-A targets (Table 7) (Medjkane 

et al., 2009).  Chapter 3 shows that MRTF dependent SRF signalling is increased 

in singly motile B16 cells and so the overlap between the gene signature 

associated with the B16 motile cell population and MRTF targets further validates 

the relevance of the approach.  

 

The majority of genes up-regulated in the B16 population enriched for motile cells 

have not been functionally validated.  Knockdown of the genes in an invasion 

assay would determine if they contributed to melanoma cell motility and invasion.  
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The kinesins CENPE and KIF2C are drug targets, some of which are in clinical 

trials (Rath and Kozielski, 2012). These drugs could be tested in vivo to determine 

if they reduce the number of motile B16 melanoma cells.  Furthermore, the 

potential regulators of the gene signature, such as B-Myb, identified by geneset 

enrichment analysis in chapter 5, should also be tested in invasion assays.  As the 

genes are up-regulated in the B16 motile cell population the protein expression 

should be heterogeneous.  Immunohistochemical staining of both mouse and 

human tumours would be able determine heterogeneity in expression and 

potentially highlight the relevance for human melanoma. 

 

8.2.4 SRF, TGF-β and EZH2 are associated with motility and metastasis in 

other melanoma models 

The work in this thesis characterising gene expression changes and signalling 

pathways associated with motile melanoma cells is confined to B16 F2 cells.  To 

investigate the relevance of the findings of this thesis to human melanoma motility 

and metastasis I have used publicly available microarray data and subsequent 

geneset enrichment analysis.  I will now present and discuss this analysis but 

stress that the original data is not my own.  

 

The A375 cell-line is derived from human melanoma and multiple sub-lines have 

been generated from the parental A375 P cells including the A375 M2 sub-line that 

is enriched for the more motile and metastatic cell population.  Geneset enrichment 

analysis indicates that TGF- β and MRTF-dependent SRF targets are enriched in 

the A375 M2 sub-line, compared to the parental line (Figure 8.2).  This is consistent 

with my data in chapter 3 showing an increase in activity of these pathways in 

motile murine melanoma cells.  Furthermore, similar to the results in murine 

melanoma presented in chapter 6, genes positively regulated by EZH2 and genes 

that co-vary with EZH2 are up-regulated in the A375 M2 sub-line compared to the 

parental population (Figure 8.2).  The consistency with my data from murine B16 

F2 cells suggests that SRF, TGF-β and EZH2 may have relevance for human 

melanoma.  This is also supported by my analysis of both murine and human 
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melanoma samples showing heterogeneous EZH2 expression (Figure 6.2 and 

Figure 6.3).   

 

The derivation of more metastatic sub-lines and subsequent gene expression 

analysis, as performed with the A375 P and M2 lines, documents stable changes 

associated with motility and metastasis.  Imaging of the SRF reporter cell-line in 

lymph-node metastases suggests that SRF signalling is up-regulated in motile cells 

and furthermore, is maintained in cells in metastases.  This maintenance of SRF 

signalling is consistent with the stable up-regulation of MRTF-dependent SRF 

targets in the more metastatic sub-line of A375 cells.  Geneset enrichment analysis 

indicated that Notch target genes are not up-regulated in the more motile and 

metastatic sub-line of A375 cells.  In addition, the genes up-regulated in the B16 

population enriched for motile cells are not up-regulated in the more motile and 

metastatic sub-line of A375 cells.  This could be because Notch signalling and 

regulation of the genes associated with motility is transient during induction of 

motility and metastasis.  
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Figure 8.2.  SRF, TGF-β and EZH2 regulated genes are enriched in the more 

motile and metastatic sub-line of A375 human melanoma cells. 

Geneset enrichment analysis using free-ware from The Broad Institute, using publicly 
available array data from A375 P and A375 M2 cell-lines grown on deformable 
Collagen gels (Sanz-Moreno et al., 2011).  The genesets used are MRTF dependent 
SRF targets in B16 cells, common TGF-β target genes, genes positively regulated by 
EZH2 in B16 cells (listed in appendix) and genes that co-vary with EZH2 in melanoma. 
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8.2.5 Differentiation state and melanoma motility 

Previous reports suggest that B16 melanoma motility and metastasis is associated 

with a less differentiated state (Gupta et al., 2005; Kameyama et al., 1990; Pinner 

et al., 2009).  Although the idea of a less differentiated, more motile state was very 

much at the forefront of my mind, my investigations do not reveal any further links 

between differentiation and melanoma cell motility.  Microarray analysis of the Brn2 

promoter reporter used in Pinner et al revealed that it is not a true differentiation 

reporter as there was little difference in differentiation markers between the reporter 

high and low populations.  However, it reports on some signalling pathways 

associated with differentiation. 

 

As Notch signalling is increased in the motile melanoma population and maintains 

melanocyte stem cells, I hypothesised that Notch maintains a less differentiated 

state and promotes motility.  However, as Notch neither increases motility nor 

decreases differentiation associated genes, this hypothesis was disproved.  

Despite this, Notch is sufficient to decrease pigment, suggesting that Notch may 

promote a less pigmented state unrelated to differentiation status. 

 

PRC2 silences differentiation associated genes in ES cells so I also hypothesised 

that EZH2 maintains cells in a less differentiated state to promote motility.  Work in 

chapter 6 shows that EZH2 transcript levels decrease on α-MSH mediated 

differentiation of B16 melanoma cells (Figure 6.17), consistent with data from the 

developing epidermis where EZH2 expression decreases with differentiation 

(Ezhkova et al., 2009).  Despite this, neither EZH2 nor Jarid2 depletion have 

significant effects on expression of the differentiation markers TYR, TYRP1 and 

DCT (Figure 6.20), suggesting that PRC2 levels do not dictate differentiation status 

of B16 melanoma cells.  Nonetheless, EZH2-mediated suppression of Oca2 

maintains EZH2 high cells in a less pigmented state. 

 

In chapter 5, geneset enrichment analysis supports the hypothesis that the motile 

cells are less differentiated, as genes associated with human and mouse ES cells 

were up-regulated in the B16 population enriched for motile cells (Table 6).  

However, genes associated with differentiation in melanoma did not change in 
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expression between populations enriched for motile or non-motile cells.  

Furthermore, geneset enrichment analysis suggested that transcription factors 

known to co-ordinate melanocyte differentiation, such as Pax-3, SOX-10 and MITF, 

did not regulate the genes associated with motile melanoma cells (data not shown).  

This potentially argues that there is little difference in the differentiation state of 

motile and non-motile melanoma cells. 

 

My work suggests that the motile cells in the B16 F2 melanoma model cannot 

simply be considered as a less differentiated melanocytic or melanoblast-like state.  

However, it is possible that increased EZH2 levels drive the cells into an altered 

differentiation state with some similarities to ES cells. 

 

8.2.6 The phenotype switching model to induce melanoma motility 

The phenotype switching model proposed by Hoek and Goding suggests that 

“phenotypic heterogeneity is driven by specific gene expression programs which 

are imposed by the cellular microenvironment rather than by the accumulation of 

genetic events” (Hoek and Goding, 2010).  Furthermore, it suggests the 

microenvironment potentiates switching (in either direction) between a proliferative 

MITF+/Brn2-, and migratory MITF-/Brn-2+, state.  My work highlights the 

importance of the microenvironment to gene expression and signalling 

heterogeneity as the reporter cell-lines used in chapter 3, which although clonal in 

origin, show heterogeneity in signalling and motile behaviour.  Therefore the work 

presented here supports the initial aspects of the phenotype switching model.   

 

The increased TGF-β signalling in singly motile cells observed in chapter 3 is also 

consistent with switching between proliferative and motile states as previous data 

from genome-wide melanoma cell-line analysis shows an increase in TGF-β targets 

associated with the motile phenotype (Hoek et al., 2006).  The role of Notch in 

phenotype switching is currently hypothetical and postulates that Notch signalling is 

increased in the motile state as Brn-2 has been shown to induce Notch signalling in 

neural progenitors (Castro et al., 2006).  Work in chapter 3 shows an increase in 

Notch signalling in motile B16 melanoma cells, which is consistent with a 
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concurrent increase in Notch signalling in the motile phenotype, although my work 

indicates that this is not sufficient for motility (Figure 4.4).  However, the relative 

abundance of cells with Brn-2 and Notch promoter activity is quite different as the 

Notch active population is small in vivo.  Co-staining of tumours for NICD, Brn2 and 

MITF would help to determine if Notch signalling was a characteristic of the 

Brn2+/MITF- phenotype.  

 

Geneset enrichment analysis of both the Brn2 promoter reporter and Notch 

reporter shows that MITF targets are not enriched in the populations enriched for 

non-motile cells or motile cells.  This is not consistent with the MITF+/Brn2- MITF-

/Brn2+ switching model (Hoek and Goding, 2010), which argues that MITF is a 

main regulator of the switch and that the non-invasive population should have 

increased MITF targets. 

 

Switching between the two states, Brn2+ and Brn2-, is thought to be quite stable 

and have a hierarchy.  Previous results have shown that Brn2+ cells are capable of 

producing Brn2+ and Brn2- cells in vivo but that Brn2- cells very rarely produce 

Brn2+ cells (Pinner et al., 2009).  The stability in phenotypes may be epigenetically 

regulated by EZH2 and PRC2, as EZH2 controls cell plasticity in a number of 

situations and epigenetic regulation is maintained over many cell generations 

(Prezioso and Orlando, 2011).  In the developing heart, EZH2 loss leads to 

hypoplasticity and impairment of EMT (Chen et al., 2012).  EZH2 may maintain 

cells in their current phenotypic state and I would hypothesise that increased EZH2 

maintains cells in the motile phenotype.  Overall, my work supports the role of the 

microenvironment in contributing to changes in phenotype and switching to a motile 

state.  It also raises interesting questions about the involvement of Notch and EZH2 

in the different phenotypes and switching between states. 
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8.2.7 Other stages of the metastatic process 

8.2.7.1 Notch signalling promotes metastasis through cell autonomous 

and non-cell autonomous mechanisms 

Subsequent to motility in the primary tumour, cancer cells intravasate into 

endothelial vessels, travel to secondary sites, extravasate and must survive and 

proliferate to form metastases.  In chapter 4, I investigated the role of Notch 

signalling in B16 melanoma metastasis as I had found it is increased in the motile 

cell population and previous reports had suggested Notch could increase 

metastasis (Liu et al., 2006).   

 

Data in chapter 4 shows that Notch signalling is not sufficient to promote motility in 

vivo but it increases the metastatic potential of B16 F2 cells.  Notch promotes 

spontaneous lymph-node metastasis in a non-cell autonomous manner as mice 

with tumours containing a mix of NICD and control cells had increased lymph-node 

metastases and the cells in the lymph-node were a 50:50 mix of control and NICD 

cells (Figure 4.6).  As the number of motile cells in mixed tumours was similar to 

control or NICD tumours, this suggests that changes to the microenvironment 

increase the ability of motile cells to metastasise.  Indeed, tumours containing 

NICD cells had an increase in blood vessel lumen size (Figure 4.9).  However, 

lymphatic metastasis likely occurs through the lymphatic system.  Unfortunately, 

staining of lymphatics using anti-podoplanin and LYVE-1 antibodies was not very 

successful.  Few lymphatic vessels were observed in the tumour mass, but there 

was increased staining around the tumour margins.  The margin staining looked to 

be non-specific, but was similar to the lymphoid-like stroma described previously 

for the B16 model (Shields et al., 2010).  Therefore I was unable to determine 

whether cells with active Notch signalling impacted the lymphatic endothelium.  

Given that tumours containing NICD cells had increased blood vessel lumen size, it 

is interesting to consider that if left longer, these tumours may show increased 

spontaneous lung metastasis.  

 

Consistent with previous data in other melanoma cell-lines, B16 F2 experimental 

lung metastasis was increased by active Notch signalling (Figure 4.10).  As Notch 
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signalling is increased in motile cells in vivo (Figure 3.7), active signalling in motile 

cells can also impact other steps in the metastatic process, even though it may not 

be sufficient for motility.  Microarray analysis of control versus NICD cells, 

described in chapter 4, suggests a number of possible reasons for the increase in 

metastasis.  Transcripts of the interferon regulated genes, Stat1, Ifitm3, Ifit3, Irf9 

and Ifi35 are all up-regulated greater than 1.5 times in the B16 F2 NICD-GFP cells.  

Interferon leads to an activation of Stat proteins by JAK kinases and a subsequent 

increase in Stat target genes (Stark and Darnell, 2012).  Previous studies have 

shown that B16 F1 cells have heterogeneous activation of Stat1 and cells with high 

Stat1 signalling have increased ability to colonise the lung (Khodarev et al., 2009).  

Furthermore, JAK kinases have been shown to induce actomyosin contractility in 

melanoma cells (Sanz-Moreno et al., 2011), which is important for short-term 

survival in the circulation and lung colonisation (Pinner and Sahai, 2008).  

Therefore the increase in Stat1 and interferon regulated genes on expression of 

NICD-GFP may explain the increase in lung colonisation seen in the B16 F2 NICD-

GFP cell-line in chapter 4. 

 

Mylk transcript levels were was also identified in chapter 4 as up-regulated in cells 

with increased Notch signalling. Actomyosin contractility is important for amoeboid 

cancer cell migration in vivo, extravasation and lung colonisation (Wyckoff et al., 

2006) (Pinner and Sahai, 2008).  Increased MYLK expression in the B16 F2 NICD-

GFP cells may lead to increased actomyosin contractility and help explain the 

increased ability to extravasate and colonise the lungs.  However, the increased 

MYLK would also be expected to increase amoeboid motility in the primary tumour, 

but this was not observed. 

 

The microarray analysis also indicated that Vegfb mRNA is up-regulated about 1.3 

times in the B16 F2 NICD-GFP cell-line relative to control.  VEGF-B is a ligand of 

VEGFR-1, a receptor expressed on endothelial cells, monocytes, and tumour 

associated macrophages (Fischer et al., 2008).  VEGFR-1 positive bone-marrow 

cells have been shown to initiate the pre-metastatic niche and promote metastasis 

(Kaplan et al., 2005).  Therefore increased VEGF-B secretion from the B16 F2 

NICD-GFP cells may increase the recruitment of VEGFR-1 positive bone-marrow 

cells to pre-metastatic sites, including the lymph-node, hence promoting 
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metastasis.  The increase in lung colonisation seen by B16 F2 NICD-GFP cells in 

chapter 4 could be a result of a similar mechanism of recruitment of bone-marrow 

cells to the lung, which subsequently aid melanoma cell growth through paracrine 

interactions.  However, VEGFR-1 staining of sub-cutaneous tumours and lungs 

containing either B16 F2 control or NICD-GFP metastases did not reveal a 

difference in VEGFR-1 positive cell recruitment (data not shown).  This suggests 

that increased VEGF-B production by B16 F2 NICD-GFP cells does not act in a 

systemic way to increase metastasis, however, it does not rule out a paracrine 

effect on the vasculature.  VEGF-B is a member of the vascular endothelial growth 

factor family, however, it is unusual in that it has no activity under normal conditions 

and any activity it does have, is context dependent (Li et al., 2012).  It has a 

survival effect on both endothelial and neuronal cells (Li et al., 2008; Zhang et al., 

2009), so it is possible that increased VEGF-B expression in the B16 F2 NICD-GFP 

cells increases cell survival during lung colonisation.  Alternatively, VEGF-B may 

signal to the vasculature and, potentially through increased angiogenesis or 

paracrine interactions, lead to increased lung colonisation of B16 F2 NICD-GFP 

cells.  In addition the increase in vascular lumen size seen in tumours containing 

the B16 F2 NICD-GFP cells in chapter 4 may be a result of increased VEGF-B 

signalling.  

 

To determine if VEGF-B, MYLK or STAT promote lung metastasis, these proteins 

could be knocked down by siRNA and the cells used in short-term experimental 

lung colonisation assays.  Furthermore, to determine if they are required for Notch 

induced increase in lung metastasis, VEGF-B, MYLK or STAT could be knocked 

down in NICD cells and subject to experimental metastasis assays.  To further 

investigate the effect of NICD cells on the endothelium, sprouting angiogenesis and 

lymphangiogenesis assays could be performed in vitro in the presence of NICD or 

control cells.  This would determine if NICD cells had direct effects on endothelial 

sprouting or morphology. 
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8.2.7.2 EZH2 positively regulates metastasis 

Much of the hypothesis that EZH2 positively regulates melanoma motility is based 

on it’s role in lung colonisation and also it’s effects on motility in vitro.  Work in 

chapter 6 shows that loss of EZH2 decreases experimental metastasis whereas 

loss of Jarid2 has no effect (Figure 6.16).  This was surprising given that depletion 

of both EZH2 and Jarid2 results in a loss of Ezrin and Radixin phosporylation 

(Figure 6.10) and that Ezrin promotes metastasis (Hunter, 2004).  Therefore, ERM 

protein phosphorylation does not seem to affect metastatic potential of B16 F10 

cells.  However, phosphorylation of Moesin is not affected on PRC2 depletion and 

so Moesin may be compensating for loss of activation of the other ERM proteins.  

The observation that Jarid2 depletion does not affect metastasis suggests that 

PRC2 and EZH2 regulated genes but Jarid2 independent genes are the most likely 

to regulate metastatic potential of B16 melanoma cells.  EZH2 may promote 

metastasis through positive regulation of MCAM expression, as MCAM expression 

is decreased concurrent with decreased metastasis on EZH2 depletion (Figure 

6.26).  MCAM is an adhesion molecule whose increased expression is associated 

with metastasis in melanoma cells (Xie et al., 1997).  Decreased MCAM expression 

on EZH2 depletion may decrease B16 cell adhesion to endothelial cells on arrival 

to the lungs and hence decrease metastasis.  However, the mechanism of EZH2-

dependent MCAM regulation is unclear, as EZH2 is classically associated with 

gene silencing.  EZH2 may regulate MCAM indirectly by silencing a repressor of 

MCAM expression.   

 

8.2.8 Problems with siRNA mediated gene silencing 

Investigating the role of PRC2 components in melanoma motility, differentiation and 

metastasis relied heavily on siRNA mediated depletion of key PRC2 components.  

However, siRNA studies are sensitive to off-target effects of the siRNA.  This study 

encounters a number of problems associated with siRNA mediated depletion.  

Depletion of EZH2 with 3 different siRNA did not lead to the exact same phenotype 

with all three oligos.  Cells depleted with EZH2 siRNA #2 were much flatter, had a 

larger surface area and had actin cables at the cell periphery compared to cells 

depleted with EZH2 siRNA #1 and 4 which also had increased cell area, but to a 
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lesser extent, and had long tails (Figure 6.5).  This was a common problem as 

oligos silencing Suz12 and Jarid2 also resulted in slightly different phenotypes.  

The problem was accentuated in the analysis of the effects of Jarid2 on pigment to 

such a degree that no conclusion could be found (Figure 6.18).  In addition, one out 

of three oligos for both EZH2 and Jarid2 resulted in a vast increase in metastasis in 

contrast to the effects of the other two oligos (Figure 6.16).  In sections 6.8.3 and 

6.8.4 I attempted to utilise these problems, together with microarray analysis after 

different siRNA knockdown, to identify genes that correlated with various 

phenotypes such as pigment and metastasis.  This highlighted the role of P protein 

in the regulation of pigment and hinted that MCAM may regulate metastasis.  

Overall, the siRNA oligos which consistently gave the majority phenotype, such as 

EZH2 #1 and 4, were considered when drawing conclusions from the data.  Ideally, 

more siRNA oligos are required to test the role of Jarid2 in pigment and to confirm 

the roles of both EZH2 and Jarid2 in metastasis.  In addition, re-expression of 

siRNA resistant cDNA would help to confirm the roles of EZH2 and Jarid2 in the 

relevant phenotypes. 

 

8.3 Heterogeneity in the tumour vasculature 

In addition to analysis of the motile cell population in melanoma, this thesis 

describes investigations into the vasculature in the melanoma microenvironment, 

which will be discussed further in this section.  Intra-vital imaging of the tumour 

vasculature in melanoma, presented in chapter 7, revealed heterogeneity in 

vascular morphology and response to Sunitinib anti-angiogenic therapy.  Two 

morphologically and dynamically distinct vascular zones in the tumour margin were 

identified, the immediate margin, a region with increased branch points and blunt 

ends, and the peripheral margin, a region with increased tortuosity and variation in 

vessel width (section 7.2).  Chapter 7 also describes the use of imaging windows 

for long-term tracking of the tumour vasculature.  Vascularisation of the B16 

melanoma model was shown to mainly arise through sprouting angiogenesis, and 

involved many of the same steps as developmental angiogenesis, such as sprout 

formation, sprout elongation, anastomosis and potentially vascular remodelling 

(section 7.5.1).  Sprout formation in the tumour environment showed the greatest 
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differences to developmental angiogenesis as protrusions were not limited to the tip 

cell leading the sprout.  Interestingly, although the tumour was vascularised, there 

was higher vascular density around the tumour.  This has also been observed with 

B16 melanoma spheroids in vitro (personal communication, Holger Gerhardt).  

Perhaps the B16 melanoma is a dense environment that is difficult for endothelial 

cells to penetrate.  Long-term tracking also indicated that the peripheral tortuous 

margin may arise from immediate sprouting margin areas, as margin vessels 

initially showed an increase in blunt ends, followed by increased tortuosity (Figure 

7.31).  This suggests that the immediate and peripheral margins are temporally 

linked. 

 

The overall morphologies of tumour vessels described in chapter 7 are similar to 

previous reports showing that tumour vessels are tortuous, chaotic, often with large 

lumens and increased branching (Carmeliet and Jain, 2011b).  Heterogeneity in the 

tumour vasculature has been previously reported, however the analysis of vascular 

phenotypes was based on immunohistochemical sections (Nagy et al., 2010).  

Therefore comparison with the vascular morphologies described in chapter 7 is 

difficult.  The previous reports indicate that large, thin walled mother vessels are 

the first vessels to appear in tumours and that they arise from existing vessels by 

degradation of the basement membrane, pericyte detachment and vascular 

expansion.  However, my longitudinal imaging studies point towards the first 

tumour vessels arising from nascent spout growth.  Furthermore, the morphological 

analysis of the vessels described in chapter 7 suggests these vessels, created by 

nascent sprouting and characteristic of the immediate margin, are relatively 

“normal” (more so than the vessels in the peripheral margin) narrow vessels with a 

number of blunt ends and branch points.  This disputes the idea of large mother 

vessels as the first tumour associated vessels and highlights the power of imaging 

studies.  However, the differences could be dependent on the tumour type 

analysed. 

 

The previous analysis of tumour vessel heterogeneity also indicates that the initial 

mother vessels are transient and then evolve into various types of daughter vessels 

including capillaries, glomeruloid microvascular proliferations (GMPs) and vascular 

malformations (VMs) (Nagy et al., 2010).  The longitudinal analysis of tumour 
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vasculature in chapter 7 indicates that phenotypes associated with the peripheral 

margin vessels, such as vessel tortuosity, develop after phenotypes associated 

with the immediate margin.  Therefore the peripheral margin vessels may be 

somewhat similar to daughter vessels.  However, due to the different methods used 

to analyse the vasculature; intravital imaging vs immunohistochemistry, it is quite 

difficult to determine which type of daughter vessel the peripheral margin 

corresponds to.  Due to the increased tortuosity and chaotic nature of peripheral 

margin vessels, they most closely resemble GMPs. 

 

Although the different vessel morphologies and vascular zones described in 

chapter 7 do not easily correspond to previous reports of tumour vascular 

heterogeneity, the different vascular zones do correspond to previous reports 

describing vascular phenotypes dependent on availability and processing of VEGF-

A.  VEGF-A can bind the ECM and be cleaved by a subset of MMPs (Lee et al., 

2005).  Previous studies have indicated that expression of MMP cleavage resistant 

VEGF-A in tumours leads to highly branched narrow vessels, whereas expression 

of the cleaved form of VEGF-A leads to an enlargement of vessels (Lee et al., 

2005).  The enlarged vessel phenotype is similar to vessels found in the tortuous 

peripheral margin of melanomas and the increased branching and narrow vessels 

are reminiscent of vessels in the tumour and immediate melanoma margin.  Work 

in chapter 7 confirms that there is increased MMP activity in the margins indicating 

that the heterogeneity in vessel architecture may be as a result of differential 

VEGF-A cleavage. 

 

Time-lapse imaging of the tumour vasculature revealed interesting endothelial cell 

behaviour.  Endothelial cells were observed extruding bleb-like protrusions, 

however, typically endothelial cells are considered to respond to growth factors by 

producing filopodia (Gerhardt et al., 2003).  Interestingly, filopodia and bleb-like 

protrusions were both observed in vivo and correlation analysis suggested a 

negative correlation between the two behaviours (Figure 7.10).  Perhaps different 

environments or growth factors induce the different protrusions.  Bleb-like 

protrusions may be the initial events in another interesting tumour associated 

endothelial cell behaviour observed in vivo.  Endothelial cells were observed 

undergoing a rounded, amoeboid-like form of motility distant to tumour vessels 
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(Figure 7.6).  This may be similar to the Endothelial to mesenchymal transitions 

(EndMT) described during development and pathology (van Meeteren and ten 

Dijke, 2012).  In one movie (Supplemental movie 12), an endothelial cell extruded a 

bleb-like protrusion from the vessel wall and subsequently escaped the vessel 

using rounded amoeboid-like motility.  This is similar to events observed during 

zebrafish development when aortic endothelial cells contract to bend out of the 

aorta and subsequently migrate away from the vessel (Kissa and Herbomel, 2010).  

TGF-β has been shown to drive EndMT and as TGF-β signalling is increased in 

motile melanoma cells, endothelial and melanoma cells may be responding to the 

same signal to induce motility (van Meeteren and ten Dijke, 2012) 

 

Due to the links between endothelial behaviour, vessel morphology and melanoma 

cell motility (discussed earlier) tumours were treated with Sunitinib, a relatively 

broad receptor tyrosine kinase inhibitor with anti-angiogenic properties, in an 

attempt to perturb the vasculature (section 7.4).  However, the vasculature was not 

perturbed as expected.  Although vessel density and tumour growth was 

decreased, vessels in the tumour margin were resistant to Sunitinib and still 

displayed angiogenic protrusions (section 7.4).  This was concurrent with lower 

melanoma cell apoptosis in the margins compared to the tumour bulk (Figure 7.17).  

Although previous studies suggest that pericyte coverage may affect response to 

Sunitinib, there was no indication of differences in pericyte coverage between 

tumour and margin vessels (Figure 7.18).  Instead, margins had a higher density of 

stromal cells, such as macrophages and CAFs, compared to the tumour bulk 

(Figure 7.19).  These stromal cells may provide VEGFR independent pro-

angiogenic signals suggesting that the microenvironment may be a cause of the 

lack of response to anti-angiogenic therapies.  In vitro sprouting angiogenesis 

assays did not provide evidence for paracrine VEGFR independent pro-angiogenic 

signals between CAFs, macrophages and B16 melanoma cells (data not shown)  

However, they do not accurately recapitulate the tumour environment, for example, 

many angiogenic ligands bind the ECM and are released after MMP activity.  

Indeed MMP activity is increased in the tumour margins compared to the tumour 

bulk (Figure 7.20).  This suggests that increased MMP activity, together with 

increased stromal cells, may lead to increased availability of pro-angiogenic ligands 

at the margins resulting in vessel resistance to Sunitinib.   
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Interestingly, heterogeneity in response to anti-angiogenic therapy has been 

reported previously in a system to reproduce tumour-associated vasculature by 

over-expression of VEGF-A in vivo (Sitohy et al., 2011).  In this case, the later 

forming vessels such as vascular malformations, feeding arteries and draining 

veins were resistant to anti-VEGF therapy and the authors argue that a decrease in 

VEGFR-2 levels in these vessel types explains the independence to VEGF-A.  I 

tested this hypothesis by staining of B16 tumour sections for VEGFR-2, but found 

no difference in expression between vessels in the margin and tumour bulk, 

indicating that this is unlikely to be the reason for Sunitinib resistance in the margin. 

   

8.4 Tumour heterogeneity and implications 

My work has revealed signalling heterogeneity in murine melanoma in vivo.  Intra-

tumoural heterogeneity can result from intrinsic factors such as genetic differences.  

However, the clonal nature of the reporter cell-lines suggests that the heterogeneity 

may arise from the microenvironment, differences in differentiation state and noise 

in gene expression (Marusyk et al., 2012). In human tumours it is likely that a mix 

of all of these factors results in a complex heterogeneity in gene expression 

patterns over space and time.   

 

The implications of intra-tumour heterogeneity are readily observed in patient 

response to therapy.  Human tumours often have a small population of cells that 

are resistant to therapy and cancer stem cells have been reported to be resistant to 

standard therapies (Reya et al., 2001).  In addition, the different microenvironments 

within the same cancer may lead to different selective pressures within the same 

tumour and multiple resistant cell populations (Marusyk et al., 2012).  A further 

compounding factor with cancer therapy is that the drug needs to reach the cancer 

at an effective dose.  However, heterogeneity of the tumour vasculature, as 

described in this thesis, may result in poor drug delivery or heterogeneous drug 

delivery to the tumour. 
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Some of the genes identified in this study as up-regulated in the motile melanoma 

population are linked to drug resistance, suggesting that the motile state may also 

represent a more drug-resistant state (Eyler and Rich, 2008).  For example, Kif2c 

mRNA is up-regulated in motile B16 cells and its expression mediates resistance to 

the chemotherapeutic, paclitaxel (Ganguly et al., 2011).  Many other Kinesins are 

up-regulated in the B16 population enriched for motile cells and their increased 

expression is associated with docetaxel resistance (De et al., 2009).  Increased 

EZH2 expression is also associated with drug resistance and ovarian cancer cells 

resistant to cisplatin show EZH2 over-expression (Hu et al., 2010).  In addition, loss 

of EZH2 in pancreatic cancer cells sensitises the cells to the chemotherapeutics, 

doxorubicin and gemcitabine (Ougolkov et al., 2008).  Furthermore, heterogeneity 

in chromatin state and expression of the Histone demethylase JARID1A results in 

heterogeneity in drug response in non-small cell lung cancer (Sharma et al., 2010).   

 

Intra-tumour heterogeneity leads to interactions between the different populations 

in the tumour, which may further promote growth and metastasis (Marusyk and 

Polyak, 2010).  The work in this thesis describes heterogeneity in Notch signalling 

in B16 melanoma and further shows that heterogeneity in the status of the Notch 

pathway promotes lymph-node metastasis.  Although this is likely due to effects on 

the microenvironment, phenotypic heterogeneity in small cell lung cancer leads to 

increased metastasis through paracrine interactions between cell populations 

(Calbo et al., 2011).   

 

Heterogeneity is likely to be dynamic, with patterns of gene expression changing 

over time.  My work does not address dynamic heterogeneity in the primary 

tumour, however the combination of transcriptional reporter cell-lines and long-term 

imaging using imaging windows would start to address these issues.   

 

8.5 Concluding remarks 

This thesis covers investigation of gene expression regulation during melanoma 

motility in vivo and a study of the tumour vasculature in melanoma.  It finds that 

Notch, SRF and TGF-β signalling is heterogeneous in vivo and is increased in the 
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motile B16 F2 cell population.  Although Notch signalling is not sufficient for motility 

in vivo, it promotes metastasis through cell autonomous and non cell autonomous 

mechanisms.  Derivation of a gene-signature of the B16 F2 melanoma population 

enriched for motile cells suggests a role for the chromatin modifier EZH2, in 

regulation of motility.  Further analysis indicates that EZH2 also positively regulates 

melanoma metastasis.  Imaging of the vasculature in melanoma revealed 

morphological and dynamic heterogeneity, with the identification of two distinct 

vascular zones within the tumour margin.  Endothelial behaviours and vascular 

morphology were found to correlate with melanoma motility.  Endothelial bleb-like 

protrusions, endothelial cell motility and increased variation in vessel width 

correlate with melanoma motility and help to describe a permissive 

microenvironment for motility. 

 

This work highlights the involvement of cancer cell and microenvironmental 

heterogeneity in the clinically relevant problem of metastasis.  More investigation of 

genes in the gene-signature of the B16 F2 motile cell population may identify novel 

genes associated with motility and metastasis in vivo.  Furthermore, EZH2 and 

some of the genes up-regulated in the B16 population enriched for motile cells may 

provide therapeutic anti-invasion and metastasis targets for melanoma in the clinic. 
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Chapter 9. Appendix 

9.1 Notch targets 

Genes up-regulated >1.2 fold in B16 F2 NICD vs B16 F2 control cells 
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9.2 Brn2 promoter reporter high genes 

Genes up-regulated >1.2 fold in B16 mRFPCAAX population with high Brn2 
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9.3 Notch reporter high genes 

Genes up-regulated >1.2 fold in B16 mRFPCAAX Notch reporter high population.
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9.4 EZH2 and Jarid2 regulated genes 

Genes down-regulated by <-1.2 on EZH2 k.d using oligos 1 and 4.
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Genes up-regulated by >1.2 fold on k.d with EZH2 oligos 1 and 4. 
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Genes down-regulated by <-1.2 fold on k.d with Jarid2 oligos 1 and 4
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Genes up-regulated >1.2 fold on k.d with Jarid2 oligos 1 and 4.
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Genes down-regulated <-1.2 fold both on k.d with Jarid2 oligos 1 and 4 and EZH2 
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