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ABSTRACT 

Myofibroblasts (MFs) are one of the most significant stromal cell types in epithelia such 

as in the gut. They play an important role in regulating the normal colorectal stem cell 

niche and facilitating tumour initiation, growth and progression through inter-cell 

signalling. Abundant presence of MFs is often associated with poor prognosis in 

cancers. The aim of this project is to identify new myofibroblast markers to distinguish 

them from others cells in the stroma, and also to establish patterns of myofibroblast 

gene regulation. 

 

First, we identify the membrane protein that home-raised IgG1 antibody PR2D3 

recognises on myofibroblasts, by using immunoprecipitation and mass spectrometry 

based amino acid sequencing, as the AOC3 membrane primary amine oxidase, with 

additional reactivity to myosin heavy chain 11 (Chapter 3). The AOC3 expression in 

myofibroblasts in vivo and in vitro is validated by extensive expression profiling 

analyses. Our results demonstrate that AOC3 is expressed by myofibroblasts and that it 

functions as an SSAO enzyme (Chapter 4). Furthermore, we successfully separated 

primary myofibroblasts from fresh tissues by FACS sorting using AOC3 as a 

myofibroblast-specific surface marker (Chapter 5). Analysis of whole genome 

microarray mRNA expression profiles between myofibroblasts and fibroblasts revealed 

4 candidate genes that were the most significantly differentially expressed in the two 

cell types; NKX2.3 and LRRC17 are highly expressed in myofibroblasts, while SHOX2 

and TBX5 are highly expressed in fibroblasts (Chapter 6). NKX2.3 is essential for 

TGFβ-induced myofibroblast contraction and migration ability. Knockdown of NKX2.3 

using siRNA caused a decrease of myofibroblast-related gene (ACTA2, MYH11 and 

AOC3) expression and an increased expression of fibroblast gene, SHOX2 in 

myofibroblasts. This suggests that NKX2.3 is a key mediator for maintaining 

myofibroblast characteristics and functions. Our work presented here shows that 

myofibroblasts and fibroblasts have significantly different expression profiles for a few 

key genes and that they differ in their response to TGFβ.  

 

In conclusion, the results clearly show that TGFβ activated fibroblasts and 

myofibroblasts, as defined by the expression of AOC3 and NKX2.3, are distinctly 

different cell types. (331 words) 
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CHPATER 1: GENERAL INTRODUCTION  
 
 
 
1.1 Human intestinal microstructure and mesenchymal cells  
 
 
Intestinal epithelium turnover is a rapid process in which cells in the intestinal lining are 

replaced at least on a weekly basis. This makes the intestine a good model for the study 

of cell regulation in health and diseases (Heath, 1996).  Intestinal homeostasis is closely 

controlled and depends on the signals from supportive mesenchymal cells and 

differentiated epithelium (Medema and Vermeulen, 2011). In the large intestinal 

mucosa, the innermost layer surrounding the lumen of the gut consists of invaginations 

lined by a columnar epithelium that forms the basic functional subunits called crypts, as 

well as the lamina propria and muscularis mucosae (Figure 1.1). Intestinal 

mesenchymal cells reside in lamina propria, and consist of pericryptal cells, fibroblasts, 

pericytes, bone marrow-derived stromal cells and smooth muscle of the muscularis 

mucosae (Powell et al., 2005).  

 

Pericryptal cells are adjacent to the crypt, separated from epithelial cells by basement 

membrane. They were originally described as fibroblasts by morphological appearance 

(Donnellan, 1965, Kaye et al., 1968), but later found to be actively involved in the 

shrinkage process during wound healing. The first identification of the pericryptal cells 

as myofibroblasts was based on the staining with the monoclonal antibody, PR2D3 

(Richman et al., 1987) and then confirmed by αSMA staining (Sappino et al., 1989).  

Myofibroblasts are believed to secrete hormones and growth factors that participate in 

control of epithelial cell proliferation and differentiation and (Humphries and Wright, 

2008)  and maintenance of the stem cell niche in colonic crypts,  in addition to 
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regulating mesenchymal-epithelial interactions, wound healing, fibrosis and aspects of 

immune responses (Adegboyega et al., 2002, Owens and Simmons, 2013) 

 

 

 
 

 
 
 
______________________________________________________________________
Figure 1.1 
Microstructure of large intestinal mucosa  
Colonic mucosa indicating polarised columnar intestinal epithelial cells lining crypts, 
lamina propria and muscularis mucosa. Myofibroblasts are the pericryptal stromal cells 
that form a sheath surrounding the crypts. Co-staining of paraffin section of human 
colon with αSMA for myofibroblasts and smooth muscle cells (red). EpCAM staining 
was used for epithelial cells (green). 40x magnification 
______________________________________________________________________ 
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1.2 Myofibroblasts 

 

1.2.1 Fibroblasts and myofibroblasts  

 

Fibroblasts are the most common mesenchymal cells in connective tissues that provide 

maintenance and support by synthesising extracellular matrix components and 

collagens. Fibroblasts function not only as a scaffold in tissues, but also contribute to 

the function and migration of other cells (Nolte et al., 2008). After tissue injury, 

fibroblasts become activated into modified fibroblasts that contract the stroma, bringing 

the wound margins closer together, and thereby facilitate the healing process (Gabbiani 

et al., 1971). These modified fibroblasts exhibit many similar properties to smooth 

muscle cells and were consequently named “myofibroblasts” (Majno et al., 1971). 

Myofibroblasts may be defined morphologically and immunologically through the 

expression of cytoskeletal proteins (Sappino et al., 1990, Schmitt-Graff et al., 1994). 

Currently, the simplest and most widely used definition of myofibroblasts relies on the 

expression of α-smooth muscle actin (αSMA)(Gabbiani et al., 1973). Following the 

demonstration by Desmouliere et al that after transforming growth factor β (TGFβ) 

stimulation, connective tissue fibroblasts were activated to express αSMA (Desmouliere 

et al., 1993), thereby seemingly acquiring the properties of myofibroblasts, it became 

widely accepted that TGFβ activated fibroblasts could be defined as myofibroblasts. 

Subsequently, myofibroblasts defined in this way have been shown to be widely 

distributed in many different tissues.  In addition to TGFβ, mechanical tension has also 

been shown to induce αSMA expression within fibroblasts maintained on a stiff surface 

(Arora et al., 1999), through increased expression of αvβ3 integrin (Jones and Ehrlich, 

2011).  
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In tumour stroma, the term myofibroblast comprises a rather heterogeneous cell 

population with different phenotypes, based on immunohistological observations 

(Sugimoto et al., 2006). The lack of a clear definition of cell types has lead to 

publications with confusing and sometimes contradicting terminology. For example, 

many studies refer to the stromal cells associated with a colon cancer as either cancer-

associated fibroblasts (CAFs), stromal fibroblasts, peritumoral fibroblasts, 

myofibroblasts or αSMA-positive myofibroblasts (Orimo and Weinberg, 2007, De 

Wever et al., 2008, Semba et al., 2009). Mostly the only criterion used for identification 

relies on expression of αSMA. However, this generalized term causes confusion in not 

distinguishing between the various mesenchymal cell types that have different origins, 

location and function.  A finer classification of fibroblasts in the skin (Driskell and Watt, 

2015) and lung (Rock and Hogan, 2011) has helped clarify the issue, but clearly there is 

a need for  more specific markers  for a proper definition of mesenchymal cell types in 

tumour stroma.  
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______________________________________________________________________ 
Figure 1.2 
Schematic diagram showing the current definition of mesenchymal cells in tumour 
stroma 
Mature fibrocytes are derived from monocyte precursors, express CD34 and exhibit 
features of both fibroblasts and macrophages. CAFs are extracted from tumour stroma 
and include a mixture of myofibroblasts, activated myofibroblasts and activated 
fibroblasts.  Orange oval presents αSMA-positive phenotype cells. All stromal cells 
present here are vimentin positive. Fs: fibroblasts; aFs: activated fibroblasts; CAFs: 
cancer-associated fibroblasts; MFs: myofibroblasts; aMFs: activated myofibroblasts. 
______________________________________________________________________ 
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1.2.2 Characterization of myofibroblasts and origins 

 

Myofibroblasts are cells with biochemical and morphological features of both 

fibroblasts and smooth muscle cells (Phan, 2008). Myofibroblasts are large spindle 

shape cells with expanded endoplasmic reticula, focal adhesion proteins and fibronexus 

containing intracellular myofilaments, which can be observed under electron 

microscopy (Singer et al., 1984, Dugina et al., 2001, Eyden, 2001). Numerous studies 

have attempted to describe the characteristics of myofibroblasts based on the expression 

of immunocytochemical markers. A clear definition of the myofibroblast has yet to be 

established, therefore studies currently use distinct but overlapping definitions. 

Unfortunately, there is not a single marker that can distinguish myofibroblasts 

specifically from other cells. The characterization of myofibroblasts has therefore relied 

variously on combinations of positive markers such as αSMA (ACTA2; alpha 2 smooth 

muscle actin; actin isoforms specialized in cellular contraction) (Gabbiani et al., 1973), 

the stress fibre controlling protein palladin 4Ig (PALLD)(Ronty et al., 2006), THY-1 

(CD90; cell surface antigen) (Koumas et al., 2003), PDPN (podoplanin; mucin-type 

transmembrane glycoprotein) (Yamanashi et al., 2009), the intermediate filament 

vimentin (VIM)(Leader et al., 1987), TEM1 (CD248; sialylated transmembrane 

endosialin)(Christian et al., 2008), S100A4 (S100 calcium binding protein, formerly 

named fibroblast-specific protein-1)(Strutz et al., 1995) and platelet derived growth 

factor receptor β (PDGFRB)(Humphreys et al., 2010); along with negative markers 

such as the epithelial specific markers EPCAM (epithelial cell adhesion molecule) and 

specific cytokeratins, monocyte marker CD14, vascular endothelium markers CD31 and 

CD34, the smooth muscle marker smoothelin (van der Loop et al., 1996) and desmin 

(might be positive in some tissues).  Despite the use of these markers, there still remains 
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confusion of terminology in the literature and difficulty in being able to distinguish 

myofibroblasts from fibroblasts. 

 

 

 

 

 

______________________________________________________________________ 
Figure 1.3 
Venn diagram showing the current immunohistological markers of 
myofibroblasts, fibroblasts, smooth muscle cells and pericytes in stroma  
No specific marker for either myofibroblasts or fibroblasts in literature so far. 
Identification of myofibroblasts relies on a combination of multiple markers. 
However, αSMA has been reported to show heterogeneous staining in myofibroblasts 
and also to be positive in some fibroblasts. Note: Vimentin and PDGFRβ are positive 
for myofibroblasts, fibroblasts, pericytes and smooth muscle cells. 
______________________________________________________________________ 
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The origins of myofibroblasts in renal and hepatic fibrosis have been extensively 

described. Originally, myofibroblasts were thought to be the result of local recruitment 

of fibroblasts, pericytes, perivascular cells, smooth muscles or adipocytes (McAnulty, 

2007, Wada et al., 2007, Humphreys et al., 2010). Recent studies showed the evidence 

that bone marrow cells have striking plasticity to differentiate into stromal 

myofibroblasts (Direkze et al., 2006) as well as into pericryptal myofibroblasts in the 

mouse and human small intestine and colon (Brittan et al., 2002). Myofibroblasts have 

also been suggested to arise from either mesenchymal stem cells (MSCs) or CD34+ 

fibrocytes (which have CD14+ monocytes as precursor) (Broekema et al., 2007). 

Another possible cellular source of myofibroblasts is thought to involve either epithelial 

to mesenchymal transition (EMT)(Kalluri and Neilson, 2003, Zeisberg and Kalluri, 

2008) or endothelial to mesenchymal transition (EdoMT)(Zeisberg et al., 2008, Li et al., 

2009).  Numerous studies have suggested that EMT may be the dominant source of 

kidney and liver fibrosis (Strutz and Neilson, 2003, Zeisberg et al., 2008, Iwaisako et al., 

2012). During the process of EMT, epithelial cells lose some epithelial characteristics, 

such as expression of E-cadherin (CDH1), ZO-1 (tight junction protein 1) and 

cytokeratins, and gain expression of more mesenchymal markers, such as vimentin 

(VIM1), fibronectin (FN1) and snail (SNAI1)(Kalluri and Weinberg, 2009).  This 

transition allows the transformed cells to synthesize matrix proteinases that digest the 

basement membrane and thereby enable migration into other tissues.  

 

1.2.3 Roles of myofibroblasts including in inflammation and fibrosis 

 

Myofibroblasts can modulate the stroma through direct cell-cell contact or by secretion 

of extracellular matrix (ECM) proteins, matrix metalloproteinases (MMPs), tissue 
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inhibitors of metalloproteinase (TIMPs), growth factors, cytokines, and lipid products, 

or through the expression of specific receptors (De Wever et al., 2008).  Myofibroblasts 

are present in many normal tissues, such as the gastro intestinal tract, prostate, lungs 

(interstitial contractile cells), liver (hepatic stellate cells), pancreas (pancreatic stellate 

cells) and uterus where their specific functions may differ (Powell et al., 1999). In 

normal tissues, myofibroblasts are essential for tissue morphology (Powell et al., 2005) 

and their contractile capability allows them to participate in the contraction of glands, 

such as the gastric gland (Adegboyega et al., 2002), and breast lobule (Gudjonsson et al., 

2005).  

 

In inflammatory response, myofibroblasts play a crucial role by producing chemokines 

(IL-8, macrophage proteins)(Andoh et al., 2000), cytokines (IL-1, IL-6, TNF-

α)(Shimada et al., 2002, Theiss et al., 2005), and growth factors, such as hepatocyte 

growth factors (HGF) and fibroblast growth factors (FGF)(Tokunou et al., 2001). 

Myofibroblasts are also capable of enhancing or downregulating the inflammatory 

response by secretion of soluble mediators of inflammation, synthesis of prostaglandins 

and expression of cyclooxygenase-2 (COX-2)(Shattuck-Brandt et al., 2000, Mifflin et 

al., 2002).  When activated, myofibroblasts express adhesion molecules such as 

intracellular adhesion molecule-1 (ICAM-1)(Doucet et al., 1998) and super-mature 

focal adhesion (cell–matrix adhesion, FAs)(Dugina et al., 2001), both of which facilitate 

adhesion to matrix proteins and participate in inflammatory and immune reactions.  

 

Myofibroblasts also contribute in tissue or organ fibrosis. Similar to the healing process, 

fibrosis is the formation of excessive amount of connective tissues, which resulted from 

repeated cycles of tissue damages and repair. In many organs such as kidney (LeBleu et 
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al., 2013), lung, heart, liver (hepatic stellate cells)(Reeves and Friedman, 2002) and 

pancreas (pancreatic stellate cells)(Masamune et al., 2009), myofibroblasts are primarily 

involved in fibrosis that suggested being responsible for the increased extracellular 

matrix synthesis and synthesis of collagens and fibronectin (Benyon and Arthur, 2001, 

Kinnman et al., 2003).  

 

1.2.4 Mesenchymal epithelial interactions 

 

In the intestine, mesenchymal epithelial interaction is important not only for proper 

morphogenesis but also for appropriate maintenance of the intestinal homeostasis 

(Medema and Vermeulen, 2011). Stromal myofibroblasts and muscularis mucosa cells 

work together with epithelial cells to construct the intestinal stem cell niche in normal 

tissue and during cancer development through complex signalling mechanisms 

involving WNT, bone morphogenetic proteins (BMPs) and Hedgehog (Hh) pathways. 

 

In the gut, the Hh pathway generally signals from differentiated epithelial cells to 

mesenchymal cells, where it is thought to induce secretion of BMPs (van Dop et al., 

2009). Hh pathway signalling is essential for the development of mesenchymal cells as 

constitutive activation of Hh signalling in the colon leads to an accumulation of 

myofibroblasts and crypt abnormalities in mice (van Dop et al., 2009). In addition, the 

Gumucio laboratory showed that mislocated myofibroblasts can be found throughout 

the intestinal lamina propria when Hh paracrine action was disturbed (Madison et al., 

2005).   
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In the intestinal stem cell niche, the Wnt pathway has a crucial role in driving intestinal 

epithelium proliferation and maintenance of intestinal stem cells. Recent studies have 

highlighted the importance of stromal myofibroblast secreted Wnt ligands in stem cell 

homeostasis (Farin et al., 2012).  Bone morphogenetic protein (BMP) signalling, 

however, is a negative regulator of cell proliferation that antagonises Wnt signalling 

along the crypt axis (Zhang and Li, 2005). BMPs are members of the transforming 

growth factor- β (TGFβ) superfamily, which share intracellular signalling through the 

SMAD proteins. BMP2 and BMP4 are expressed by mesenchymal cells and are active 

at the top of crypt, where differentiation occurs (He et al., 2004). BMPs are also 

produced at the bottom of crypt but their action there is counteracted by BMP 

antagonists, such noggin (NOG), expressed by stromal myofibroblasts (Kosinski et al., 

2007).  
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______________________________________________________________________ 
Figure 1.4  
Mesenchymal-epithelial interactions in stroma 
Epithelial-mesenchymal interactions result in modulation of hedgehog (Hh), bone 
morphogenetic protein (BMPs) and Wnt signalling pathways in the intestinal crypt. Wnt 
ligands are secreted around the base of crypt, whereas BMPs are active at the top of the 
crypt. Hh proteins produced by differentiated epithelial cells triggers stromal BMP 
synthesis. Figure taken from (Powell et al., 2011). 
______________________________________________________________________ 
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1.2.5 Contribution of stromal myofibroblasts to invasive cancers 

 

Abundant clinical and experimental data highlight the contribution of tumour stroma to 

invasion and metastasis. An increase in the number of myofibroblasts associated with 

primary tumour tissues has been described in many cancers, including breast, colorectal, 

prostate, pancreatic and gastric carcinomas (Tuxhorn et al., 2002, Orimo et al., 2005, 

Tsujino et al., 2007, Farrow et al., 2008, Fuyuhiro et al., 2011), as well as in lymph 

node metastases (Yeung et al., 2013). In addition, increased αSMA expression by 

myofibroblasts is a predictor of disease recurrence in colorectal cancer (Tsujino et al., 

2007) and an indicator of poor prognosis in patients with recurrent pancreatic cancer 

(Infante et al., 2007).  

 

Dimanch-Boitrel et al showed early evidence in favour of a role for myofibroblasts in 

invasion in vitro. Epithelial cells isolated from a chemically induced colon cancer in rats 

failed to invade extracellular matric gels by alone, while successful invasion was 

observed after addition of tumour-associated mesenchymal cells to cancer cells 

(Dimanche-Boitrel et al., 1994). Similarly, De Wever et al demonstrated the invasive 

activity of human myofibroblasts in vitro by using cancer cells and myofibroblasts 

isolated from human colon tissues.  Primary cancer cells invaded the collagen gels only 

when myofibroblasts were also added (De Wever et al., 2004).  Furthermore, co-culture 

of cancer cells with myofibroblasts increases the clonogenicity of colorectal cancer cell 

and expands the cancer stem cell population (Richman and Bodmer, 1988) (S. Ghandi 

thesis, 2011). Likewise, myofibroblasts express increased levels of markers of 

activation such as smooth muscle actin when exposed to cancer cells (Webber et al., 

2010). These studies suggest a mutual feedback loop resulting from the interaction 
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between myofibroblasts and cancer stem cells.  Several tumour xenograft mouse models 

and transgenic mouse models have shown that myofibroblasts facilitate invasive tumour 

growth and explain the complex signaling between the epithelium and the stroma (De 

Wever et al., 2004, Orimo et al., 2005, Calon et al., 2015).  

 

1.3 AOC3 (Amine oxidase copper containing 3) 

 

The findings in this thesis identify AOC3 as a marker of myofibroblasts.  Although its 

expression has not previously been linked to myofibroblasts, much of the work 

presented in this thesis involves characterization of AOC3 expression and function, and 

a summary of what is currently known about the function of AOC3 is therefore 

provided below.   

 

AOC3 (amine oxidase copper containing 3; copper amine oxidase; semicarbazide 

sensitive amine oxidase, SSAO) is also called VAP-1 (vascular adhesion protein-1) 

because of its role in lymphocyte endothelial interaction. Although VAP-1 is the more 

commonly used gene symbol in many publications, the HGNC (human genome 

nomenclature committee) approved gene symbol is AOC3, and therefore, that is the 

symbol that will be used from this point forward.   

 

AOC3 was originally identified as the target protein of mAb 1B2, a murine antibody 

that blocked lymphocyte binding to endothelial venules (Salmi and Jalkanen, 1992). 

AOC3 is abundantly present in normal tissues in the endothelial cells of veins, in 

adipocytes and in smooth muscle cells, but not in other types of muscles (Salmi and 

Jalkanen, 1992). The tissue distribution of AOC3 on endothelial cells highlights its 
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function as an adhesion molecule able to recognise and recruit lymphocytes during 

inflammation (Jalkanen and Salmi, 1993).  

 

1.3.1 Protein structure of AOC3 

 

AOC3 is a type II transmembrane protein of 90 kilo Dalton (kDa) attached to the cell 

surface by an N-terminal helix. It has a heavily glycosylated extracellular domain, while 

the intracellular domain is much shorter with only 4 amino acids (Smith et al., 1998, 

Bono et al., 1998). The X-ray crystal structure of this protein shows that AOC3 appears 

to be a heart-shape homodimer of 170-180 kDa, depending on the degree of 

glycosylation.  The active sites are located on each extracellular domain, containing a 

copper and a topaquinon cofactor binding site (Airenne et al., 2005). There are multiple 

N-and O-linked oligosaccharides located on the top of the molecule, which may be 

important for its function in adhesion (Maula et al., 2005). 

 

1.3.2 Semicarbazide-sensitive amine oxidase (SSAO) 

 

AOC3 is an amine oxidase. Amine oxidases (AO) are enzymes that catalyse the 

oxidation of primary amines. Based on the attached cofactor, amine oxidases are 

classified into two groups: flavin-containing and copper-containing amine oxidases. 

Monoamine oxidases (MAO)-A and –B are flavin-containing amine oxidases, which are 

bound to the outer of membrane of mitochondria and have an important role in the 

metabolism of neurotransmitters and other biogenic amines. Cloning of human AOC3 

revealed it belongs to the copper-containing amine oxidases based on its significant 

sequence homology with other enzymes with similar activity (Bono et al., 1998, Smith 
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et al., 1998). These copper-containing oxidases are known to be sensitive to inhibition 

by semicarbazide and are therefore referred to as SSAO (Jalkanen and Salmi, 2001). In 

humans, there are four copper-containing amine oxidase (AOC) genes encoding: 

diamine oxidase (AOC1), retina-specific amine oxidase (AOC2), vascular adhesion 

protein-1 (AOC3) and a pseudogene (AOC4) that has no known function in man 

(Schwelberger, 2010).  

 
 
 
 

 
 
______________________________________________________________________ 
Figure 1.5  
Structure of AOC3 
AOC3 is a homodimeric transmembrane protein and (A) shows an overall fold of the 
active domain of AOC3. Monomers are indicated in blue and red, that contain the active 
site, which is indicated by the black arrow in the red colored monomer on the left. 
Figure taken from Salmi and Jalkanen, 2001.  (B) Molecular cloning of AOC3 revealed 
a type 2 glycoprotein with potential N-glycosylation sites and putative O-glycosylation 
sites (indicated by N or O and arrows). The transmembrane domain is between residues 
5 and 27 (TMD: transmembrane domain). Figure taken from (Smith et al, 1998) 
______________________________________________________________________ 
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1.3.3 AOC3 is a multifunctional protein  

 

In addition to the membrane-bound form, a soluble form of AOC3 is also found in 

serum circulating in blood (Gokturk et al., 2003, Stolen et al., 2004b). The soluble form 

is cleaved and shed from the extracellular domains of membrane bound AOC3, the 

shedding which is controlled by TNF-α and insulin in some cell types (Abella et al., 

2004). As a SSAO enzyme, AOC3 catalyzes the deamination of both endogenous 

(methylamine in endothelial cells)(Bonaiuto et al., 2010) and exogenous (benzylamine 

in smooth muscle cells) (Jaakkola et al., 1999) substrates, resulting in the generation of 

aldehydes, hydrogen peroxide and ammonia.  

 

RCH2NH2+O2+H2Oà  RCHO+NH3+H2O2 

(Reviewed in (Jalkanen and Salmi, 2008))  

 
 
These products of the enzymatic activity of SSAOs have been shown to have 

biologically active effects on the local microenvironment and promote unwanted protein 

cross-linking (Mathys et al., 2002, Seiler, 2002). In vitro studies have shown that the 

product of methylamine oxidation (formaldehyde) is cytotoxic to human endothelial 

cells (Yu et al., 1997, Sole et al., 2008) and could initiate and sustain hepatic injury (Yu, 

1998).  Hydrogen peroxide can also act as a signalling molecule to regulate various 

biological processes or can initiate oxidative stress following conversion to hydroxyl 

free radicals (Muzykantov, 2001, Veal and Day, 2011). 

 

Anti-AOC3 monoclonal antibodies (mAbs) are functional as blocking antibodies that 

block lymphocyte binding in several in vitro assays, while small molecule SSAO 
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enzyme inhibitors also block the interaction between leukocyte and endothelial cells 

(Martelius et al., 2008, Marttila-Ichihara et al., 2010). However, the SSAO enzyme 

activity is not inhibited by any anti-AOC3 mAbs, even when lymphocyte binding is 

inhibited (Koskinen et al., 2004, Maula et al., 2005). This suggests that enzyme activity 

is required and essential for cell adhesion, as well its inflammatory function (Noonan et 

al., 2013). As an adhesion molecule, it binds to leukocyte ligands through the surface 

epitopes defined by anti-AOC3 mAbs, and enzymatic activity of AOC3 contributes to 

leukocyte binding, rolling and adhesion (Figure 1.6).  
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______________________________________________________________________
Figure 1. 6 
Dual functions of AOC3/VAP1 in endothelial cells 
AOC3 in endothelial cells is an adhesion molecule and semicarbazide-sensitive mono-
amine oxidase (SSAO). The adhesion function involves binding to a counter receptor of 
lymphocytes with the modified oligosaccharides chains of AOC3. As an enzyme, 
AOC3 converts soluble primary amines into corresponding aldehyde with the reaction 
products. In addition, AOC3 can bind to the primary amine presented on lymphocytes 
and form a transient but covalent crosslink between endothelial cells and lymphocytes 
while rolling.  Figure from (Salmi and Jalkanen, 2001) 
______________________________________________________________________ 
 
 
 
1.3.4 AOC3 is inflammation-inducible in endothelial cells 
 
 
In endothelial cells, AOC3 is abundantly expressed in high endothelial venules and flat 

endothelial cells.  Under normal conditions, AOC3 is mainly stored in intracellular 

vesicles. In most inflamed tissues, it is translocated onto the luminal surface of 

endothelial cells where it mediates the adhesion and transmigration of circulating 

leukocytes into peripheral tissues (Jaakkola et al., 2000). Studies show that the soluble 

form of AOC3 is increased at many sites of inflammation, including inflammatory 

bowel disease and liver inflammation (Kurkijarvi et al., 1998, Koutroubakis et al., 

2002).    
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1.3.5 AOC3 is an oxidase in smooth muscle cells  

 

AOC3 in smooth muscle cells has several overlapping features with AOC3 in 

endothelial cells, but smooth muscle AOC3 is also functionally and structurally distinct. 

Smooth muscle AOC3 only functions as an SSAO and is not involved in lymphocyte 

binding. Structurally, smooth muscle AOC3 can be detected as diametric (160 kDa) and 

trimetric (250 kDa) forms and with abundant sialic acid decorations but no major O-

linked glycosylation on the side chains, which results in the size difference from 

endothelial AOC3 (Jaakkola et al., 1999). Moreover, smooth muscle AOC3 is only 

present on the cell surface and cannot be induced in vitro by cytokine and other 

inflammatory mediators, while elevated levels of endothelial AOC3 can be seen in 

inflammatory sites (Arvilommi et al., 1997).  

 

1.3.6 AOC3 in disease pathogenesis 

 

In addition to the response to inflammation, AOC3 also has well-established roles in 

transporting glucose in adipocytes via the glucose transporter, GLUT4 (Enrique-

Tarancon et al., 2000, Abella et al., 2003) and in lipid homeostasis (Morin et al., 2001). 

In mouse models, overexpression of human SSAO enzyme leads to an abnormal 

structure of arteries and diabetes-like complications in smooth muscle cells (Gokturk et 

al., 2003) and endothelial cells (Stolen et al., 2004a), respectively, while impaired 

leukocyte trafficking into lymph node and spleen during inflammation was observed in 

AOC3-deficicient mice (Stolen et al., 2005). Increased levels of serum AOC3 and 

SSAO enzyme activities have been reported in a number of inflammatory diseases, 

including rheumatoid arthritis, inflammatory bowel disease, diabetes and atherosclerosis 
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(Kurkijarvi et al., 1998, Meszaros et al., 1999, Garpenstrand et al., 1999, Koutroubakis 

et al., 2002). Such increased activity has also been used to suggest cancer-related 

mortality in hepatocellular carcinoma (Kemik et al., 2010) and colorectal cancer. The 

AOC3 gene is amplified in gastric cancer (Varis et al., 2002) and it is overexpressed in 

the tumour endothelium of liver, head and neck cancers (Irjala et al., 2001).  Recent 

studies showed that small molecule inhibitors of AOC3 enzyme activity could reduce 

melanoma and lymphoma tumour growth by reducing the myeloid cells or lymphocytes 

infiltration (Marttila-Ichihara et al., 2010, Li et al., 2013); AOC3 inhibitors have also 

been used in anti-inflammatory therapy, such as in vascular diseases and chronic 

inflammation caused hepatic fibrosis (Koskinen et al., 2004, Kurkijarvi et al., 2000). 
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1.4 Other transcription factors  

In this section, two transcription factors NKX2.3 and SHOX2, identified from 

microarray expression profiles to be gene signatures of myofibroblasts and fibroblasts 

respectively will be discussed.  

 

 1.4.1 NKX genes 

 

NK genes in vertebrates are a gene family encoding for homeodomain-containing 

transcription factors that have been shown to participate in cell specification and 

morphogenetic events (Guazzi et al., 1990, Lyons et al., 1995). 

 

Nkx 2.1 was first identified in vertebrates, and five other family members were first 

identified in mice (Price et al., 1992, Price, 1993).  Expression of Nkx 2.1 overlaps with 

Nkx 2.2, expressed specifically in the central nervous system (Price et al., 1992); Nkx 

2.3, Nkx 2.5 and Nkx 2.6 are expressed in mesendoderm and mesoderm derived cells 

(2000 Pabst). The Nkx 2.4 expression pattern has not yet been characterised.  During 

development, Mouse Nkx 2.3 is expressed in mesoderm of the gut and spleen and 

involved in gut structures (Pabst et al., 1997). Nkx 2.5 is an important paralog gene of 

Nkx 2.3, known to regulate genes involved in cardiogenesis (Kasahara et al., 1998, 

Stanley et al., 2002).  Two additional NKX2 genes, nkx 2.7 and nkx 2.8 have been 

cloned in zebrafish (Brand et al., 1997, Lee et al., 1996), and also Nkx 2.9 from mouse 

(Pabst et al., 1998). 
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1.4.1.1 Expression and function of NKX2.3 

 

The human NKX2.3 gene (NK2 transcription factor related, locus 3) is located at 

chromosome 10q24.2. The gene encompasses 3592 base pairs (bp) and encodes for a 

364 amino acid protein. NKX2.3 protein contains a transcriptional repressor tinman 

domain (TN), a homeodomain, a NK2 specific domain and a transcriptional activation 

domain (Figure 1.7).  NKX2.3 is mesenchymally expressed in the small intestine and 

spleen, and also in lymph node B cells and microvascular endothelial cells (Pabst et al., 

1997, Pabst et al., 1999, Wang et al., 2000, Yu et al., 2010a).   

 

NKX2.3 acts as a transcription factor in the nucleus, where it plays an important role in 

regulating gene transcription. Studies from NKX2.3 knock down followed by mRNA 

microarray analysis show there are several genes and pathways regulated by NKX2.3, 

including EDN1 (endothelin 1) gene and nitric oxide (NO) synthase, vascular 

endothelial growth factor (VEGF) and AKT pathways, which are involved in immune 

and inflammatory responses, and cell adhesion and angiogenesis in endothelial cells and 

B cells (Yu et al., 2010a, Yu et al., 2011). NKX2.3 also regulates cell growth and 

proliferation by negative regulation of downstream targets, Bmp2 and Bmp-4 (Pabst et 

al., 1999).  

 

Results from NKX2.3 deficient mice demonstrate impaired structure of the spleen and 

abnormal crypt development in the small intestine (Pabst et al., 1999), and show that it 

is required for heart formation (Fu et al., 1998) as well as salivary gland and tooth 

morphogenesis (Biben et al., 2002). Further studies have shown that NKX2.3 is 

essential for the correct localization of lymphocytes in spleen for B cell maturation and 
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T cell-dependent immune response in mice (Tarlinton et al., 2003), as well as being 

essential for the regulation of lymphocyte homing via the adhesion molecule, 

MAdCAM-1 in mice (Pabst et al., 2000, Wang et al., 2000, Czompoly et al., 2011). 

 

 

 

 

 
 
______________________________________________________________________
Figure 1. 7 
Human NKX2.3 mRNA and protein domains 
The gene for NKX2.3 consists of two exons of 527 and 1540 bp, respectively and one 
intron of 1496 bp. The NKX2.3 protein is a 364 amino acid protein including a TN 
(tinman domain), HD (homeodomain), SD (NK2 specific domain) and TAD 
(transcriptional activation domain). Figure and data from ENSEMBL transcript 
(http://www.ensembl.org/index.html) 
______________________________________________________________________ 
 
 

 

 

 

 

 

 



	

	 26	

1.4.1.2 NKX2.3 gene is associated with inflammatory bowel diseases (IBD)  

 

Crohn’s disease (CD) and ulcerative colitis (UC) are the two main severe subtypes of 

inflammatory bowel diseases (IBDs), both of which have a genetic component 

contributing to the development of IBD (Cho, 2008). NKX2.3 was identified as an IBD 

associated gene from a genome wide association study (GWAS) (Welcome Trust Case 

Control Consortium)(2007) and  several groups have confirmed this in different cohorts 

from the Netherlands, Eastern Europe, Japan and Italy (Weersma et al., 2009, Meggyesi 

et al., 2010, Latiano et al., 2011, Arimura et al., 2014). The later studies confirm that the 

NKX2.3 mRNA level is upregulated in intestinal tissues from CD patients (Yu et al., 

2009).  

 

1.4.1.3 NKX2.3 is a negative regulator in colorectal cancer  

 

NKX2.3 is located at chromosome 10, in a region suggested to be high frequency loss 

of heterozygosity (LOH) in sporadic colorectal cancer. RT-PCR results indicate that 

NKX2.3 is down-regulated in sporadic CRC patients, and suggests an inhibitory role of 

epithelial proliferation (Gregorieff and Clevers, 2005, Wang et al., 2008). High 

expression of NKX2.3 was found in CRC patients who have response to FOLFOX4 

chemotherapy compared to the drug-resistant group with 85% accuracy, suggesting it 

can be used as a biomarker to predict the efficacy of chemotherapy (Li et al., 2012).  

Furthermore, lower levels of NKX2.3 expression in liver metastasis compared to 

primary tumours also support a negative regulator role for NKX2.3 (Leja et al., 2009). 

Together, it indicated that NKX2.3 is associated with prognosis in a variety of cancers.  
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1.4.2 Short stature homeobox 2 (SHOX2)  

 

SHOX2 is identified from the expression signature of fibroblasts from our microarray 

data analysis. Opposite to NKX2.3, SHOX2 is highly expressed in fibroblasts but 

absent in myofibroblasts. Given the specificity of SHOX2 expression in fibroblasts, 

which has not yet been described in the literature, further characterization of this gene in 

terms of its role in fibroblast activation is essential.  

 

1.4.2.1 Function and expression of SHOX2  

 

SHOX2, a second member of the short stature homeobox gene family, is found only in 

vertebrates. This suggests a role in internal skeletal development and related structures 

(Clement-Jones et al., 2000). Human SHOX and SHOX2, have overall 83% homology at 

the amino acid level and contain an identical homeodomain (Blaschke et al., 1998).  In 

humans, SHOX mutations have been associated with inappropriate bone development 

and body growth conditions, including Turner syndrome, Leri-Weill dyschondrosteosis 

and Langer dysplasia (Bobick and Cobb, 2012, Hirschfeldova et al., 2012).  SHOX2 

expression has been observed in developing limbs and heart in human embryos 

(Clement-Jones et al., 2000). SHOX2 has not so far been linked to any known human 

syndromes. The mouse Shox2 ortholog shares 99% identity at the amino acid level with 

its human counterpart (Cobb et al., 2006) and Shox2 knock-out and knock-down mice 

have revealed its crucial role in the development of heart, limbs, palate and other organs 

(Cobb et al., 2006, Yu et al., 2005, Yu et al., 2007, Espinoza-Lewis et al., 2009).  

SHOX2 acts as a transcriptional factor, directly regulating the transcription of its target 

genes.  It has been shown to be essential for control of differentiation of murine cardiac 
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pacemaker cells through direct transcriptional repression of Nkx2.5 (Espinoza-Lewis et 

al., 2009). It has also been shown to regulate Tbx5 by regulating Bmp4 transcription in 

cardiomyocytes (Puskaric et al., 2010).  

 

1.4.2.2 SHOX2 in carcinogenesis 

 

There is emerging evidence indicating that DNA hypermethylation of the SHOX2 locus 

is associated with SHOX2 gene amplification, (with no resultant observable effect on 

protein expression) in lung cancer patients (Schneider et al., 2011).  DNA methylation 

of SHOX2 detected in plasma, bronchial aspirates and tumour tissues has been 

suggested to be a useful biomarker to predict outcome in lung cancer patients (Kneip et 

al., 2011, Dietrich et al., 2012).  A potential role for SHOX2 in carcinogenesis is 

supported by observations that upregulated levels of SHOX2 mRNA and protein are 

significantly associated with tumour recurrence in hepatocellular carcinoma (Yang et 

al., 2013). Results from breast tumour profiling revealed that high expression of 

SHOX2 is correlated with poor survival in breast cancer patients (Luo et al., 2013).  

Further studies show that SHOX2 involved in epithelial-to-mesenchymal transition 

(EMT) via the TGFβ signalling pathway and is also a direct target of miR-375, which is 

an important suppressor of EMT in breast cancer cells (Hong et al., 2014).  
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1.5 Aims of this thesis 

 

 As discussed, a growing body of evidence has suggested the importance of 

myofibroblasts in both normal tissues and tumours. However, there still exists 

significant confusion in terms of the definition and identification of these cells, which 

strongly supports the need for further investigation. The main goal of this thesis is to 

characterize candidate myofibroblast markers through the identification of the target 

protein/s bound by PR2D3 mAb, along with the identification and characterization of 

novel candidate markers through whole genome microarray analysis of genes 

differentially expressed between colonic-derived myofibroblasts and normal human 

skin fibroblasts.  

 

In summary, the primary aims of this thesis are as follows: 

1. Identify the target protein/s of the in house mAb PR2D3.  

2.  Characterize the expression of AOC3 in myofibroblasts in a range of normal and 

cancerous tissues and explore mechanisms that control regulation of AOC3 

expression and enzyme activity.  

3.  Evaluate the application of AOC3 in FACS sorting of myofibroblasts from fresh 

tissues. 

4.  Identify new gene expression signatures of myofibroblast and fibroblasts via 

whole genome microarray analysis. 

5.  Evaluate potential candidate genes in myofibroblasts or fibroblasts and 

characterize the gene regulatory effects of NKX2.3, the key transcriptional 

factor identified in myofibroblasts. 
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CHAPTER 2: MATERIALS & METHODS 

 

2.1 Reagents and Suppliers 

 

Reagents and chemicals were supplied from Sigma-Aldrich (UK) unless otherwise 

stated. Cell tissue culture flasks and plates were supplied from Corning (USA). All the 

cell lines were cultured in Gibco® cell culture media by Life Technologies.  

 

2.2 Cell culture Methods 

 

2.2.1 Cell lines 

The human colorectal cancer cell lines HCT116, LS174T, RKO and SW1222 and 

human foreskin fibroblasts and normal skin fibroblasts were, for the purposes of this 

thesis, obtained from cryogenic storage of the Cancer and Immunogenetics laboratory 

(CIL) at the Weatherall Institute of Molecular Medicine (WIMM), Oxford, UK. The 

SW1222 cell line was originally a gift from Dr Meenhard Herlyn of the Wistar Institute, 

Philadelphia, USA. CCD-18CO cell line was purchased from American Type Culture 

Collection (ATCC, no. CRL1459) and was originally derived from neonatal colonic 

mucosa. Fore skin fibroblasts were purchased from ATCC, and skin fibroblasts were 

derived from two different adult individuals many years ago in the Bodmer laboratory 

using conventional approaches. 
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2.2.2 Establishment of primary colon myofibroblasts  

Fresh surgical specimens from 12 patients undergoing surgery for colorectal tumours 

(Oxford University Hospitals, UK) were used for the establishment of primary colon 

myofibroblasts with consent from patients. The study was approved by the local 

research ethics committee. Myofibroblasts were isolated from cancer and normal 

colonic regions of whole colon tissues as determined by gross examination by Dr 

LaiMun Wang, a consultant histopathologist. Tissues were dissected and then digested 

with collagenase type IV (1 mg/ml; Worthington, Biochemical corporation) at 37°C for 

3 hours in Dulbecco’s Modified Eagle’s Medium (DMEM) without serum. Cell-

enriched suspension was filtered by a 250µM nylon mesh (Pierce Biotechnology Inc, 

Rockford, IL, USA) to remove tissue clumps, and was then centrifuged at a 250xg for 5 

minutes. Supernatant was discarded and tissue pellet was resuspended in DMEM with 

10% FBS and the cells were cultured on tissue culture plates. The successful primary 

myofibroblast cultures are myo1998, myo2020, myo2156, myo6024, myo6544, 

myo6769, myo6769C, myo6539, myo6550, myo6550C, myo6426 and myo7659. Table 

2.1 summarizes some information about the primary myofibroblasts cultures including 

the localization site of the tissue. We used myofibroblasts passaged for up to 10 

passages for subsequent experiments, in order to minimize the culture stress and avoid 

studies with primary myofibroblast cultures undergoing replicative senescence. 
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Cell Lines Cancer/Normal Origin Note 

Myo 6024 Normal Rectum  

Myo 6539 Normal Sigmoid colon  

Myo 6550 Normal Sigmoid colon * from same patient 

Myo 6550C Cancer Sigmoid colon * from same patient 

Myo 6769 Normal Ascending colon ** from same patient 

Myo 6769C Cancer Ascending colon ** from same patient 

Myo 6544 Normal Descending colon  

Myo 6526 Normal Sigmoid colon  

Myo 7659 Normal Sigmoid colon  

Myo 7395  Normal Sigmoid colon  

Myo 1998 Normal Normal From Dr Neil Ashley 

Myo 2020 Cancer CRC From Dr Neil Ashley 

Myo 2156 Cancer CRC From Dr Neil Ashley 

 

 
Table 2.1 List of the primary myofibroblasts established in the Bodmer lab.  Cell 
lines derived from the same patient are highlighted with the same colour in column 1.  
_______________________________________________________________________ 
 
 

2.2.3 Cell culture condition 

All cell lines were grown in 75cm2 vented tissue culture flasks, (Corning) filled with 10 

mL of culture medium. All cell lines were cultured in Dulbecco’s modified Eagle 

medium (DMEM), supplemented with 10% fetal calf serum, 1% L-glutamine, and 1% 

Penicillin/Streptomycin, and incubated at 37°C in an atmosphere containing 95% 

humidity and 10% CO2 
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2.2.4 Cell culture maintenance  

Cells were cultured in flasks in DMEM and passaged when they were approximately 

70-80% confluence. Cells were passaged into new flasks by washing with 10 mL 

absolute phosphate buffered saline (PBSA) and detached by incubating cells with 2 mL 

trypsin/EDTA solution for 5 minutes in 37 °C. 10 ml of complete medium were added 

to neutralize the trypsin and the cell suspension was gently pipetted up and down 

multiple times to break cellular clumps. Subsequently, cells were centrifuged at 1,500 

rpm for 5 min and resuspended in 10 mL medium for continue culture. Based on cell 

line growth characteristics, cell suspensions were divided into new flasks at a 1:5 to 

1:10 dilution.  

 

2.2.5 Cell counting 

The cell count was determined using a Cellometer Auto T4 (Nexcelom Biosciences, 

USA) allowing an automated cell counting. Briefly, 20 µL of the cell suspension were 

loaded onto a disposable cell counting chamber and inserted into the Cellometer. The 

software allows the capture of eight areas of the cell counting chamber and directly 

calculates the concentration of cells per mL 

 

2.2.6 Cell storage and retrieval 

To prepare cells for vapor phase of liquid nitrogen storage, myofibroblast cells, from 

80% confluent tissue culture flasks were detached using trypsin and centrifuged at 1500 

rpm for 5 minutes. Cell pellets were then resuspended in 1ml of fetal bovine serum 

(FBS) containing 10% dimethyl sulfoxide (DMSO) and transferred into sterile 

cryogenic vials (Corning, USA), placed on dry ice for 90 minutes before transferring 

them into cryogenic tanks with liquid nitrogen at -150ºC for long-term storage. To thaw 
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the cells, frozen cryogenic vials were incubated in a 37ºC water bath for about 1 min, 

resuspended in 10 mL of serum free media and then transferred into a 75 cm2 cell 

culture flask for incubation at 37°C. 

 

2.2.7 Mycoplasma contamination testing 

Cell cultures were regularly tested for Mycoplasma contamination using MycoAlert 

Assay kit. (Lonza, Maine, USA). Briefly, cell lines to be tested were kept in culture for 

at least 48 hours before collecting 1mL of medium. This aliquot was then centrifuged 

(1000rpm, 5 minutes) to remove the cell debris. 100µL of cleared supernatant was 

transferred to one well of a white-walled microplates (96 wells) and 100 µL of 

MycoAlert reagent were added for 5 minutes incubation at room temperature. The 

background fluorescence (Reading A) was measured using FLUOstar OPTIMA 

Luminometer (Offenburg, Germany). Next, 100µL of substrate were added to each 

sample and incubated for 10 minutes, and then fluorescence was measured (Reading B). 

The cells were considered to be negative for mycoplasma if the ratio of reading B to 

reading A was less than 1. Cultures yielding a ratio between 1 and 2 were kept in 

culture for one more week before running another mycoplasma test. A ratio greater than 

2 indicated a mycoplasma contamination and cells were immediately discarded. 

 

 

2.2.8 Transient siRNA transfection 

siRNAs were introduced into myofibroblast cells in vitro by direct transfection using 

Oligofectamine transfection reagent (Life Technologies, USA). siRNAs were ordered 

with pre-designed sequences from Eurofins (Eurofins MWG Operon, Luxembourg) or 

Qiagen (Qiagen, USA). A final concentration of 20nM siRNA was used in a total 
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volume of 3mL per well in a 6-well plate. siRNA complexes were prepared from a 10 

µM siRNA stock solution. Briefly, a volume of 1.5 µL siRNA stock solution was 

diluted into 150 µL serum-free Opti-MEM® (Life Technologies, USA). Then that RNA-

Opti-MEM solution was mixed 1:1 with the Oligofectamine transfection reagent 

solution. Cells were seeded one day before transfection in DMEM 10% FCS without 

antibiotics. Mixed siRNA complexes were then added into cells. After 4 hours 

incubation, 3X of the normal serum concentration DMEM was added to the end to 

adjust to 3 mL with DMEM + 10% FBS per well. 

 

2.2.9 SSAO enzyme activity assay 

The Amplex® Red Monoamine Oxidase assay (Life Technologies, USA) was used to 

measure SSAO activity from the cells. Briefly, cells were lysed in 0.2% NP-40 (Sigma-

Aldrich) in PBS, and 100µg clarified supernatant by centrifugation was used in the 

assays. Samples were incubated with or without semicarbazide (SSAO inhibitor) and 

then benzylamine (SSAO substrate) was added. Formation of hydrogen peroxide was 

followed kinetically after addition of the Amplex red detection mixture by measuring 

the fluorescence using a SpectraMax M2 multimode microplate reader (Molecular 

devices, USA). Specific SSAO activity was counted by subtracting the values derived 

from the no-amine oxidase control.  

 

2.2.10 Transwell® migration assay 

Myofibroblast cells were transfected with siNKX2.3 for 24 h and subsequently 

trypsinized. 1 x 104 transfected cells were resuspended in serum-free media and placed 

in Transwell®-24 well inserts (Corning, USA) containing an 8.0 µm pore polycarbonate 

membrane. These inserts were placed in wells with colorectal cancer epithelial cells 
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seeded 48 hours previously as a chemoattractant on the lower compartment. Serum 

containing media were discarded and replaced by serum free medium in both upper and 

lower chambers.  After 48 hours, cells that had migrated through the membrane of 

Transwell® inserts were fixed, stained by Diff-Quik Stain (Thermo Fisher Scientific, 

UK) and the number of migrating cells counted using EVOS® XL core microscope 

(Life technologies, USA). 

 

2.2.11 Gel contraction assay 

Collagen gels were prepared with Collagen 1, bovine (Life technologies, USA), 10X 

MEM, 0.005N NaOH and diH2O. Myofibroblast cells were collected using trypsin-

EDTA for 5 minutes, washed and resuspended into the collagen gel mixture (60 µl) with 

10,000 cells in each well of a 96- well plate. The formation of collagen gel was induced 

by incubation at 37 °C under 10% CO2 for 1 hour. After the gels formed, 100 µl of 

serum free DMEM was added to each well. The gels were freed from the walls of the 

culture wells with a microspatula 24 hours after gelling and used for the experiment. 

The diameter of the collagen gel was measured with Image J software at indicated time 

points after stimulation.  

 

2.3 RNA Methods 

 

2.3.1 RNA extraction 

Total RNA was isolated from cells using the RNeasy (Qiagen, USA) kit according to 

the manufacturer’s instructions.  Cultured cells were washed by PBS and collected from 

culture dishes (6-well plate) by scraping into a microcentrifuge tube using a cell lifter. 

After gentle centrifugation, the supernatant was removed and 00 µL RNase-free water 
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and 350 µL Lysis buffer RLT were added. The cell lysates were homogenized by 

vortexing for 1 minute and diluted with 250 µL of 100% ethanol.  Diluted sample was 

transferred into an RNeasy Mini spin column and spun for 15 seconds. The Column was 

then washed with 500µL of wash buffer RPE twice. Finally total RNA was eluted in 35 

µL of nuclease-free H2O, and stored at -80° for future use. Concentration and quality 

were assessed by Nano-Drop spectrophotometry after each thaw.  

 

2.3.2 Reverse transcription  

2µg of extracted total RNA was reversed transcribed to complementary DNA (cDNA) 

by using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc. CA) 

according to the manufacturer’s instructions. In brief, diluted RNA (10 ng/µl) mixed 

with 10X RT buffer, 25x dNTP mix, 10x RT random primers and reverse transcriptase. 

The mixture was incubated in a thermal cycler using the protocol: 25°C for 10 minutes, 

37°C for 120 minutes, and 85°C for 5 minutes.  

 

2.3.3 mRNA quantitative real time PCR (qRT-PCR) 

Quantitative real-time PCR was performed in triplicate using TaqMan® Gene 

Expression Assay, 20X FAM dye-labeled Kit (Applied Biosystems Inc. CA). cDNA 

sample was used as input for TaqMan quantitative PCR using pre-designed, 

manufacturer-validated primers and probes for genes of interest (Life Technologies). In 

brief, TaqMan® Gene Expression Assay (20X), cDNA, TaqMan® Universal PCR 

Master Mix II (2X), probes and nuclease-free water were mixed to a final volume of 

20µL per reaction. The qRT-PCR was performed in 7500 Fast Real Time PCR Systems 

machine, Applied Biosystems. The samples were measured in a 96-well qPCR plate 

(Life Technologies, USA) sealed with optical adhesive film (Life Technologies, USA).    
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mRNA Ct values were normalized to a house keeping gene (Ubiquitin C, UBC) by 

using the comparative Ct method.  Where appropriate, the fold change was calculated 

relative to a reference sample using the ΔΔCt method. 

The calculation formula is: 

Threshold cycles (Ct) 

𝛥𝐶T = 𝐶T target –𝐶T reference 

The ΔΔCT values were calculated using the following formula: 

ΔΔ𝐶! = Δ𝐶! !"#! !"#$%& − Δ𝐶!  !"#"!"$%" !"#$%& 

Finally, the fold change relative to the reference sample was calculated using the 

following formula: 

𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2!!!!!   

 

For demonstrating the mRNA expression level across all cell lines, we chose not to 

represent the data using the typical ΔΔCt graphs.  This is because choosing a reference 

sample in order to display the data as fold change involves expression of the data as 

ratios, making the statistical assessment of error less valid.  Raw Ct values (mean of 

three triplicate wells) were first normalized to UBC to generate the ΔCt.  Instead of the 

standard ΔΔCt method, which compares to an arbitrarily identified reference sample, 

the actual ΔCt mean linear value was used.  However, as the ΔCt is actually inversely 

proportional to the starting amount of mRNA, we converted the ΔCt values by 

subtracting them from the highest ΔCt value obtained within any one experiment, and 

converted the resulting values from a logarithmic to a linear scale. Statistical analysis 

was based on using t-tests to assess the significance of differences between these values. 
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2.3.4 Microarray gene expression analysis 

Details of RNA submission to the microarray facilities used, and their analysis, are 

described in Wong et al 2006. 10 µg of RNA of each cell line were sent to the 

Molecular Biology Core Facility at the Paterson Institute for Cancer Research for gene 

expression microarray analysis using Human Genome U133 plus 2.0 chips following 

the manufacturer’s instructions (Affymetrix, USA). In brief, 500 ng of total RNA was 

converted to double-stranded cDNA from which produce biotin-labeled cRNA was 

produced. After fragmentation, 10 µg of cRNA were hybridized to Affymetrix U133 

Plus 2.0 oligonucleotide arrays containing probes to more than 54,612 transcripts. Gene 

expression data was normalized using the Robust Multichip Analysis algorithm. A fold 

change of 1.5 with 95% significance level was selected as the threshold for comparison 

between the paired cell lines.  

 

2.4 Protein Methods 

 

2.4.1 Preparation of protein lysates from cell lines 

Cells were grown in 6-well or 24-well plates in complete medium until 70-80% 

confluence. After brief rinsing with ice-cold PBS, the cells were scraped on ice in 1-2 

ml ice-cold PBS and transferred to an Eppendorf tube. Then the cells were pelleted by 

centrifugation at maximum speed at 4°C. Supernatant was removed and the cell pellet 

was then lysed in 100-400µl RIPA buffer or Lysis buffer (1% Nonidet P-40, 0.5% 

nordeoxycholate, 150 mM sodium chloride, 50 mM Tris base, pH 8.3) with protease 

inhibitor cocktail (Complete Protease Inhibitor Cocktail tablets, Roche, Switzerland) 

and left on ice for 30 minutes followed by centrifugation at maximum speed for 30 

minutes at 4°C. Cell debris were pelleted by centrifugation and total cell lysates in the 



	

	 41	

supernatant were transferred to a fresh tube and stored at -80°C for future use and the 

pellet discarded.  

 

2.4.2 Antigen preparation from fresh human tissues 

Fresh samples of normal colon were obtained from the Biobank, John Radcliffe 

hospital, Oxford. Smooth muscle samples were dissected from the muscularis layer of 

the colon tissue and were finely diced with scalpels and stirred by ultrasonic mixer for 

10 minutes on ice in Lysis buffer with protease inhibitor cocktail (Complete Protease 

Inhibitor Cocktail tablets, Roche, Switzerland). The supernatant was clarified by 

centrifugation at maximum speed (15,000 xg for 30 minutes) and separate aliquots were 

kept at -80 °C for future use. 

 

 

2.4.3 BCA assay 

The bicinchoninic acid colorimetric assay, BCATM
 Protein Assay (Pierce, USA) was 

used for quantitation of total protein. The assay is based on the principle that proteins in 

the sample reduce Cu2+
 to Cu1+

 ion in an alkaline medium. Cu1+
 then combines with 

bicinchoninic acid (BCA) to form a purple colour. Protein standard was prepared by 

diluting one Albumin Standard (Pierce, USA) ampoule in Lysis buffer. The working 

range of BSA standards are 0-2000µg/ml. The BCATM
 working reagent was then 

prepared by combining 50 parts of BCATM
 solution A with 1 part of BCATM solution B. 

25 µL of diluted unknown samples and standards duplicates were added in a 96-well 

microplate. To each standard or sample well, 200 µL of working reagent was added. 

The microplate was incubated at 37°C for 30 minutes followed by measuring the 

absorbance at 562 nm on a plate reader (µQuant, Bio-Tek Instrument, USA). The 
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absorbance values were plotted against the concentration of the BSA standards to 

calibrate a standard curve. Concentrations of the unknown samples were calculated 

based on the standard curve. 

 

2.4.4 Antibodies 

Dilutions and sources of antibodies are listed in Table 2.2. Secondary antibodies were 

purchased from Dako (USA) or Cell Signaling (USA). Antibody dilutions and blocking 

media were optimized as needed. 

 

Primary antibody Source Dilution Secondary 

pAb 

Secondary 

dilution 

PR2D3 mAb In house WB: 1:10 

IHC: 1:1 

RAM WB: 1:20,000 

AOC3 mAb 

TK8-14 

Santa Cruz WB: 1:750 

IHC: 1:50 

RAM WB: 1:20,000 

AOC3 mAb 

174-5 

Abcam IHC: 1:100 RAM WB: 1:20,000 

AOC3 mAb  

393112 

R&D IHC: 1:250 RAM WB: 1:20,000 

AOC3 pAb 

H43 

Abcam IHC: 1:100 GAR WB: 1:10,000 

EpCam 

(AUA1) 

In house IHC: 1:600 RAM WB: 1:20,000 

SMA mAb 

1A4 

Sigma WB: 1:2000 

IHC: 1:800 

RAM WB: 1:20,000 

SMA mAb 

E184 

Abcam WB: 1:2000 

IHC: 1:500 

GAR WB: 1:10,000 

Vimentin 

3B4 

Dako IHC: 1:100 RAM WB: 1:20,000 

Anti-fibroblasts mAb, 

1B10 

Sigma IHC: 1:200 RAM WB: 1:20,000 
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MYH11 mAb 

ID8 

Santa Cruz WB: 1:1000 

 

RAM WB: 1:20,000 

MYH11 mAb 

EPR5336 

Abcam WB: 1:2500 

IHC: 1:150 

GAR WB: 1:10,000 

α-Tubulin mAb 

DM1A 

Abcam WB: 1:5000 

 

RAM WB: 1:20,000 

NKX2.3 mAb 

4F4 

Sigma  RAM  

NKX2.3 pAb LSBio WB:1:1000 GAR WB: 1:10,000 

 
______________________________________________________________________ 
Table 2.2 
Dilutions of antibodies used in this study 
RAM= Rabbit-anti-mouse, GAR= Goat-anti-rabbit; mAb= monoclonal antibody; 
pAb=polyclonal antibodies; WB=Western immunoblot; IHC=immunohistochemistry 
______________________________________________________________________ 
 

2.4.5 Western immunoblot 

 

2.4.5.1 SDS poly-acrylamide gel electrophoresis 

Protein samples were analyzed in a Mini-PROTEAN® vertical electrophoresis unit 

(Bio-Rad, USA). 30 µg of protein were mixed with 5x SDS sample buffer and boiled 

for 10 minutes to denature the protein.  For native protein, 30 µg of protein were mixed 

with sample buffer (without 2-mercaptoethanol) for loading. The samples were then 

centrifuged before loading into a 10% polyacrylamide gel. The protein samples along 

with the pre-stained full-range rainbow molecular weight marker (GE Healthcare, UK) 

were first concentrated in a 4% SDS stacking gel and then resolved in a 10% SDS 

separating gel at 100 V for 2-3 hours in 1x SDS running buffer. After electrophoresis, 

the SDS gel was removed from the glass plate and immersed into transfer buffer for 15 

minutes before transferring to a PVDF membrane for immunoblot analysis.  
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2.4.5.2 Immunoblotting 

Hybond-P PVDF membrane (Amersham Biosciences, USA) was used for 

immunoblotting (or Western blot). The membrane was first soaked in 100% methanol 

and then rinsed briefly in distilled water before immersing in transfer buffer for 15 

minutes. Proteins were transferred to the membrane by semi-dry electrophoresis in SDS 

transfer buffer at 20 V at room temperature for one hour or 12 V for two hours. After 

transfer, the membrane was briefly rinsed in distilled water followed by blocking with 

1% w/v BSA blocking solution for 1 hour at room temperature on a rocking platform. 

The membrane was then incubated with appropriate primary antibodies for 1 hour at 

room temperature or at 4°C overnight. After three 10 minutes washes with PBS-T (PBS 

with 0.5% Tween-20), the membrane was incubated in respective secondary antibodies 

in blocking solution for a further 1 hour at room temperature. The membrane was again 

washed by PBST three times for 10 minutes. Finally, the membrane was incubated with 

ECL Prime Western Blotting Detection System solution (GE Healthcare, UK) and the 

blot was exposed to a light-sensitive film and developed in a dark room using a film 

processor. 

 

2.4.6 Immunoprecipitation  

Immunoprecipitation was performed using Dynabeads® protein G (Invitrogen, UK). 

Protein lysate was prepared as previously described. First, 50 µL (1.5 mg) Dynabeads® 

were prepared with antibody (1-10 µg) diluted in 200 µL PBST in a tube. This mixture 

was then incubated with rotation for at least 30 minutes at 4°C. The supernatant was 

then removed from the magnet and the Ab-beads complex washed by PBST 3 times. 

Next, a 500µL sample containing the antigen (smooth muscle lysate or cell lysate) was 

incubated with the Ab-beads complex for 1hr at 4°C and the supernatant then removed. 
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The Dynabeads®-Ab-Ag complex was then washed three times using 200 µL washing 

buffer each time. The bead-antibody complex was separated on the magnet between 

each washing step, the supernatant removed and he complex re-suspended by gentle 

pipetting. Given the fact that mAb PR2D3 only recognizes native, non-denatured 

protein, mild acid elution was used to maintain antigen integrity. 40µl Elution buffer 

(Glycine 100 nM, pH 2.7) were added to each tube and gently pipetted to re-suspend the 

Dynabeads®-Ab-Ag complex and then incubated with rotation for 2 minutes at room 

temperature. The tube was then placed on the magnet and the supernatant (containing 

Ab and Ag) transferred to a clean tube, and the pH adjusted by adding 1M Tris pH 7.5. 

For denaturing the sample, the Dynabeads®-Ab-Ag complex was incubated with 2x 

SDS loading buffer for 5 minutes at 90°C and supernatant then loaded and subsequently 

analysed in SDS-PAGE.  
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_____________________________________________________________________________ 
Figure 2.1 
Workflow of immunoprecipitation using protein G magnet beads 
_____________________________________________________________________________ 
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2.5 Mass Spectrometry 

 

2.5.1 Antigen preparation 

Human colonic smooth muscle lysates were prepared in Lysis buffer with protease 

inhibitor. Briefly, tissue samples were minced and homogenized in 10 ml of the Lysis 

buffer.  These lysates were then filtered using cell strainers (Millipore, USA) and 

centrifuged at 14,000 rpm for 30 min, 4°C after which the supernatant was collected and 

the protein concentration was determined using the BCATM
 Protein Assay protein assay. 

 

2.5.2 Electrophoresis and gel digestion of the protein band 

Lysates, containing 1 mg of the protein, were immunoprecipitated by Dynabeads® 

protein G (Invitrogen, UK) using anti-PR2D3 mAb (in house) and isotype anti-IgG 

mAb. After washing up to five times with PBST, the IP proteins were eluted either with 

elution buffer (Glycine 100 nM, pH 2.7) or incubated with 2x SDS loading buffer 

containing 2-mercaptoethanol for 5 minutes at 90°C. The immunoprecipitated samples 

were then analyzed using NuPAGE Bis-Tris precast gel (Life technologies, USA). After 

electrophoresis, the gel was stained with Coomassie blue stain (Bio-Rad, USA). Protein 

bands of interest were carefully manually excised and placed in microtubes (0.6 ml, 

Axygen). In-gel digestion with trypsin was performed according to standard procedures 

routinely used in the Central Proteomics Facilities, WIMM, Oxford.  
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2.5.3 Mass spectrometry and database analysis 

The tryptic-digested samples were analyzed by MALDI-TOF mass spectrometry, which 

was performed on an Ultraflex time-of-flight (TOF) mass spectrometer (Bruker 

Daltonics, Bremen, Germany) in the Central Proteomics Facilities, WIMM, Oxford.  

In brief, the spectra generated with a unique set of masses are called peptide-mass 

fingerprints (PMF). These can be matched with entries in protein databases using search 

engines (Mann et al., 2001). In this study, SWISS-PORT database was used and the 

Mascot search engine (Matrix Science, London, UK) for matching sample data with this 

database. Mascot is a fully automated search engine with probability-based algorithms. 

It also indicates whether a score is significant, which is determined according to 

individual cases.  The resulting mass spectra of trypsin peptide digests from all the gel 

spots were matched against theoretical trypsin peptide digests in the SWISS-PORT 50.8 

protein database using the Mascot search engine. The Mascot default significance 

threshold of p<0.05 for assignments was used in the searches and a minimum of two 

unique peptides was used as criterion for a match. 
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2.6 Microscopy 

 

2.6.1 Antibodies used for immunofluorescence 

Dilutions and sources of antibodies are listed in Table 2.2. Visualization was achieved 

using tyramide AlexaFluor® 488 or 555 dye (Invitrogen) together with UV excitation. 

 

2.6.2 Cryostat sections and Paraffin-embedded archived materials 

Archived paraffin-embedded and cryostat sections obtained from normal and cancer 

patients were studied.  Material was obtained from Oxford University Hospitals, UK, 

approved by local research ethics committee. Commercial tissue array was purchased 

from SuperBioChips Laboratories (Seoul, Korea). 

 

2.6.3 Antigen retrieval  

 

2.6.3.1 Paraffin embedded sections 

For immunohistochemistry analysis, paraffin-embedded human tissue sections were 

deparaffinised in Histo-clear twice for 5 minutes, and rehydrated in 100% ethanol, 

100% Industrial Methylated Spirit (IMS) and 95% IMS for 5 minutes each and 70% 

IMS and 35% IMS for 2 minutes each. Slides were then rinsed in PBS. Some slides 

were stained with Hematoxylin to assess cellular morphology, and others stained for 

immunofluorescence. For the latter, antigen retrieval was done using the Dako Target 

Retrieval solution (Dako, pH 6.1) at 100°C for 20 minutes, followed by cooling to room 

temperature for 1 hour. Slides were then washed twice in PBST for 5 minutes each. 

Tissue specimens were then encircled using the hydrophobic ImmEdge pen (Vector 

Labs) and blocked for 30 minutes using Invitrogen blocking reagent (0.1g/10mL PBS-
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Tween). Slides were then ready for incubation with the primary antibody. 

2.6.3.2 Cryostat sections 

Cryostat tissue sections were immersed in pre-cooled acetone (-20°C) for 10 minutes 

for fixation, and then 15 minutes at room temperature to allow the evaporation of 

acetone from tissue sections. This was followed by 2x5 minutes washes with PBS. 

Tissue specimens were then encircled using the hydrophobic ImmEdge pen (Vector 

Labs) and blocked for 30 minutes using Invitrogen blocking reagent (0.1g/10mL PBS-

Tween). Slides were then ready for incubation with the primary antibody 

 

2.6.4 Immunohistochemistry of tissue sections or cultured cells 

Slides were incubated with a primary antibody at room temperature for 1 hour with the 

appropriate primary antibody in blocking solution and washed 2x5 minutes with PBS-

Tween. Slides were next incubated with a secondary antibody (either goat anti-mouse or 

goat anti-rabbit) conjugated to HRP at a dilution of 1:100 at room temperature for 1 

hour, followed by 2x5 minutes washes with PBS-Tween. Coverslips were mounted onto 

the tissue specimens using Vectashield containing DAPI. Immunofluorescent slides 

were examined using a Zeiss Axioscope 2 Plus microscope and representative images 

were captured with Axioscope software. Some slides were examined with a Zeiss LSM 

510 inverted confocal microscope. 
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2.7 Flow Cytometry 

 

2.7.1 Fluorescently labelled antibodies and antibody staining for analysis 

Mouse anti-AOC3-PE (Clone: TK 8-14, isotype IgG2a), Mouse anti-EpCam-FITC 

(Clone: 9C4), were obtained from Santa Cruz biotechnology, USA and Abcam, UK. 

Mouse anti-PR2D3 was in house. Mouse isotype controls PE, isotype-FITC, and goat 

anti-mouse APC antibody were obtained from BD Biosciences.  

 

Cells were filtered through a CellTrics® 20-µm filter to obtain single-cell suspensions, 

divided into aliquots of 106 cells, washed with wash buffer (0.1% BSA in PBSA) and 

incubated in 100 µL wash buffer containing an appropriate dilution of primary antibody 

or isotype control for 45 min on ice. Cells were washed with wash buffer, re-probed 

with secondary antibody for 45 min on ice if appropriate and washed again with wash 

buffer. Cells were resuspended in 400µL wash buffer with DAPI for 10 min and were 

then ready for analysis. 

 

2.7.2 Flow cytometric analysis 

Protein expression profiles were assessed by flow cytometry on a CyAn ADP analyzer 

using the integrated Summit data collection software. At a forward scatter gain of 2.0 

and a side scatter gain of 1.0 and voltage 450 V, doublets and debris were excluded 

from the analysis using pulse width. At a 488-nm blue laser gain of 1.0 and voltage 450 

V, FITC and PE fluorescence was detected; at a 633-nm red laser gain of 1.0 and 

voltage 750 V, APC was detected. Fluorescence logarithms were plotted to identify 

negatively- and positively-staining populations. 
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2.7.3 Fluorescent activated cell analysis and sorting using a FACS  

Analysis was performed on 1x106 cells and followed by standard staining procedures 

and kept sterile in a hood.  For a live cell sort, 1x106
  cells were incubated with 1µg of 

AOC3 antibody on ice for 45 minutes and another 30 min incubation with goat anti-

mouse APC in the dark. After washing, the cells were then resuspended in 1000µL of 

serum free DMEM medium. DAPI was added to the cellular suspension. Cells were 

sorted using a MoFlo™ cell sorter (Dako) using the integrated Summit data collection 

software. Single cells were obtained by gating out cellular aggregates and dead cells 

were excluded on the basis of DAPI staining. Cells expressing AOC3 are then gated on 

APC fluorescence signals as based on unstained samples.  

 

2.8 Statistical Methods  

 

2.8.1 General data analysis 

All the data in the graphs are presented as the mean values ± SEM. P values are 

computed using a two-tailed student’s t-test using the values from the biological 

replicates.  For all statistical comparisons, p<0.001 was denoted by **, p<0.01 by * and 

p< 0.05 was by #, GraphPad Prism Software (La Jolla, California, USA) was used to 

perform all the data analysis. 

 

2.8.2 Microarray expression analyses 

Total RNA from primary myofibroblasts cultures, fibroblast cell cultures and cells from 

the CCD 18CO cell line were extracted, reverse-transcribed to cDNA and hybridized to 

the Human Genome Affymetrix GeneChip U133 plus 2.0 arrays. Partek genomic suite 

software (Partek, St. Louis, Missouri, USA) was used to compare expression profiles 
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between the fibroblast and myofibroblast cultures. For significant differential 

expression genes, correction for multiple testing was applied to mean comparisons to 

reduce the number of false significant results. (0.05 cutoff using false discovery rate 

FDR step up). A fold-change of 1.5 or greater a corrected p-value of less than or equal 

to 0.02 was considered statistically significant. 
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CHPATER 3: IDENTIFICATION OF THE TARGET PROTEIN OF PR2D3 ON 

MYOFIBROBLASTS 

 

3.1 Introduction 

 

The crypts of the colon are surrounded by a continuous sheath of pericryptal cells called 

myofibroblasts, which have been shown to play an important role in regulating the 

normal intestinal stem cell niche through secretion of growth factors, cytokines and 

extra cellular matrix components (Richman et al., 1987, Yen and Wright, 2006, Yeung 

et al., 2011). Several studies have shown that an increased number of myofibroblasts 

associated with a primary colorectal cancer is associated with a higher grade of 

malignancy and poorer prognosis in patients (Ootani et al., 2009, Vermeulen et al., 

2010). Myofibroblasts might have a supportive or facilitating role during the 

development and progression of colorectal cancer. Thus, understanding the biological 

role of myofibroblasts in normal as well as cancerous tissue, especially with respect to 

their influence on, and interaction with, epithelial cells may lead to improvements in the 

diagnosis and treatment of colorectal cancer (Tsujino et al., 2007). 

 

Expression of α-smooth muscle actin (αSMA) in stromal fibroblasts is a widely used 

cytoplasmic marker to distinguish myofibroblasts from normal fibroblasts, but this does 

not adequately categorize the heterogeneity of myofibroblasts in stroma. Unfortunately 

there is no myofibroblast-specific marker available to date, the current way to identify 

myofibroblasts in tissue is based on combinations of positive markers and combined 

with negative markers, which we have discussed in introduction chapter (Figure 1.3). 
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However none of these markers can distinguish myofibroblasts from activated 

fibroblasts.  

 

Home-raised mAb PR2D3 

In 1987, Paul Richman raised a series of monoclonal antibodies against a fresh sample 

of human colorectal mucosa in the Bodmer laboratory. One of these, PR2D3, was found 

to bind human smooth muscle cells and pericryptal cells in tissue sections of gut 

mucosa but not connective tissue fibroblasts (Richman et al., 1987). This provided the 

first clear definition of the pericryptal cells as myofibroblasts rather than simply 

fibroblasts.  This made it clear that PR2D3 mAb was a candidate myofibroblast-specific 

surface marker. PR2D3 is an IgG1 antibody and that binds to an approximately 140 kDa 

surface glycoprotein on myofibroblasts (and smooth muscle cells) in colorectal mucosa. 

Richman et al showed that PR2D3 mAb can only recognize native protein since the 

antigen activity was lost after denaturing treatment or paraffin fixation. Although 

PR2D3 mAb has been used in several publications (Wolfort et al., 1996, Strong et al., 

1997), and is also commercially available (Santa Cruz Biotech, USA), the target protein 

to which it binds has not yet been identified.  Thus, the first aim of this study has been 

to identify the protein, which PR2D3 mAb binds to. 

 

The results presented in this chapter first identify the home-raised PR2D3 mAb target 

proteins on colonic smooth muscle lysates as AOC3, a membrane primary amine 

oxidase and Myosin Heavy Chain 11, by using mass spectrometry based amino acid 

sequencing in an immune pull-down assay. Subsequently, immunofluorescence and 

immunoblotting were used to assess the AOC3 expression on myofibroblasts, as well as 

the expression of MYH11. By comparing the mRNA expression levels from microarray, 
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our data suggest that AOC3 is expressed specifically in myofibroblasts, while MYH11 

and αSMA showed their heterogeneous expression in myofibroblasts and fibroblasts.  

 

3.2 Results:  

 

3.2.1 Expression of PR2D3 in human colon smooth muscle lysates (Western Blot) 

and colon pericryptal myofibroblasts (Cryosection, IF) 

 

PR2D3 mAb was purified from supernatant of the in-house PR2D3 hybridoma. As 

anticipated, a 150 kDa band was identified in human colonic smooth muscle lysate 

samples under native but not reduced conditions by immunoblot (Figure 3.1A). 

Pericryptal myofibroblasts were strongly labelled by fluorescent tagged PR2D3 mAb 

both in normal and cancer human colon cryostat sections (Figure 3.1B,C), consistent 

with previously published data. It confirmed that PR2D3 mAb only recognizes native 

(non-reduced) protein since the antigen activity was lost after denaturing treatment or 

paraffin fixation.  
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______________________________________________________________________ 
Figure 3.1  
PR2D3 is expressed in human smooth muscle lysates and colon pericryptal 
myofibroblasts.  
(A) Protein immunoblot of human colonic smooth muscle lysate with PR2D3 showing a 
band of about 150 kDa in native (non-reduced) sample. Tubulin is shown as a loading 
control. Molecular weight standards in kDa are shown on the left.  Immunofluorescence 
staining of cryostat sections of normal colon tissues (B) and colorectal cancer tissues 
(C) with PR2D3 (green) for myofibroblasts and AUA-1 (red) to identify epithelial cells 
______________________________________________________________________ 
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3.2.2 Identification of PR2D3 targeted proteins by mass spectrometry based 

peptide sequencing: Membrane primary amine oxidase, AOC3 and Myosin Heavy 

Chain 11, MYH11 

 

The target protein of PR2D3 was enriched from human smooth muscle lysates using an 

immunoprecipitation (IP) pull-down assay for proteome analysis. Smooth muscle 

lysates were immunoprecipitated using Dynabeads® with the anti-PR2D3 mAb as 

described in material and methods. Following immunoprecipitation, target proteins were 

Western blotted and probed with the same PR2D3 mAb. In Figure 3.2A, PR2D3 

antigen enrichment can be observed after IP and immunoblot. The other band present in 

isoform control lane is most likely due to the contamination of the co-eluted IgG 

molecules used in the IP, which happened to be the same molecular weight as the 

PR2D3 bound protein (about 150 kDa).  

 

For proteome analysis, the enriched PR2D3 bound proteins from smooth muscle lysates 

were analyzed by precast SDS- poly-acrylamide gel electrophoresis (Figure 3.2B). The 

gel was stained with coomassie dye to visualized protein bands. Again, the presence of 

the co-eluted IgG molecules in the samples obscured the results in the native sample 

lanes.  However, two distinct bands were observed in the PR2D3 IP lane when samples 

were eluted under denaturing conditions, at about 250kDa and 100 kDa, compared to 

the control lane. Four bands, detected from the gels, including two from the native 

sample (both IP from PR2D3 and IgG isoform) and two specific bands from IP with 

PR2D3 in the reduced sample were excised and digested with trypsin. Proteins 

identified by MALDI-TOF MS/MS analysis (The Central Proteomics Facilities, 

WIMM, Oxford) are shown in Figure 3.3. 
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______________________________________________________________________ 
Figure 3.2 
Identification of PR2D3 target protein 
(A) Immunoprecipitation of smooth muscle lysates with PR2D3 and IgG isoform and 
immunoblotted with PR2D3. Band of IgG isoform lane resulted from co-eluted 
antibody from IgG-beads complex. (B) Coomassie stained gel of total human smooth 
muscle lysate immunoprecipitated with PR2D3 and IgG isoform in both reduced and 
native conditions. Two specific bands were observed using PR2D3, approximately 250 
kDa and 100 kDa, but only under reducing conditions.  Both bands were excised and 
submitted for mass spectrometry analysis. 
______________________________________________________________________ 
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MADLDI-TOF MS/MS (matrix-assisted laser-desorption-ionization-time-of–flight 

tandem MS) was performed using an Ultraflex III TOF/TOF mass spectrometer (Bruker 

Daltonics). For protein identification, raw MS/MS data were searched using the Mascot 

algorithm (Matrix Science, version 2.2.0) against database. The Mascot score was used 

to determine the probability that the observed matches between the experimental data 

and the database sequences were not random.  

 

Analysis of mass spectrometry data of the two bands from the native sample, identified 

amino acid sequences that match only to IgG in the database, confirming the prediction 

that this band represented residual antibody contamination from the pull down assay.  

The two specific bands from IP with PR2D3 matched unique proteins or protein 

domains in the database respectively. The highest Mascot scores were for the 250 kDa 

protein detected with database sequences of myosin heavy chain 11 (MYH11) (Figure 

3.3A) and the 100 kDa protein matched to membrane primary amine oxidase, AOC3 

(Figure 3.3B).  
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______________________________________________________________________ 
Figure 3.3 
Mass spectrometry results: Mascot score histogram and peptide sequence  
The highest Mascot scores was observed from the 250 kDa band and identified the (A) 
Myosin heavy chain 11 (MYH11). The 100 kDa band corresponds to (B) Membrane 
primary amine oxidase (AOC3). Protein score is -10*Log(P), where P is the probability 
that the observed match is a random event. Protein scores greater than 56 are 
significant. 
______________________________________________________________________ 
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3.2.3 AOC3 expression in human colon smooth muscle lysates and colon 

pericryptal myofibroblasts (Cryosection & FFPE, IF) 

 

We firstly validated that PR2D3 mAb was indeed recognizing AOC3 by using 

commercially available anti-AOC3 monoclonal antibodies (TK8-14, Santa Cruz 

Biotec). According to the product information, mAb TK8-14 was raised against affinity 

purified VAP-1/AOC3 from human tonsil stroma. Results from western blots showed 

that both PR2D3 and AOC3 recognized a protein of approximately 150kD (Figure 

3.4A). Confirmation that AOC3 was the target of PR2D3 was obtained by showing that 

TK8-14 anti AOC3 reacted with the PR2D3 immunoprecipitated fraction of human 

smooth muscle lysates in a western blot (Fig. 3.4B). Moreover, confocal 

immunofluorescence staining indicated that pericryptal myofibroblast cells were 

strongly labelled by anti-AOC3 mAb (TK8-14) on normal colon crypts (Figure 3.4C).  

 

In addition to mAb TK8-14, we also purchased other sources of anti-AOC3 mAb, 

which can be used in paraffin-embedded sections. Clone 393112 (R&D systems) anti-

AOC3 mAb is against recombinant human VAP-1/AOC3 and it is used for the 

following immunohistochemistry analyses. To confirm that these AOC3 positive cells 

are myofibroblasts, co-staining was performed with the commonly used myofibroblast 

marker αSMA, and human mesenchymal marker vimentin (VIM), as well as endothelial 

marker CD31. As shown in Figure 3.5, AOC3 was strongly expressed on stromal cells 

in both normal colon and tumour tissue. It co-localized with αSMA -positive and VIM-

positive cells but not with CD31 positive cells, confirming that anti AOC3 labels 

myofibroblasts and is a novel marker for myofibroblasts.  
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______________________________________________________________________ 
Figure 3.4 
AOC3 expression in human smooth muscles lysates and colon pericryptal cells 
matches PR2D3 staining (A)Protein immunoblot of human smooth muscle lysate with 
AOC3 showing a band of about 150 kDa in the native (non-reduced) sample (B)Co-
immunoprecipitation (CO-IP) with PR2D3 and blotting with AOC3  in smooth muscle 
lysates. (C) Confocal immunofluorescence of myofibroblasts. AOC3 (green), DAPI 
(blue), X100 magnification.  
______________________________________________________________________ 
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______________________________________________________________________ 
Figure 3.5 
AOC3 expression in human colon stromal myofibroblasts. Cryosections (a) of 
human normal colon were co-stained with AOC3 (Green)(Santa Cruz, TK8-14) and 
antibody against αSMA (red)(Sigma, 1A4). Paraffin-embedded sections (b,c,d) of 
human normal and cancerous colon were double stained with AOC3 antibody 
(green)(R&D, 393112) and antibody against αSMA (red), Vimentin (VIM, red) or 
CD31(red). AOC3 staining co-localized with αSMA-positive and VIM-positive 
myofibroblasts but not with CD31 positive cells (endothelial marker).   
______________________________________________________________________ 
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3.2.4 MYH11 expression in human colon smooth muscle lysates (Western blot) and 

colon pericryptal myofibroblasts  (FFPE, IF) 

 

The 250 kDa band identified through mass spectrometry of proteins pulled down by 

PR2D3 mAb corresponded to myosin heavy chain 11 (MYH11) (Figure 3.3A).  

MYH11 is a protein that in humans is encoded by the MYH11 gene (Deng et al., 1993). 

It is a major contractile protein, converting chemical energy into mechanical energy 

through the hydrolysis of ATP. We assessed the expression of MYH11 by 

immunoblotting human smooth muscle lysates and myofibroblast cell lysates using a 

commercial anti-MYH11 mAb (EPR5336(B), Abcam, UK). Unlike AOC3, MYH11 

staining is located intracellular. Anti MYH11 was able to detect a clear band at 250 kDa 

in both reduced smooth muscle lysate and CCD 18CO cell lysates (Figure 3.6A). 

Immunofluorescence staining was performed on PFA-fixed myofibroblast cell line, 

CCD 18CO, showing myofibroblast stress fibers are strongly labelled by MYH11 

(Figure 3.6B).  The staining pattern is similar to anti αSMA.  Anti MYH11 was also 

used to stain sections of paraffin-embedded human normal colon and tumour tissues 

(Figure 3.6C).  The merged images of double staining with αSMA confirm the co-

localization with MYH11 on human pericryptal myofibroblasts.   
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______________________________________________________________________ 
Figure 3.6 
MYH11 expression in human smooth muscle lysates and colon stromal 
myofibroblasts (A) Protein immunoblot of human smooth muscle lysate and CCD-
18CO cell lysates with MYH11 showing a band of about 250 kDa in reduced sample. 
(B) MYH11 is expressed in fixed CCD-18CO myofibroblast cells. (C) Double staining 
of paraffin-embedded sections of human normal and cancerous colon with MYH11 
antibody (red) and antibody against αSMA (green).  
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3.2.5 mRNA expression levels of AOC3, MYH11 and ACTA2 from microarray 

analysis  

 

AOC3 and MYH11 protein expression level were assessed in human tissue and cell 

lysates and results confirm that both stain colonic myofibroblasts in both normal and 

cancer tissue.  In order to determine whether these two markers might be able to 

distinguish between myofibroblasts and fibroblasts, we used Affymetrix microarray 

gene expression data to compare the level of αSMA (human gene: ACTA2), AOC3 and 

MYH11 mRNA expression levels between a panel of myofibroblast primary cultures 

(derived from colonic tissues) and skin derived fibroblast cultures (as described in 

materials and methods Chapter 2.2.2). Partek genomic suite software was used to 

compare the levels of expression in the four primary myofibroblast cultures against the 

levels of expression in the four fibroblast cultures. In Figure 3.7, ACTA2 and MYH11 

showed similar expression profiles in the two groups while AOC3 was significantly 

differentially expressed in myofibroblasts (p<0.05).  These results suggest that AOC3 is 

not only a new marker for myofibroblasts but that its expression is specific to 

myofibroblasts in contrast to αSMA which is expressed at similar levels in both colon 

derived myofibroblasts and skin derived fibroblasts.  
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______________________________________________________________________ 
Figure 3.7 
Comparison of mRNA expression levels of AOC3, MYH11 and ACTA2 between 
myofibroblast and fibroblast cells   
AOC3, αSMA (human gene: ACTA2) and MYH11 mRNA expression in 8 cell lines (4 
of myofibroblast cultures and 4 of fibroblast cultures) measured by Affymetrix Human 
Genome U133 Plus 2.0 microarray. mRNA expression levels, along the Y axis, are 
linear fluorescent intensities. Among these three genes, AOC3 is the only one 
significantly differentially expressed between myofibroblast and fibroblast cells 
(p<0.05) using a paired t test on the difference between the mean levels of expression in 
myofibroblast vs. fibroblast cells. 
______________________________________________________________________ 
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3.2.6 Heterogeneous expression of smooth muscle actin and myosin heavy chain 11 

in myofibroblasts and fibroblasts 

 

One of the most studied features of myofibroblasts relates to their contractile ability, 

which has been described as similar to that smooth muscle (Gabbiani et al., 1971). 

Alpha- smooth muscle actin (αSMA) has been widely used as a marker for identifying 

myofibroblasts because of this property.  However, heterogeneous expression of αSMA 

in myofibroblasts has been reported in many studies and our own results confirm this 

observation. As shown in the top panel of Figure 3.8A, the immunofluorescent staining 

in 5 primary myofibroblast cultures showed αSMA staining of discreet subpopulations 

of myofibroblasts, rather than uniform staining, confirming the heterogeneous pattern of 

expression of αSMA in myofibroblasts. Similarly, some normal fibroblasts and foreskin 

fibroblasts also showed high levels of αSMA (foreskin and skin fibro 2) in normal 

culture conditions, as is demonstrated in the lower panel of Figure 3.8A. In addition, 

some positive staining of MYH11 could be found in foreskin fibroblasts (Figure 3.8B). 

Collectively, these results demonstrate that among these markers, αSMA and MYH11 

are inadequate to distinguish myofibroblast cells from fibroblast cells. 
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______________________________________________________________________ 

Figure 3.8 
Analysis of α-smooth muscle actin (αSMA) and myosin heavy chain 11 (MYH11) 
expression in myofibroblast and fibroblast cultures.   
(A) Immunofluorescent staining of 5 myofibroblast and 5 normal fibroblast cell cultures 
with αSMA. (B) Co-staining MYH11(red) and αSMA (green) on CCD18CO, foreskin 
fibroblasts and normal skin fibroblast cells. X20 magnification 
______________________________________________________________________ 
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3.3 Discussion  

 

It is now widely accepted that myofibroblasts present within a tumour play a significant 

role in contributing to carcinoma growth. However, it is difficult to target them within 

stroma due to the lack of myofibroblast-specific immunocytochemical markers. To help 

understand the difference between myofibroblasts and conventional fibroblasts and 

further evaluate the role of myofibroblasts, we have identified myofibroblasts using a 

cell surface marker defined by the monoclonal antibody PR2D3. As an integral 

membrane protein, this marker is likely to have an important function that could so be 

identified and then help to characterize myofibroblasts both for in vitro studies and in 

clinical material.  

 

In this study, PR2D3 antibody was made freshly from PR2D3 hybridoma that was 

raised by Richman, et al., 1987. Through the enrichment of the bound target proteins by 

immuno pull-down assay from human colonic smooth muscle lysates by PR2D3 mAb, 

two target proteins were identified using mass spectrometry based amino acid 

sequencing as AOC3 and MYH11.   

 

AOC3 is a transmembrane glycoprotein also known as semicarbazide-sensitive amine 

oxidases (SSAOs), and vascular adhesion protein-1 (VAP-1), which plays a dual 

function as an adhesion molecule that also has enzymatic properties (Salmi and 

Jalkanen, 1992, Salmi and Jalkanen, 1996). AOC3 has been reported to be expressed in 

normal tissues in the endothelial cells of veins, in the pericytes and smooth muscle cells, 

as well as in adipocytes (Salmi and Jalkanen, 1992, Salmi et al., 1993), but there are no 

publications to date that describe its expression in colorectal pericryptal myofibroblast 
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cells. Our results show, for the first time, that AOC3 is present on myofibroblasts and 

that antibodies to AOC3 can be used as surface markers for detecting myofibroblasts in 

human tissue sections, primary cultures and cell lines. In subsequent chapters, we 

explore the extensive expression profiling analyses of AOC3 in vivo and in vitro, as 

well as the functional significance of its expression in myofibroblasts.  

 

Given the evidence that myofibroblasts have been shown to express a number of 

contractile proteins in addition to α-smooth muscle actin, such as myosin heavy chain 

(MYH11) and SM22 (TAGLN) (Chambers et al., 2003, Popova et al., 2010). Myosin 

Heavy Chain 11 (MYH11) is a smooth muscle cell-specific protein. Smooth muscle 

myosin, the major contractile protein in these cells, is composed of a MYH11 dimer 

along with two pairs of non-identical light chains. Deletion and missense mutation 

located in the C-terminal domain of MYH11 are predicted to affect the structure and 

assembly of myosin thick filaments (Zhu et al., 2006). Several studies have shown that 

MYH11 was induced by TGFβ treatment in mesenchymal stem cells (Popova et al., 

2010), where it was involved in many intracellular functions including cell migration, 

adhesion, intracellular transport and signal transduction. Moreover, there is a growing 

body of evidence suggesting that MYH11 may be involved in the progression of several 

cancer types including colorectal, breast and gastric cancers and is associated with poor 

prognosis (Loikkanen et al., 2009, Cui et al., 2010, Pessina et al., 2010, Wang et al., 

2014). Our data showed strong expression of MYH11 in myofibroblast cells in vivo and 

in vitro, however, the mRNA expression level and immunostaining results indicated 

that MYH11 is not adequate to be the only marker for distinguishing myofibroblasts 

and normal fibroblast cells. The same is true for the commonly used myofibroblast 

marker αSMA.  
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The result of immunoprecipitation with PR2D3 mAb showed that two proteins were 

pulled down together by PR2D3, which suggested a potential interaction between these 

two proteins. However, there has so far been no indication that there is any direct 

interaction between AOC3 and MYH11.   While we were able to demonstrate that pull-

down using PR2D3 enriched for both AOC3 and MYH11, neither the AOC3 nor the 

MYH11 antibodies available were suitable for use in pull-down assays (despite several 

attempts), so we were not able to further explore the possibility that AOC3 physically 

interacts with MYH11. There remains the possibility of physical interaction via the intra 

cellular cytoplasmic tail of AOC3 to MYH11. It is also possible that this association is 

non-specific. Further investigation is needed to explore the possible functional 

significance of this interaction.  

 

Collectively, the results of this chapter indicated that AOC3 is a novel marker of 

myofibroblasts, which was identified though home-raised PR2D3 antibody. The 

preliminary results presented in this chapter suggest that it may be able to distinguish 

between normal fibroblasts and myofibroblasts isolated from human colon more 

efficiently than the most commonly used marker for this purpose, αSMA.  
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CHAPTER 4: AOC3, A NOVEL MARKER OF MYOFIBROBLASTS 

 

4.1 Introduction 

 

In the previous chapter, we identified AOC3 as a new marker of myofibroblasts in 

human colon through identification of the PR2D3 mAb binding protein. AOC3 is an 

endothelial, cell surface-expressed oxidase (amine oxidase, copper containing-3, also 

known as vascular adhesion protein-1, VAP-1). It was first described as a 180-kD 

dimeric type II transmembrane glycoprotein, which plays a dual function as an adhesion 

molecule and also has enzymatic properties in endothelial cells (Salmi and Jalkanen, 

1992, Salmi and Jalkanen, 1996). In addition to synthesis in endothelial cells, where it 

mediates lymphocyte binding, AOC3 is also been found expressed in pericytes, 

adipocytes and also in smooth muscle cells. Smooth muscle AOC3 is functionally and 

structurally different from endothelial AOC3 with lower molecular mass, abundant N-

linked oligosaccharide and only functions as monoamine oxidases (Jaakkola et al., 

1999).  Our data suggested that AOC3 in myofibroblasts might be more similar to the 

AOC3 in smooth muscle, as after cleavage of N-linked glycan by 2-mercaptoemthanol 

under the denaturing conditions of western blots, we observed the lower molecular 

weight of AOC3 in myofibroblasts. 

 

Transforming growth factor-β (TGFβ) is a multifunctional regulatory cytokine, which is 

a potent growth inhibitor in most of normal epithelial cells and in the early phase of 

epithelial carcinogenesis but is produced in excessive quantities by many advanced 

tumour types (Barcellos-Hoff and Akhurst, 2009).  The excess TGFβ is thought to drive 

malignant progression through its effect both on the tumour cell and on the tumour 
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microenvironment. TGFβ has been long recognized as an important factor in 

myofibroblast activation, which can induce the expression of αSMA via Samd3, and 

also induce a contractile phenotype (Hu et al., 2003, Lijnen et al., 2003). Moreover, 

TGFβ-mediated signalling is central to fibrotic responses in lung, liver and kidney 

(Desmouliere et al., 1993, Sheppard, 2006, Liu et al., 2006). However, it is not known 

whether AOC3 expression is regulated by TGFβ-mediated response in myofibroblasts.  

 

The work presented in this chapter first shows the extensive protein expression profiling 

analysis of AOC3 in a variety of human normal tissues and cancer tissues based on 

immunofluorescence. Assessment of AOC3 expression by flow cytometric analysis of a 

panel of primary myofibroblast cultures confirmed the specificity of the marker and 

identified AOC3 as a candidate specific marker of myofibroblasts with application in 

flow cytometric analyses. The regulation of AOC3 expression by TGFβ in 

myofibroblasts and its potential functional significance were then investigated  
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4.2 Results 

 

4.2.1 Characterization of AOC3 expression in human tissue 

 

Immunofluorescent staining was performed on human paraffin-embedded sections, 

obtained from Oxford University Hospitals (UK) and a commercial tissue array, 

purchased from SuperBioChips Laboratories (Seoul, Korea). 

 

4.2.1.1 AOC3 in normal tissues 

 

In the previous chapter, we have shown the staining of AOC3 expression of human 

colon pericryptal myofibroblasts in normal and tumour derived tissue sections, and 

confirmed its specificity by double staining with other molecular markers (Figure 3.5).  

To extend the expression profiling to different human tissues, immunofluorescent 

staining was performed on a range of different normal human tissues. In Figure 4.1, we 

first assessed tissues of the gastrointestinal tract, including stomach, small bowel, colon 

and rectum.  Strong AOC3 expression (shown in red) was seen in pericryptal 

myofibroblasts in colorectal tissues and periglandular myofibroblasts in stomach.  The 

lamina muscularis mucosae, below crypts were also labelled by AOC3 and αSMA.  

Vascular smooth muscle cells were stained, but AOC3 expression was completely 

absent in epithelial cell layers.  
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______________________________________________________________________ 
Figure 4.1  
AOC3 expression in myofibroblasts in normal human gastrointestinal tract (GI 
tract)  
Double staining of paraffin-embedded sections of human GI tract tissues (from top to 
bottom: stomach, small bowel, colon and rectum) with αSMA (green) and AOC3 (red). 
X20 magnification 
______________________________________________________________________ 
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In prostate tissues, there was strong AOC3 staining of stromal myofibroblasts but not of 

glandular or epithelial cells.  Periacinar myofibroblasts in pancreatic tissues were also 

labelled by AOC3 (Figure 4.2).    

 

 

 
 

 
______________________________________________________________________ 
Figure 4.2 
AOC3 expression in myofibroblasts of other normal human tissues  
Double staining of normal prostate and pancreas tissues with αSMA (green) and AOC3 
(red) confirms presumptive staining of myofibroblasts. X20 magnification 
______________________________________________________________________ 
 
 
 

In addition to staining of myofibroblasts, AOC3 has been previously been reported to be 

expressed in smooth muscle cells and endothelial cells in heart, gut, endothelial vessels 

and tonsil (Salmi and Jalkanen, 1992, Salmi et al., 1993). In Figure 4.3, our results 

showed that AOC3 is present in smooth muscle cells surrounding testis seminiferous 
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tubules, as well as some contractile cells or to be myofibroblasts around the alveolar 

wall in lung, based on the AOC3 and αSMA positivity.  

 
 

 
 
 
______________________________________________________________________ 
Figure 4.3 
AOC3 expression in other normal human tissues  
Double staining of normal tissues of testis, lung and kidney with αSMA (green) and 
AOC3 (red). AOC3 and αSMA are both positive in smooth muscle cells and basement 
membranes. X20 magnification 
______________________________________________________________________ 
 

 

4.2.1.2 AOC3 in tumour tissues 

 

We continued our analysis of AOC3 expression in a range of human tumours.  In none 

of the analyzed tumours was AOC3 staining detectable in tumour cells. Expression was 

only observed in tumour associated stroma (Figure 4.4). In order to clearly distinguish 

epithelial structures from stromal areas, AUA1 mAb (in-house antibody against 

Testis,	AOC3,	20x Testis,	αSMA,	20x 

Lung,	AOC3,	20x Lung	,	αSMA,	20x 
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EpCAM, red) was used for identifying epithelial cells and AOC3 for stromal 

myofibroblasts (green) in prostate and rectal tumour sections (Figure 4.4A). DAPI was 

used for nuclear staining (blue).  

 

 AOC3 expression in corresponding tumour tissues of GI tract is shown in Figure 4.4B. 

AOC3 is diffusely expressed in the tumour stroma, which reflects an increased number 

of myofibroblasts in colorectal and prostate adenocarcinomas. This observation is 

consistent with previous studies showing an increasing number of myofibroblasts 

around stroma in higher-grade tumours (Tsujino et al., 2007, Adegboyega et al., 2002).  
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______________________________________________________________________ 
Figure 4.4 
AOC3 expression in myofibroblasts of human tumour tissues  
(A) Co-staining of human tumour tissues with AOC3 (green) for myofibroblasts and 
AUA1 (red) to identify epithelial cells. (B) AOC3 staining of myofibroblasts in GI tract 
tumour tissues.  X20 magnification  
______________________________________________________________________ 

 

 

Furthermore, myofibroblasts can also be detected by AOC3 mAb staining in 

lymphomas, ovary cystadenocarcinomas, endometrial adenocarcinomas and liver 

cancers (Figure 4.5A).  Surprisingly, myofibroblasts in the breast were AOC3-negtive, 

both in normal tissue and in ductal and lobular carcinomas. They were however, 

positive for αSMA expression. We have examined several additional tissue sections 

from both normal breast and breast cancers, including a breast cancer tissue array to 
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Gastrointestinal stromal tumour 
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confirm this unexpected finding. The results are consistent and representative data are 

shown in Figure 4.5B.  

 

Table 4.1 and 4.2 showed the summarized data obtained from tissue-array on the tissue 

distribution of AOC3. In some tissues, different expression profile for AOC3 compared 

to αSMA has been observed, such as in normal myometrium (AOC3+ve, αSMA-ve), 

normal salivary gland (AOC3-ve, αSMA+ve) and uterine cervix of squamous cell 

carcinoma (AOC3-ve, αSMA+ve) and breast tumour (AOC3-ve, αSMA+ve), which 

suggested the expression of AOC3 might be in a tissue specific manner or implied the 

further heterogeneity of myofibroblasts and fibroblasts in different tissues. 
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______________________________________________________________________ 
Figure 4.5 
AOC3 expression in myofibroblasts is tissue-specific in other human tumour 
tissues  
(A) AOC3 staining of myofibroblasts in other human tumour tissues (B) Myofibroblasts 
in breast cancer are AOC3-negative but αSMA-positive. Several different cases were 
tested and similar results were obtained. Representative result is shown here. X20 
magnification  
______________________________________________________________________ 
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Organ 

 
Diagnosis 

 
AOC3 staining 

 
αSMA staining 

 

Skin Normal - -  
Breast Normal - -  
Spleen Normal - -  

Lymph node Normal - -  
Skeletal muscle Normal - -  

Lung Normal + + Positive cells are around alveolar walls 
Salivary gland Normal - +  

Liver Normal + + Hepatic stellate cells; positive cells in central vein 
and smooth muscle cells in the portal tract 

Gallbladder Normal - -  
Pancreas Normal + + Periacinar pancreatic stellate cells 

Tonsil Normal - -  
Stomach, antrum Normal + + myofibroblasts 
Stomach, fundus Normal + + myofibroblasts 

Small bowel Normal + + myofibroblasts 
Colon Normal + + myofibroblasts 

Rectum Normal + + myofibroblasts 
Kidney Normal + + Interstitial cells and basement membrane 

Urinary bladder Normal + +  
Prostate Normal + + myofibroblasts 

Testis Normal + + Peritubular myoid cells around seminiferous 
tubules 

Uterine cervix Normal - -  
Endometrium Normal + + myofibroblasts 
Myometrium Normal - + Positive cells are smooth muscle cells 

Placenta Normal - -  
Adrenal gland Normal - -  

Thyroid Normal - -  
Cerebrum Normal - -  

Cerebellum Normal - -  
 
Table 4.1 Human normal tissue distribution of AOC3  
Anomalies in the expression profile between AOC3 and αSMA staining are highlighted.  
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Organ 

 

Diagnosis 

 

AOC3 staining 

 

αSMA staining 

 

Skin Squamous cell carcinoma - +  
Subcutis Liposarcoma + - Adipocytes are positive 
Breast Ductal carcinoma in situ - +  
Breast Infiltrating duct carcinoma - +  

Lymph node Hodgkin lymphoma + +  
Bone Osteocarcinoma - -  
Lung Adenocarcinoma - -  
Lung Squamous cell carcinoma - -  
Liver Cholangiocarcinoma + + Hepatic myofibroblasts 

Esophagus Squamous cell carcinoma - -  
Stomach Adenocarcinoma + + myofibroblasts 
Stomach Malignant lymphoma, diffuse 

large B cell 
+ + myofibroblasts 

Stomach Signet ring cell carcinoma + + myofibroblasts 
Duodenum Gastrointestinal stromal tumor, 

malignant 
+ + myofibroblasts 

Descending colon Adenocarcinoma + + myofibroblasts 
Rectum Adenocarcinoma + + myofibroblasts 
Kidney Renal cell carcinoma + + Interstitial cells and basement membrane 

Urinary bladder Transitional cell carcinoma + + Smooth muscle cells are positive 
Prostate Adenocarcinoma + + myofibroblasts 

Testis Seminoma + + Peritubular myoid cells around 
seminiferous tubules 

Uterine cervix Squamous cell carcinoma + - myofibroblasts 
Endometrium Adenocarcinoma + + myofibroblasts 

Ovary Metastatic adenocarcinoma (from 
stomach) 

+ + myofibroblasts 

Ovary Mucinous cystadenocarcinoma + + myofibroblasts 
Thyroid Papillary carcinoma - -  

 
Table 4.2 Tissue distribution of AOC3 in human cancers on a tissue microarray  
Anomalies in the expression profile between AOC3 and αSMA staining are highlighted.  
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4.2.2 AOC3 expression in myofibroblast cultures  

 

4.2.2.1 AOC3 is expressed in cultured colorectal derived myofibroblasts but not 

normal fibroblasts  

 

Western blot and immunofluorescence experiments using monoclonal AOC3 antibody 

TK8-14 were performed on cultured cells to test for expression of AOC3. These 

experiments revealed the expression of AOC3 protein by colonic derived myofibroblast 

cultures but not by human foreskin or skin fibroblast cultures (Figure 4.6).  All AOC3-

positve myofibroblast cultures expressed AOC3 protein in 150 kDa under non-reduced 

conditions (Figure 4.6A) and immunofluorescent staining was performed on live cells 

without fixation. Figure 4.6B showed that the commercially available myofibroblast 

cell line, CCD 18CO clearly stained with both fluorescent labeled AOC3 and PR2D3, 

while the foreskin fibroblasts were completely unstained.  This is in agreement with the 

mRNA expression data shown in Chapter 3 (see Figure 3.7). 
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______________________________________________________________________ 
Figure 4.6 
AOC3 protein expression in primary myofibroblast cultures but not fibroblast 
cells. (A) AOC3 protein was detected by western blot in commercially available CCD 
18CO cell line, primary myofibroblasts myo2020, myo1998, myo6544, but not in 
foreskin fibroblasts or skin fibroblasts with anti AOC3 mAb (TK8-14). Tubulin was 
used as loading control. (B) Immunofluorescent staining of CCD 18CO and foreskin 
fibroblast cells with PR2D3 and AOC3 mAb. X20 magnification 
______________________________________________________________________ 
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4.2.2.2 Confirmation of the specificity of AOC3 via siRNA-mediated silencing of 

AOC3 in CCD 18CO  

 

To confirm the specificity of the anti AOC3 staining in myofibroblasts, knockdown 

experiments were performed on CCD 18CO cells using transient transfection of siRNA 

sequences for AOC3 knockdown (siAOC3). Scrambled sequences were applied as 

control.  AOC3 mRNA expression of CCD 18CO was assessed by quantitative RT-PCR 

after 24 and 48 hours. Expression was calculated relative to the average normalized Ct 

for scrambled siRNA cells.  The maximum mRNA knockdown of 98% reduction was 

achieved after 24 hours in 20nM of siAOC3 relative to scrambled control (Figure 

4.7A). AOC3 protein expression level as determined by western blot was almost 

completely abolished up to 72 hours after introducing siRNA, (Figure 4.7B). The 

specificity of AOC3 knockdown was confirmed by the fact that there was no reduction 

of AOC3 message or protein level in scrambled siRNA control compared to untreated 

control in CCD 18CO.  
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______________________________________________________________________ 
Figure 4.7 
AOC3 mRNA and protein levels after siRNA mediated knockdown in CCD 18CO 
cells. Maximum knockdown was achieved at the (A) mRNA level of AOC3 24 hours, 
and at the (B) protein level after 48 hours, after transfection with AOC3 siRNA 
sequence and scrambled sequence as control. RQ= Relative quantity;  
* p<0.01; ** p<0.001 versus scrambled siRNA control. Non-denaturing conditions used 
for western blot. n=3 
______________________________________________________________________ 
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4.2.2.3 Validation of AOC3 mRNA expression in a range of human colonic primary 

myofibroblasts 

 

AOC3 mRNA levels were assayed in a panel of 11 primary myofibroblast cultures 

derived from human colon (described in method Chapter 2.2.2.2), along with 2 

fibroblast cultures, using TaqMan qRT-PCR primers and probe-sets. Figure 4.8 showed 

that all myofibroblast cultures expressed AOC3 mRNA, but to varying extents. The 

majority of primary myofibroblast cultures showed high levels of AOC3 mRNA 

expression; e.g. myo1998, myo6024, myo6544, CCD 18CO, myo6769, and myo6769C 

and myo6526. However, some myofibroblast cultures showed relatively lower 

expression of AOC3, e.g. myo6539, myo6550, myo6550C and myo7659. The AOC3 

expression level is, however, nearly absent in foreskin and skin fibroblasts, which is 

consistent with our western blot and immunofluorescence results.   
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______________________________________________________________________ 
Figure 4.8 
qRT-PCR validation of  AOC3 mRNA expression in 11 myofibroblast and 2  
fibroblast cultures. Expression levels for linearized, converted ΔCt values generated as 
described in materials and methods (Chapter 2.3.3) are shown. Briefly, ΔCt for each 
sample was subtracted from the highest ΔCt mean obtained (F. fibro: ΔCt mean 10.97 
was used in this figure). Column in red: myofibroblast cultures; column in blue: 
fibroblast cultures. 
______________________________________________________________________
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4.2.2.4 Phenotypic characterization of primary myofibroblasts using AOC3 as a 

surface marker  

 

As mentioned previously, AOC3 is a surface expressed protein. In order to assess the 

application of AOC3 as a surface marker, flow cytometric analysis was performed on a 

range of primary myofibroblasts with AOC3 mAb TK8-14, as well as with PR2D3 mAb.  

The antibody staining was performed on live cells, without any fixation.  Among the 

myofibroblast cultures tested, 3 of these (myo6544, myo1998 and myo6526) were 

confirmed as reacting strongly with AOC3 and PR2D3 mAb (Figure 4.9).  PR2D3 

mAb showed a similar expression pattern to that obtained with AOC3 mAb, but with a 

little less intensity, Though myo6526 showed lower levels of expression, it was not 

negative for AOC3 or PR2D3 mAb, consistent with our qRT-PCR data shown in 

Figure 4.8.  Anti AOC3 mAb again demonstrated specificity for myofibroblasts by 

showing completely negative expression in normal fibroblast cells (skin fibro, foreskin 

fibro) and CRC epithelial cells (SW1222, LS174T). Together, these data confirmed that 

anti AOC3 mAb is a specific surface-binding marker of myofibroblasts, which can be 

applied in flow cytometric analyses.  
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Fluorescence Intensity (mean value) 
 APC-only AOC3-APC PR2D3-APC 
CCD 18CO 4.58 91.44 35.58 
Myo6544 4.02 96.47 43.29 
Myo1998 3.5 31.21 13.01 
Myo6526 4.7 18.62 11.41 

 
______________________________________________________________________ 
Figure 4 .9 
Flow cytometry histograms of AOC3 and PR2D3 expression for three primary 
myofibroblast cell cultures (Myo6544, Myo1998, Myo6526) and CCD 18CO cells.  
(A) The cells were subjected to a live staining with AOC3 or PR2D3 antibodies. 
Detection of the primary antibodies was via secondary antibody conjugated to 
allophycocyanin, APC (shown in green). Secondary antibody alone was used as a 
negative control (red). (B) The expression levels were quantified by taking the mean 
fluorescent intensity of the FACS histograms.   

   ______________________________________________________________________ 
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______________________________________________________________________ 
Figure 4 .10 
AOC3 is a surface-expressed myofibroblast specific marker.   
Flow cytometric analysis of primary myofibroblast cell cultures (Myo6544, Myo1998) 
and CCD 18CO cells. Fibroblast cells (foreskin fibro and two skin fibroblasts) and 
epithelial cells (SW1222, LS174T) show that myofibroblasts are positive for AOC3, 
whereas fibroblasts and epithelial cells do not express AOC3. Live cells were stained 
with AOC3 antibody, conjugated to APC (shown in green). APC secondary only was 
used as control (shown in red).  

   ______________________________________________________________________ 
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4.2.2.5 Surface expression of AOC3 enables FACS separation of myofibroblasts 

from epithelial cells (double staining) 

 

Previous results have confirmed that AOC3 is specifically expressed by myofibroblasts 

and the anti AOC3 mAb can be used as a surface protein marker for identifying 

myofibroblasts.  To assess the capacity of anti AOC3 mAb to separate cultured 

myofibroblasts from a mixed population of cells, we mixed primary myofibroblasts 

myo6544 with SW1222 cells (colorectal cancer derived cell line) in a ratio of 1: 1 

before the analysis (Figure 4.11). The mixture of cells cannot be separated by cell size 

(FS/SS); however, double staining of AOC3-APC and AUA1-FITC showing the clear 

separation represented by the bimodal distributions.  
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______________________________________________________________________ 
Figure 4.11 
Separation of an artificial cell mixture of epithelial cells and myofibroblast cells by 
flow cytometry  
Primary myo6544 were pre-mixed with SW1222 in a ratio 1:1 before the flow 
cytometry analysis. Cells were labeled with AOC3-APC for myofibroblasts, and 
AUA1-FITC for epithelial cells. (A) Cells size and granularity was demonstrated in 
FF/SS histogram and the main population of cells were gated to show the distribution of 
AOC3 versus AUA1 in 2D dot plot and 1D AOC3 histogram plot.  
______________________________________________________________________ 
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 4.2.3 Regulation of AOC3 expression  

 

4.2.3.1 Serum deprivation induces AOC3 expression in a time-dependent manner  

 

TGFβ is a well-known key regulator of cell proliferation and differentiation, and has 

also been reported to upregulate expression of αSMA in myofibroblasts both in vitro 

and in vivo (Desmouliere et al., 1993, Ronnov-Jessen and Petersen, 1993). To 

understand whether AOC3 is involved in the TGFβ-depended response of 

myofibroblasts, TGFβ treatment was performed on CCD 18CO cells. In order to reduce 

the background level of any TGFβ contained in serum, TGFβ treatment was applied 

mostly using a serum free medium along with a 24hour-serum starvation beforehand. 

Unexpectedly, a dramatic increased level of AOC3 expression was found in the control 

group. To confirm the effect of serum on AOC3 expression, CCD 18CO cells were 

incubated with either normal serum (10% FBS) or serum free medium for various time 

periods. The protein expression levels of AOC3 under both conditions increased in a 

time dependent manner. However, at each respective time point, the AOC3 mRNA 

(Figure 4.12B) and protein levels as measured by western blot (Figure 4.12A) and by 

flow cytometry (Figure 4.12C), were significantly elevated in serum starved cells as 

compared to those maintained in 10% FBS after 48, 72 and 96 hours.  For mRNA 

expression levels, qRT-PCR was more sensitive in detecting earlier increases in AOC3 

mRNA level from 24 hours (2.7-fold), to 48 hours (3.3-fold), 72 hours (3.6-fold) and 96 

hours (4-fold) for cells under serum starvation relative to the cells grown in normal 

serum containing medium (Figure 4.12B).  Our data suggested that the increased 

expression of AOC3 under serum starvation is due mainly to increased transcriptional 

levels in CCD 18CO cells.  
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______________________________________________________________________ 
Figure 4.12  
Serum starvation increased AOC3 expression in CCD 18CO cells 
CCD 18CO cells were cultured with 10% FBS or without serum for 24, 48, 72 and 96 
hours. AOC3 protein expression was measured using western blots (A) and flow 
cytometry (C). Tubulin is shown as loading control in western blots and APC labelled 
secondary antibody alone was used as control (shown in red) in flow cytometry.  Gating 
in histogram plot is equal to the rectangle gating in dot plots, which represents the 
AOC3 positive population. (B) AOC3 mRNA level was determined using qRT-PCR. Ct 
values were normalized to UBC and fold change was calculated relative to cells in 24hr 
with 10%FBS. All experiments were independently repeated at least three times, and 
similar results were obtained 
______________________________________________________________________ 
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4.2.3.2 TGFβ inhibition of AOC3 production 

 

10% FBS-supplemented medium contains about 1,000-2,000pg/ml of latent TGFβ 

(Danielpour et al., 1989, Oida and Weiner, 2010), which might contribute to the delayed 

production of AOC3 in cells grown in 10% FBS serum containing medium, compared 

to in serum free medium. CCD 18CO cells were treated with or without 10ng/ml TGFβ 

and grown in either serum free or serum containing medium for various time periods.  

All cells were initially serum starved for 24 hours before treatment with TGFβ. Here, 

four separate conditions were tested: normal serum in medium (NS, 10%FBS), 

TGFβ/normal serum in medium, serum free medium (SF) and TGFβ/serum free 

medium (Figure 4.13). 

 

Data showed the expression of AOC3 protein in CCD 18CO cells was significantly 

reduced by TGFβ in serum free medium in a time-dependent manner. In normal serum 

condition, AOC3 protein increased slowly with the time, however, the expression level 

was completely abolished when TGFβ was added into normal serum levels (Figure 

4.13C). These observations are confirmed by flow cytometric analysis of CCD 18CO 

cells 96 hours after addition of TBFβ in both serum containing and serum free 

conditions. The inhibitory effects of TGFβ on AOC3 expression in CCD 18CO were 

also seen at the mRNA level in another repeat experiment (Figure 4.13B), suggesting 

transcriptional control.  
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______________________________________________________________________ 
Figure 4 .13  
AOC3 expression is down regulated by TGFβ treatment  
CCD 18CO cells were incubated with or without TGFβ 10ng/ml in serum free or 
normal serum containing medium for 24, 48, 72 and 96 hours. (A) Experimental design 
flow of TGFβ treatment. (B) AOC3 mRNA level was determined using qRT-PCR. Ct 
values were normalized to UBC and fold change was calculated relative to cells in 48hr 
with 10%FBS. n=3 (C) AOC3 protein expression level was measured by western blot 
(24, 48, 72 and 96 hours) and flow cytometry (96 hours). Rectangle gating in dot plots 
represents the AOC3 positive population. NS: normal serum containing medium; SF: 
serum free medium. All experiments were independently repeated at least three times, 
and similar results were obtained 
______________________________________________________________________ 
 

 

To further explore the apparent negative regulatory effect of TGFβ on AOC3 levels, we 

first induced high levels of AOC3 expression in CCD 18CO by growing cells under 

serum starvation for 96 hours, then followed by TGFβ addition in serum free medium 

for a further 96 hours (Figure 4.14A). Figure 4.14B shows that the AOC3 mRNA level 

reached a 10-fold increase after 96 hours serum starvation, followed by a decrease after 

TGFβ treatment. Data indicated that TGFβ treatment not only inhibited the initial 

increase in AOC3 production after seeding cells, but also decreased the levels of mRNA 

from a relatively high starting point once the TGFβ was added. Together, these results 

suggested that TGFβ, either directly or indirectly, negatively regulates the transcription 

of AOC3. However, we did not see the same decrease of AOC3 expression on protein 

levels (Figure 4.14C). This suggested two possibilities: 1) that the inhibitory effect of 

TGFβ might just affect AOC3 expression at the transcriptional level or 2) AOC3 protein 

might have a long turnover time, during which the protein degrades slowly and all the 

accumulated protein is then detected by the western blot.  
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______________________________________________________________________ 
Figure 4 .14  
The inhibitory effect of TGFβ on AOC3 expression in CCD 18CO 
(A) Experimental design for TGFβ treatment (B) AOC3 mRNA level was determined 
using qRT-PCR. Cells were under serum starvation and followed by TGFβ 10ng/ml 
treatment. Ct values were normalized to UBC and fold change was calculated relative to 
cells in SF 24hr. (C) AOC3 protein expression level was measured by western blot and 
tubulin is shown as a loading control. All experiments were independently repeated at 
least three times, and similar results were obtained. Error bar of fold change represent 
the mean of triplicate technical repeats from one experiment.  
______________________________________________________________________ 

 

 

In order to understand whether serum starvation can also induce the AOC3 expression 

in normal fibroblasts, foreskin fibroblast cells were incubated under serum free 

condition, as well as treated with TGFβ. In Figure 4.15A, neither serum starvation nor 

TGFβ addition have any effect on AOC3 expression in foreskin fibroblasts. However, 

TGFβ treatment dramatically increases the expression of αSMA protein in foreskin 

fibroblasts and CCD 18CO (Figure 4.15B). The increased levels of αSMA mRNA in 

fibroblast cells and myofibroblast cells are shown in Figure 6. 12A and Figure 6.7, 

respectively.) 

 

 

 

 

 

 

 

 

 

 



	

	 106	

 

 

                    A 

 

                    

B αSMA expression  

 

______________________________________________________________________ 
Figure 4 .15 
AOC3 expression is not inducible in foreskin fibroblast cells 
(A) Foreskin fibroblasts (F. fibro) were treated with serum starvation and TGFβ 
treatment for 72 hours. Protein expression was measured using western blots and 
tubulin is shown as loading control. NS: normal serum containing medium; SF: serum 
free medium. n=3 (B) Supporting data showing that TGFβ-induced αSMA expression in 
both CCD 18CO cells and foreskin fibroblast cells. Cells were stained with αSMA 
(shown in green in CCD 18CO and shown in red in foreskin fibroblasts, X5 
magnification) 
_____________________________________________________________________ 
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4.2.3.3 AOC3 functions as a SSAO enzyme in myofibroblasts 

 

Semicarbazide-sensitive oxidase (SSAO) belongs to a family of copper-dependent 

enzymes that use topaquanine as cofactor and, as the name suggests, it is highly 

sensitive to inhibition by semicarbazide. The SSAO enzymes catalyze the general 

reaction R-CH2-NH2+O2+H2O àR-CHO+NH3+H2O2 and are found in adipocytes, 

endothelial cells and smooth muscle cells (Jaakkola et al., 1999). The previous results 

have demonstrated that AOC3 is expressed in myofibroblasts but have not indicated any 

functional relevance in the myofibroblasts. In order to evaluate the functional role of 

AOC3 in myofibroblasts, the Amplex® red monoamine oxidase assay was used to 

detect production of H2O2 in a fluorometric peroxidase-coupled reaction.  

 

As shown in Figure 4.16, myofibroblast monoamine oxidase activity was assessed 

under serum free conditions 48 hours after addition of benzylamine as substrate. The 

enzyme activity was reduced by 80% after addition of the specific SSAO inhibitor 

semicarbazide (SEM), whereas about 80% of the enzyme activity remained insensitive 

to clorgyline, a general MAO inhibitor. By knocking down AOC3 in CCD 18CO cells, 

the enzyme activity was decreased by 85%, indicating that AOC3 is the major 

contributor to SSAO activity in myofibroblast cells. 
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______________________________________________________________________ 
Figure 4 .16 
Myofibroblast AOC3 is a SSAO enzyme  
SSAO activity was determined by SSAO-mediated H2O2 production. siRNA of AOC3,  
semicarbazide (SEM 1mM, SSAO inhibitor) and Clorgyline (1mM, MAO-A inhibitor) 
were added under serum free conditions for 48 hours. The enzyme activity in untreated 
CCD 18CO control cells was set to 100% (control). # p<0.05; * p<0.01; ** p<0.001 
versus serum free control. All experiments were independently repeated at least three 
times, and similar results were obtained.  
______________________________________________________________________ 
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4.3 Discussion 

 

In this chapter we first demonstrated that AOC3 protein is expressed in myofibroblasts 

in vitro and in vivo. The tissue distribution of AOC3 was then assessed by extensive 

immunofluorescence analyses in both normal and tumour tissues. AOC3/VAP-1 was 

first identified as an endothelial, cell surface expressed oxidase that supports leukocyte 

emigration into inflammatory sites (Salmi and Jalkanen, 1992), and has been shown to 

be expressed in endothelial cells, in pericytes, smooth muscle cells and also in 

adipocytes (Smith et al., 1998, Jaakkola et al., 1999). Our results demonstrated the 

distribution of AOC3 in myofibroblasts in the gut, liver, prostate and pancreas, which 

substantially matched the profile determined by PR2D3 (Richman et al., 1987), as well 

as αSMA staining. Table 4.1 & 4.2 summarises the data obtained for the tissue 

distribution of AOC3 compare to αSMA staining. In general, more intensive staining of 

AOC3 was observed in various tumours compared to the corresponding normal tissues, 

suggesting that AOC3 expression is often upregulated in some tumour tissues. Stronger 

staining might also result from myofibroblast activation and recruitment into tumour 

stroma (Tsujino et al., 2007, Yeung et al., 2013).  However, the lack of staining in some 

tissues, especially in breast tissues, indicates heterogeneity of myofibroblasts and 

fibroblasts in different tissues, beyond that simply identified by the presence of AOC3.  

 

The expression of AOC3 in a subset of colorectal derived myofibroblast cultures and its 

absence in fibroblast cultures is also shown by western blot and flow cytometric 

analysis.  The AOC3 specificity in myofibroblasts has been confirmed by siRNA 

mediated AOC3 knockdown at both mRNA and protein levels. The specific surface 

expression of AOC3 in myofibroblast cells enables not only separation from normal 
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fibroblasts but also from epithelial cell mixtures by flow cytometric analysis. This 

application facilitates the use of AOC3 as a myofibroblast-specific surface marker in 

FACS sorting of fresh normal or tumour tissues, which will be discussed in Chapter 5.  

 

AOC3 is a dual function protein in endothelial cells, as an adhesion molecule and 

SSAO enzyme, but it has only been reported to have enzymatic function in smooth 

muscle cells (Jaakkola et al., 1999). SSAO is known to be involved in amine-stimulated 

glucose transport in adipocytes (Zorzano et al., 2003), cell adhesion and lymphocyte 

trafficking in endothelial cells from lymphatic vessels (Jalkanen and Salmi, 2008). The 

SSAO enzyme activity is crucial for AOC3 activity, as the inhibition of the oxidase 

activity can block the AOC3/VAP-1 effect in vivo (Noonan et al., 2013).  From our 

data, AOC3 in myofibroblasts demonstrated functional SSAO enzyme activity, which is 

sensitive to semicarbazide inhibition. A dramatic decrease in enzyme activity following 

siRNA mediated knock down of AOC3 in myofibroblast cells confirmed our results.  

SSAO catalyzes oxidative deamination of primary amines in a reaction that produces 

the corresponding aldehyde, hydrogen peroxide and ammonium. In various tissues, 

aldehydes and hydrogen peroxide generated by SSAO have been implicated in the 

pathogenesis in different diseases (Yu and Deng, 1998, Garpenstrand et al., 2004). 

However, there is emerging evidence of hydrogen peroxide acting as a signaling 

molecule that regulates the expression of other adhesion molecules, cell growth and 

apoptosis (Finkel, 1998, Stolen et al., 2004a, Veal and Day, 2011).  The increased 

expression of AOC3 in myofibroblasts of cancer tissues may add significantly to these 

multiple biological functions and, in particular, may suggest AOC3’s functional role is 

to do with H2O2 signaling.  
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Transforming growth factor β (TGFβ) has been suggested as being responsible for 

initiating and maintaining the activated state of myofibroblasts in fibrosis and cancers in 

many studies (De Wever et al., 2004, Kim et al., 2009, Hinz et al., 2012). Additionally, 

TGFβ has been shown to directly promote myofibroblast activation by inducing 

expression of αSMA (Ronnov-Jessen and Petersen, 1993, Desmouliere et al., 1993, Shi 

et al., 1996).  Our data showed that AOC3 mRNA and protein level are down regulated 

in myofibroblasts following addition of TGFβ. We initially observed the increasing 

AOC3 expression in myofibroblasts under serum starvation, and that this increase in 

AOC3 expression was inhibited by TGFβ addition at both the transcriptional and 

translational level. Interestingly, neither serum starvation nor TGFβ addition have any 

effect on AOC3 expression in fibroblasts, suggesting that AOC3 expression cannot be 

induced in normal fibroblasts. The fact that αSMA expression is increased in fibroblasts 

after TGFβ has been used as an indicator of fibroblast activation.  But it is important to 

note that even in activated fibroblasts, AOC3 is still able to distinguish between TGFβ 

activated fibroblasts and myofibroblasts.   
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CHAPTER 5: ISOLATION OF MYOFIBROBLASTS FROM FRESH TISSUES 

BY FACS USING AOC3 AS CELL SURFACE MARKER 

 

5.1 Introduction 

 

Cell separation is a powerful tool, widely used in many biological and clinical research 

areas. For research, the ability to sort cells into distinct populations facilitates the study 

of individual cell types from a heterogeneous population without contamination from 

other cell types. Stromal myofibroblasts have been proven as a heterogeneous c ell 

population based on immunohistological observation using various combinations of 

molecular markers (Sugimoto et al., 2006), as well as global gene expression profiling 

(Perou et al., 2000). Although investigators have been searching for a single biomarker 

that exclusively marks myofibroblast populations, no single gene has been 

demonstrated to process this characteristic as yet. Our results from previous chapters 

have demonstrated the specificity of AOC3 protein expression in myofibroblasts, and 

showed the application in flow cytometry for separation of myofibroblasts from other 

cells. Thus, the approach in this chapter relies on utilizing AOC3 as a surface marker to 

isolate myofibroblasts from fresh human tissues. Sorted myofibroblasts were then used 

for further characterization and comparative analysis of their gene expression profiles.  

 

High yield purification of cells from fresh tissues often requires the combined use of 

mechanical dissection and enzymatic tissue disintegration. Enzymes typically used for 

tissue disintegration are collagenase and trypsin, often in combination with EDTA or 

DTT to minimize cell clumping and to support cell dissociation. Collagenases are 

endopeptidases that break the peptide bonds in collagen, which is a key component of 

the tissue extracellular matrix. Trypsin is a pancreatic serine protease, which cleaves 
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peptide chains on the C-terminal side of lysine and arginine amino acids, except when 

either is followed by proline. Thus, enzyme-mediated reduced surface molecules might 

contribute the variation of results obtained by immunostaining of intact tissues or FACS 

sorting of cells based enzymatic tissue digestion.  Moreover, surface molecules mediate 

many immunological and other surfaced related functions such as cell adhesion and 

activation of signalling pathways. Some published evidence indicates that these 

enzymatic treatments may affect the expression of surface molecules and immune cell 

functions (Weigmann et al., 2007, Autengruber et al., 2012).  

 

Working with primary cultures, enzymatic digestion protocols are routinely applied to 

the isolation of cells from gut tissues. We have observed that trypsin treatment has a 

considerable impact on the expression level of AOC3 protein on myofibroblast cultures. 

In this chapter, we also evaluated the impact of collagenase IV on surface expressed 

AOC3 that is used for isolation of myofibroblasts from fresh tissues. Together, we 

successfully isolated and profiled highly enriched populations of myofibroblasts from 

fresh human colonic tissues using AOC3 mAb, and demonstrated that surface 

expression of AOC3 is sensitive to proteolytic digestion.  
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5.2 Results 

 

5.2.1 Myofibroblast isolation  

 

In recent years, purification of myofibroblasts from stroma for culture and molecular 

profiling has gained more interest, and different techniques have been employed. As 

described in methods and materials, 10 primary myofibroblast cultures were established 

from human colonic tissues. Fresh tissues were disrupted into a cell suspension by 

mechanical and enzymatic digestion, after which cells were filtered out and seeded in 

adherent surface tissue flasks for a period of culture. Myofibroblasts were subsequently 

purified by keeping cells in normal DMEM with antibiotics, as other types of cells need 

extra growth factors in medium.  

 

Our aim here was to use surface expressed AOC3 as a myofibroblast marker in FACS 

sorting. We noticed that preparations of myofibroblast single cell suspensions with 

trypsin decreased the expression level of AOC3 protein in flow cytometric analysis 

(Figure 5.1). To avoid the possibility that proteolysis digestion might compromise 

AOC3 protein expression during FACS of fresh tissues, we then explored two further 

digestion methods, collagenase IV (Worthington, USA) or a proprietary non-enzymatic 

EDTA based cell dissociating solution (Sigma, USA) (Figure 5.2). Collagenase 

digestion was followed by the standard procedure for establishing primary cultures, 

while non-enzymatic treatment was modified from the method of extraction colonic 

crypts from Ashley et al in Bodmer’s laboratory (Ashley et al., 2014). Briefly, these 

mechanical disrupted tissues were incubated in non-enzymatic cell dissociation solution 

for 1 hour with agitation with glass beads (4 mm, undrilled; Fisher Scientific UK), 
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which help cell dissociation without excessive tissue disruption. Consequent steps are 

followed by standard procedures of FACS and flow cytometric analyses.  

 

 

 

 

 

______________________________________________________________________ 
Figure 5.1 
Trypsinization impaired AOC3 protein expression on CCD 18CO cells 
Cell suspension was prepared by trypsin (shown in green) or EDTA solution (shown in 
blue), and then cells were labeled with AOC3-APC. Isotype-APC was labeled as control 
(shown in red).  
______________________________________________________________________ 
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______________________________________________________________________
Figure 5.2 
Experimental procedure for myofibroblast isolation  
______________________________________________________________________ 
 

 

 

 

Sample	Collection	&	Reagent	Setup	(in	hood) 

	

Mechanical	Disruption 

		Tissue	Digestion 

Collagenase	Type	4 
	3	hr	/	37°C 

Non-enzymatic 
	Cell	Dissociation	Solution 

1hr	/	37	°C 

Wash	&	Filter	 

Antibody	Conjugation 

Flow	Cytometry	Analysis												FACS	Sorting 

Cell	culture	and	Assays 



	

	 118	

5.2.2 Flow cytometric analysis of fresh tissues 

 

Fresh tissues from patients undergoing operations for colorectal tumour resections at the 

Oxford University Hospitals were used for flow cytometric analysis as well as FACS 

sorting in this study. Tissues were processed within 24 hours after operation. 

 

5.2.2.1 Collagenase digestion affects expression level of surface expressed AOC3 on 

myofibroblasts (Patient 1) 

Tissues from Patient 1 (P1) were prepared with two methods as mentioned previously. 

Single cell suspensions were labelled with AOC3-PE for myofibroblasts and EpCAM-

FITC for epithelial cells. Firstly, we gated the same population of cells based on the 

forward and side scatter profiles (FF/SS, gate R1 and R2 in Figure 5.3) and then 

comparing the AOC3 and EpCAM staining profiles within these gated populations for 

either collagenase (Figure 5.3A) or non-enzymatic digestion (Figure 5.3B) methods. 

This procedure enabled the separation of the different major cell populations. For 

collagenase enzyme digested tissues, a considerable cell population can be seen, which 

is EpCAM+ve/AOC3-ve (gate R2, Figure 5.3A), while there is only a marginal number of 

these cells found when using non-enzymatic digestion (gate R2, Figure 5.3B). From our 

previous experiments, we noticed that myofibroblasts are larger and more granular than 

other cells (gate R1). However, these cells were AOC3-ve/ EpCAM-ve in collagenase-

digested tissues, whereas the same population contained significant numbers of 

AOC3+ve /EpCAM-ve cells after non-enzymatic digestion. These results suggest that 

AOC3 surface expression is significantly disrupted by treatment with collagenase. In 

order to obtain reliable results for surface expression of AOC3, it is therefore necessary 

to use only non-enzymatic protocols for obtaining single cells suspensions. 
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______________________________________________________________________
Figure 5.3  
Patient 1. Comparison of Collagenase and non-enzymatic digestion on expression 
of AOC3 Collagenase digestion compromised the surface expression of AOC3 
protein on myofibroblasts in fresh tissues but obtained a majority of epithelial 
cells. Cells were labelled with both AOC3-PE (shown in green) for myofibroblasts and 
EpCAM–FITC (shown in blue) for epithelial cells. Isotype was labelled as control 
(shown in red). PE: Phycoerythrin; FITC: Fluorescein isothiocyanate 
______________________________________________________________________ 
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5.2.2.2 Surface expression of AOC3 is sensitive to proteolytic digestion by trypsin.  

(Patient 2)  

 

The second tissues from patient (P2) were processed under the same conditions with 

either collagenase or non-enzymatic solution.  To confirm the proteolytic sensitivity of 

surface expression AOC3 protein, an additional step of 15 min trypsin-EDTA treatment 

was applied after the non-enzymatic digestion. In Figure 5.4, myofibroblast cells (R1 

gated) were again AOC3-ve in collagenase treated tissues, while they were AOC3+ve in 

non-enzymatic digested tissues.  However, after 15 minutes trypsin-EDTA treatment, 

R1 gated cells lost their AOC3 expression in flow cytometric analysis (Figure 5.4B).  

These findings confirmed that the surface expression AOC3 is sensitive to both 

collagenase digestion and trypsinization.  
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______________________________________________________________________
Figure 5.4  
Patient 2: Comparison of collagenase and non-enzymatic digestion on expression 
of AOC3, with further confirmation of effect of trypsinization after non-enzymatic 
dissociation. Additional trypsinization confirms that surface expression of AOC3 is 
highly sensitive to proteolytic digestion. 
______________________________________________________________________ 
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5.2.2.3 Surface expression of PR2D3 is also sensitive to proteolytic digestion 

(Patient 3)  

 

Final confirmation was performed on the third independent patient sample (P3). Since 

PR2D3 mAb recognizes the same protein with AOC3 mAb on myofibroblasts, we 

hypothesized that trypsinization would also affect PR2D3 expression. In Figure 5.5, the 

expression level of PR2D3 was clearly diminished by collagenase digestion, as well as 

by trypsin treatment. Together, the three independent samples and digestion 

experiments indicated clearly that both PR2D3 and AOC3 expression on myofibroblasts 

were sensitive to proteolytic digestion, which dramatically affected the result of flow 

cytometric analysis.  
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______________________________________________________________________
Figure 5.5  
Patient 3. Comparison of collagenase and non-enzymatic digestion on expression of 
PR2D3 target protein and AOC3, with further confirmation of effect of 
trypsinization after non-enzymatic dissociation. 
Trypsinization confirms that surface expression of AOC3 is highly sensitive to 
proteolytic digestion 
______________________________________________________________________ 
 

Isotype-APC 
AOC3 
PR2D3 

	

EpCAM 

Isotype-APC 
EpCAM 

Isotype-APC 

A: P3: Collagenase digestion  

R1 

R2 

Isotype-APC 
AOC3 
PR2D3 

Isotype-APC 
AOC3 
PR2D3 

followed by 15 mins 
trypsinization 

B: P3: Non-enzymatic solution    

R1 

R2 



	

	 124	

5.2.2.4 AOC3 amino acid sequence reveals collagenase cleavage sites 

 

Collagenase recognizes the peptide sequence: P-X-G-P, where X is most often a neutral 

amino acid (Ramshaw et al., 1998). Examination of the AOC3 amino acid sequence, 

which was obtained from Uniprot database (http://www.uniprot.org), identifies two 

collagenase cleavage sites. In Figure 5.6, the two collagenase cleavage sites between 

residues 306 and 317 in the AOC3 amino acid sequence are indicated; they are both 

positioned in extracellular portion of the protein, making them accessible to potential 

extracellular enzymatic cleavage. This finding is consistent with our results that during 

tissue digestion, collagenases result in cleavage of the extracellular part of AOC3 

protein on myofibroblasts. 

 

 

______________________________________________________________________
Figure 5.6 
Amino sequence of AOC3 and potential cleavage sites of collagenase IV 
______________________________________________________________________ 
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5.2.3 Isolation of myofibroblasts from human fresh colon tissues by FACS 
 

To isolate primary myofibroblast cells from fresh colonic tissues, tissues were finely 

minced and digested with non-enzymatic dissociation solution, followed by cell 

isolation using fluorescence-activated cell sorting (FACS) with anti-AOC3 mAb 

conjugated with FITC (Figure 5.7). Cell suspensions from colon tissues were labelled 

with AOC3- FITC. Cells are first gated by size and granularity based on forward and 

side scatter pulse area (FSC/SSC, gate R1) followed by further selection for single cells 

based on forward scatter pulse width and height (FSC-A/FSC-H, gate R2). Cell viability 

is measured by DAPI staining (FSC-A/405, gate R3). Cells expressing AOC3 are then 

gated FITC (488 nm) fluorescent signals as determined based on unstained samples 

(gate R3). The yield of sorting rate is about 2% for each tube.  Sorted cells were seeded 

with 10% FBS DMEM and antibiotics in culture dishes for later analysis.  
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______________________________________________________________________
Figure 5.7 
FACS isolation of myofibroblasts from fresh tissue  
Diagram of FACS sorting of normal human colon tissues. Cell suspensions from colon 
tissues were labeled with AOC3-FITC. Cells were gated by size A) (FSC/SSC, gate 
R1), B) single cells (FSC-A/FSC-H, gate R2), C) viability (DAPI staining, R3), and D) 
fluorescent signals (AOC3-FITC, R4). 
______________________________________________________________________ 
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5.2.4 Characterization of AOC3-sorted myofibroblasts 

 

After isolation of the desired cell population, AOC3+ve cells, it is very important to 

establish the purity of the selected population. Several fibroblast and myofibroblast 

markers were examined to confirm myofibroblast nature. In Figure 5.8, all of the 

AOC3-sorted cells expressed fibroblast markers: vimentin and anti-fibroblast surface 

protein; myofibroblast surface markers: AOC3 and PR2D3 uniformly. However, only a 

subset of sorted cells were positive for αSMA and MYH11, which are contractile 

protein markers (Figure 5.8A). Moreover, the expression level of NKX2.3 and SHOX2 

(both intracellular proteins) were determined by qRT-PCR analysis, which indicated the 

significant enrichment for high expression of NKX2.3 in AOC3 in sorted cells. 

Expression of SHOX2 was absent in the sorted cells (Figure 5.8B). Our data confirmed 

that we were successful in isolating a highly pure population of myofibroblast cells 

from fresh tissues by using AOC3 as a surface marker.  
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______________________________________________________________________
Figure 5.8 
Characterization of AOC3-sorted myofibroblasts 
(A) Immunofluorescent staining of AOC3-sorted myofibroblast cells with various 
markers (live cell staining of anti-fibroblast surface protein, PR2D3 and AOC3). X20 
magnification (B) mRNA expression level of AOC3 and NKX2.3 on AOC3-sorted 
myofibroblasts; Expression levels for linearised, converted ΔCt values generated as 
described in materials and methods are shown. Briefly, ΔCt for each sample was 
subtracted from the highest ΔCt mean (AOC3 in F. fibro: ΔCt mean 9.33 was used in 
this figure). Column in red: myofibroblast cultures; column in blue: fibroblast cultures. 
NKX2.3 mRNA level of skin fibro and SHOX2 mRNA level of sorted cells were 
undetermined, as there was no measurable Ct for this sample, indicating very low or 
absent amount of starting mRNA.   
______________________________________________________________________ 
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5.3 Discussion 
 

The observation that the use of enzymes to generate single cells suspensions in order to 

isolate cellular subsets from complex tissues has major effects on surface marker 

expression and cell function is not entirely new. Holt and colleagues showed that 

collagenase/DNAse digestion had a impact on expression of surface molecules such as 

HLA class II and interleukin-2 receptors on human peripheral blood leukocytes (Holt et 

al., 1986). Nonetheless, there have been no previous reports showing that proteolytic 

digestion comprised the expression level of surface-expressed AOC3. The specificity of 

AOC3 protein in myofibroblasts has been confirmed, but the sensitivity to enzyme 

treatment was not initially expected, especially given the routine use of trypsin or 

collagenase for flow cytometric analysis and FACS sorting of any surface expressed 

protein.  

 

We were facing the problem that enzymatic digestion may have an effect on AOC3 

protein expression when using trypsin on CCD 18CO cells for preparation of single cell 

suspensions (Figure 5.1). The expression level of AOC3 on cells was much lower than 

expected. We therefore modified the standard procedure of tissue dissociation to EDTA 

solution to overcome this problem and EDTA solution is used in all subsequent FACS-

based characterization. In this study, three independent experiments of fresh tissue 

analysis demonstrated that collagenase-mediated tissue digestion released a 

considerable number of epithelial cells from tissues, compared to non-enzymatic 

dissociation solution. However, the extracellular domain of AOC3 protein on 

myofibroblasts was impaired by collagenase cleavage, as well as by trypsinization. 

Although the non-enzymatic dissociation solution has lower digestive capacity in 

tissues, it has only a marginal impact on surface expression of AOC3 protein. It would 
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therefore be highly recommended to set up optimized experimental conditions with 

respect to the enzyme used for generating single cell suspensions of either whole cells 

or cultured cells dependent on the cell type of interest to avoid difficulties in the 

detection of selected surface markers applying flow cytometric isolation or FACS 

analysis that are based on positive selection of antibody-stained target cells.  

 

Together, these data indicated that AOC3 mAb could be applied to isolate and purify 

populations of myofibroblasts from fresh tissues using non-enzymatic treatment. 

Characterization of FACS sorted AOC3-positive myofibroblasts showed the uniform 

expression of AOC3, PR2D3, and vimentin. Also, the high mRNA expression level of 

NKX2.3 and absence of SHOX2 confirmed the purity of the myofibroblast population of 

sorted cells.  
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CHPATER 6: GENE REGULATION OF NKX2.3 & SHOX2 IN 

MYOFIBROBLASTS AND FIBROBLASTS 

 

6.1 Introduction 

 

The important role of myofibroblasts in the tumour microenvironment is now quite 

widely accepted. However, the differences between myofibroblasts and fibroblasts from 

non-neoplastic tissue have not so far been well described. There still exists a significant 

ambiguity with respect to the definition and identification of myofibroblasts in the 

normal and tumour tissue.  In preceding chapters, AOC3 was identified as a new marker 

that has enabled us to distinguish between myofibroblasts and fibroblasts more clearly 

than any other previously described marker. Other specific molecular markers are, 

however, needed to further validate our results for AOC3 in order to obtain a clear 

definition and recognition of myofibroblasts in stroma. In this chapter, we focus on 

myofibroblasts by studying recently established colorectal derived primary 

myofibroblast cultures from patients with colorectal cancer. In order to better 

understand the underlying mechanisms at the molecular level, whole genome mRNA 

expression profiles of primary myofibroblasts was generated and compared them to the 

profiles of skin derived skin fibroblasts.  We then show that the microarray assessment 

of significantly differentially expressed genes between myofibroblast and fibroblast 

cultures identifies NKX2.3 and LRRC17 as potential myofibroblast markers, while the 

SHOX2 and TBX5 are identified as candidate markers for fibroblast cells. We then 

explore the differential control of these two sets of markers in myofibroblasts and 

fibroblasts. 
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6.2 Results 

 

6.2.1 Establishment of primary colon myofibroblast cultures 

 

Fresh material from primary tumours and normal tissue of 11 patients operated on for 

colorectal cancer at Oxford University Hospitals was used for the propagation of 

primary myofibroblast cultures as described in the Materials and Methods chapter 

(Chapter 2.2.2.2 and Table 2.1). 4 cancer- and 9 non-cancer-associated myofibroblast 

cultures were established. Two sets of paired myofibroblasts, myo6550/myo6550C and 

myo6769/myo6769C, were isolated from cancer- and non-cancer-associated regions of 

whole colon tissues from the same patient. In addition, 4 primary fibroblast cultures 

(skin, foreskin) had previously been derived in the Cancer Immunogenetics Laboratory. 

 

It would have been preferable to compare colon-derived myofibroblasts with colo-

derived fibroblasts. However, there was no evidence of outgrowth of any other 

fibroblast like cell than the described isolated myofibroblast cultures. In order to have 

absolute negative control to compare to myofibroblasts, skin and foreskin fibroblasts 

were used in following experiments.  

 

The first 4 successfully established primary myofibroblast cultures, two derived from 

tumour tissues (myo2020, myo2156) and two from normal tissues (myo1998, 

myo6024), together with the four fibroblast cell lines were used for microarray analysis.     
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6.2.2 Microarray analysis of gene expression between myofibroblasts and 

fibroblasts 

 

Affymetrix U133 plus 2.0 micro-array mRNA expression profiles were obtained from 4 

fibroblast cultures in addition to 4 myofibroblast cultures as described above (data of 

Myo2156 were omitted as this was later found to represent a mixed myofibroblast and 

epithelial cells based on the gene expression profile: high expression of EPCAM of 

myo2156). Partek®Genomics Suite® software was used to compare expression profiles 

between the myofibroblast cultures and fibroblast cultures. After correction for multiple 

testing (false discovery rate FDR cutoff of 0.05 set up), 4 unique genes remained 

significantly differentially expressed with high fold changes as shown by a ‘volcano’ 

plot (Figure 6.1). Genes expressed at significantly higher levels in myofibroblasts 

compared to fibroblasts represent potential markers of myofibroblasts; these are NK2 

transcription factor related, locus 3 (NKX2.3) and Leucine rich repeat containing 17 

(LRRC17); while short stature homeobox 2 (SHOX2) and T-box 5 (TBX5) are highly 

expressed in fibroblast cells (Figure 6.2A). OST4 and C7orf44 have significant p-

values but their fold changes are only 1.2 and 1.55 fold (myo down vs fibro), 

respectively, and so they were at this stage not further pursued.  

 

Moreover, AOC3 (marked in red in the plot), the prime candidate gene from previous 

result, its significance of p (p=0.064) does not have to be corrected for multiple 

comparisons. Its fold change is 6.9 (myo up vs fibro). 
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______________________________________________________________________ 
Figure 6.1  
Volcano Plot representation of microarray data between myofibroblasts and 
fibroblasts 
Microarray gene expression profiles of myofibroblast cultures group (positive fold-
change) and fibroblast cultures group (negative fold-change) were plotted according to 
the log2 fold change (X axis) and log10 p-value (Y-axis). Genes were identified as 
having a significant change in expression if the corrected p-value was less than 0.05 and 
fold change is greater than 2 (blue dots).  
______________________________________________________________________ 
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The 4 selected significantly differentially expressed genes represent candidate markers 

for myofibroblasts or fibroblasts. mRNA expression levels from microarray data for 

both the myofibroblast-high (NKX2.3, LRRC17) and fibroblast-high (SHOX2, TBX5) 

candidate genes are shown for the entire panel of cell lines in Figure 6.2B.  

 

 

 

 

Gene Symbol Gene title p-value Step-up 

(p-value) 

Fold change 

(myo vs. fibro) 

Fold-Change 

(myo vs. fibro) 

(Description) 

SHOX2 Short stature 

homeobox 2 

5.97E-10 

 

3.27E-05 

 

-90.0583 

 

myo down vs fibro 

 

NKX2-3 NK2 transcription 

factor related, locus 

3 (Drosophila) 

2.34E-06 

 

0.0256099 

 

35.0344 

 

myo up vs fibro 

 

TBX5 T-box 5 3.65E-06 

 

0.033282 

 

-9.89776 

 

myo down vs fibro 

 

LRRC17 Leucine rich repeat 

containing 17 

6.50E-06 

 

0.050798 

 

57.6304 

 

myo up vs fibro 
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______________________________________________________________________ 

Figure 6.2 
Detailed microarray mRNA expression of the top 4 differentially expressed 
candidate genes  
(A) List of the top 4 genes that are most significantly differentially expressed between 
myofibroblasts and fibroblasts, ranking by p-value. Fold changes are given relative to 
myofibroblasts, such that negative fold changes reflect genes that are expressed at 
higher levels in fibroblasts compared to myofibroblasts. (B) NKX2.3, SHOX2, LRRC17 
and TBX5 mRNA expression in myofibroblasts and fibroblasts measured by Affymetrix 
Human Genome U133 plus 2.0 microarray. NKX2.3 and LRRC17 are highly expressed 
in myofibroblasts, whereas SHOX2 and TBX5 are highly expressed in fibroblast cells.  
______________________________________________________________________ 
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6.2.3 NKX2.3  

 

NKX2.3 has been identified as a gene associated with inflammatory bowel disease and 

been reported to be expressed in some colorectal cancers, however its exact role in the 

development and progression of colorectal cancer is still unclear.  This is the first report 

describing NKX2.3 expression in myofibroblasts and suggests that it might be a specific 

marker for distinguishing myofibroblasts from fibroblasts.  

 

6.2.3.1 Validation of NKX2.3 mRNA expression by qRT-PCR in primary 

myofibroblasts and fibroblasts 

 

mRNA expression levels of the NKX2.3 were verified by qRT-PCR in 11 primary 

myofibroblast cultures along with 2 fibroblast cultures. In Figure 6.3, mRNA 

expression of NKX2.3 was detected in all 11 myofibroblast cultures to various extents, 

whereas it was completely absent in fibroblast cultures (no amplification), confirming 

the differences in gene expression we observed from the microarray data.   
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______________________________________________________________________ 
Figure 6.3 
qRT-PCR validation of NKX2.3 mRNA expression in myofibroblast cultures and 
fibroblast cultures  
Expression levels for linearized, converted ΔCt values generated as described in 
materials and methods are shown. Briefly, ΔCt for each sample was subtracted from the 
highest ΔCt mean obtained (myo6550C: ΔCt mean 8.13 was used in this figure). The 
NKX2.3 mRNA levels of skin fibroblasts and foreskin fibroblasts were undetectable. 
Column in red: myofibroblast cultures; column in blue: fibroblast cultures. All 
experiments were independently repeated at least three times, and similar results were 
obtained. Error bars are not shown for qPCR data, as the converted exponential value 
dose not preserve the variance in the primary data.  
______________________________________________________________________
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6.2.3.2 siRNA mediated knockdown of NKX2.3 in CCD 18CO cells 

 

CCD 18CO cells were selected to study the effect of NKX2.3 knockdown because of the 

high level of NKX2.3 mRNA expression in this line as well as its higher growth rate 

(Figure 6.3). Cells were transiently transfected with gene-specific siRNA sequences for 

NKX2.3 knockdown (siNKX2.3) in 10nM and 20nM and a scrambled sequence used as 

a control (siCON).  NKX2.3 mRNA expression of CCD 18CO cells was assessed by 

qRT-PCR primer and probe-sets after 24 and 48 hours transfection. The level of 

expression was calculated relative to the average normalized Ct for untreated cells.  The 

maximum mRNA knockdown was achieved using 20 nM of siRNA after 24 hours with 

an 80% reduction in siNKX2.3 relative to scrambled control (Figure 6.4). The NKX2.3 

protein level in CCD 18CO was still significantly decreased after 48 hours siRNA 

transfection, compared to siCON and untreated cells.  
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______________________________________________________________________ 

Figure 6.4 
NKX2.3 mRNA and protein expression levels after siRNA mediated knockdown in 
CCD 18CO cells. Maximum knockdown was achieved at the mRNA levels of 20nM 
NKX2.3 post 24 hours for mRNA (upper panel), protein level of NKX2.3 post 48 hours 
(lower panel). Transfection was with NKX2.3 siRNA sequence and scrambled sequence 
as control. RQ= Relative quantity. All experiments were independently repeated at least 
three times, and similar results were obtained. 
______________________________________________________________________ 
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6.2.3.3 Identification of genes regulated by NKX2.3 

 

To explore the role of NKX2.3 in the control of gene expression in myofibroblasts, we 

first suppressed NKX2.3 expression in two myofibroblast cultures, CCD 18CO and 

myo6526, which express high levels of NKX2.3 (Figure 6.3). In Figure 6.5 top panel, 

siNKX2.3 and scrambled siRNA were transfected into both cell cultures. To analyze the 

possible regulatory effects of NKX2.3 knockdown on gene expression of four genes of 

interest, AOC3, ACTA2, MYH11 and SHOX2, qRT-PCR analysis was conducted with 

NKX2.3 knockdown and control cells from the two myofibroblasts (Figure 6.5, bottom 

panel).  

 

Knocking down NKX2.3 in myofibroblast cells led to a significant reduction of the 

expression of contractile genes, with a 70% and 88% reduction of ACTA2 (αSMA) 

expression; 82% and 99% reduction of MYH11 expression in Myo6526 and CCD 

18CO, respectively (p<0.001, versus control for both of cultures). The expression of 

AOC3 was also decreased by half in siNKX2.3 myofibroblasts while the level of 

expression of SHOX2 increased three fold. These results suggest a positive regulatory 

role for NKX2.3 in myofibroblasts on expression of ACTA2, MYH11 and AOC3 and a 

significant negative regulatory effect on the expression of SHOX2.   
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______________________________________________________________________ 
Figure 6.5 
ACTA2, MYH11 and SHOX2 are regulated by NKX2.3 in myofibroblasts.  
The relative expression of mRNA in CCD 18CO or Myo6526, transfected with 
siNKX2.3 or scrambled sequence as control. Raw Ct values were normalized to UBC, 
and the fold changes were calculated via the ΔΔCt method relative to control. RQ= 
Relative quantity; Comparisons between blue and red bars. * P<0.01; ** P<0.001 . All 
experiments were independently repeated at least three times, and similar results were 
obtained. Error bars represent the mean of triplicate technical repeats from one 
experiment.  
______________________________________________________________________ 
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6.2.3.4 Putative NKX2.3 binding sites on regulated gene promoters 

 

The potential role of NKX2.3 in regulating the expression of key myofibroblast related 

genes has been suggested by the siRNA experiments. In an attempt to find out how 

these functionally related genes are regulated in response to NKX2.3, the NKX2.3 

consensus sequence was used to search for putative binding sites in the promoters of 

these genes.  The putative promoter region sequences (2kb upstream of the first exon of 

each gene) of SHOX2, MYH11, ACTA2 and AOC3 were downloaded from the UCSC 

Genome Bioinformatics site (https://genome.ucsc.edu/) and Ensembl Genome Browser 

(http://www.ensembl.org/index.html).  The NKX2.3 consensus sequence has not been 

characterized in detail, but others have used the published NKX2.5 consensus sequence: 

5’-TNNAGTG-3’ (Chen and Schwartz, 1995), as there is evidence that NKX2.3 and 

NKX2.5 bind to the same site in vitro (Pabst et al., 2000). The 2 Kb region for each 

gene contains at least one putative NKX2.3 consensus binding site further suggesting a 

direct regulatory role for NKX2.3 on the expression of all four genes.  Further studies 

using promoter reporter constructs containing targeted deletion or mutation of these 

NKX2.3 binding sites would be necessary to confirm this. 
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______________________________________________________________________ 

Figure 6.6 
Prediction of putative NKX2.3 binding sites  
Schematic diagram of the promoter regions of SHOX2, ACTA2, MYH11 and AOC3 with 
conservation across several species is plotted above.  Red vertical bars represent the 
positions of putative NKX2.3 binding sites.  Note: AOC3 shows low conservatory in 
regulatory sequence but high conservation in coding sequence (indicated with blue thick 
arrow).  
______________________________________________________________________ 
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6.2.3.5 TGFβ induces NKX2.3 and ACTA mRNA expression in myofibroblasts 

 

Our previous data suggested that ACTA2 is regulated by NKX2.3 through the 

knockdown experiment. That TGFβ-induces αSMA expression in both myofibroblasts 

and normal fibroblasts has been well established in many studies, as well as in our data. 

Furthermore, NKX2.3 has been reported to regulate Bmp-2/4 signalling in mice (Pabst 

et al., 1999). To understand the potential effect of TGFβ on NKX2.3 and ACTA2, 

mRNA expression levels of TGFβ-treated cells were assessed by qRT-PCR. Cells from 

Myo7395, a colonic derived primary myofibroblast culture that newly developed while 

this experiment was in process, were incubated in serum free medium for 24 hours 

before any treatment, and then TGFβ 10ng/ml was added for another 48 hours in serum 

free medium. In Figure 6.7, the mRNA expression levels of NKX2.3 and ACTA2 were 

significantly elevated in response to TGFβ (p<0.01 and p<0.001, respectively). Similar 

results have been observed in CCD 18CO cells (data not shown), suggesting that 

ACTA2 and NKX2.3 are upregulated in response to TGFβ treatment in myofibroblasts 

under serum free condition.  
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______________________________________________________________________ 
Figure 6.7 
TGFβ treatment upregulates NKX2.3 and ACTA2 mRNA expression in primary 
myo7395 
The relative expression of mRNA in normal serum (CON), serum free (SF) and TGFβ 
10ng/ml under serum free condition (SF/TGFβ) for 48 hours. Raw Ct values were 
normalized to UBC, and the fold changes were calculated via the ΔΔCt method relative 
to control. RQ= Relative quantity; Comparisons between SF and SF/TGFβ  
* P<0.01; ** P<0.001. All experiments were independently repeated at least three times, 
and similar results were obtained. Error bars represent the mean of triplicate technical 
repeats from one experiment.  
______________________________________________________________________ 
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6.2.3.6 NKX2.3 is essential for myofibroblast contractility 

 

One of the most studied features of myofibroblasts is their contraction ability, which is 

important during wound healing. The expression of αSMA in myofibroblasts is not only 

a marker for myofibroblast activation, but also may be important for myofibroblast 

contractility (Hinz et al., 2001). As NKX2.3 downregulation significantly reduced the 

expression of αSMA (ACTA2 mRNA) in myofibroblasts (Figure 6.5), the effect of 

NKX2.3 downregulation on myofibroblast contractility was examined. Collagen 

contraction assays were conducted by transfecting CCD 18CO cells, foreskin fibroblasts 

and primary myo6526 cells with siNKX2.3 and then treated with or without TGFβ (10 

ng/ml) in serum free condition for a further 24 hours before measuring gel contraction. 

In Figure 6.8, the collagen gels were shrunken down to half of the original gel area in 

both myo6526 and CCD 18CO untreated controls, while foreskin fibroblasts showed no 

ability to contract collagen gels. Surprisingly, the size of collagen gels was not 

obviously changed relative to the original gel area in response to TGFβ. In contrast, 

siNKX2.3-CCD 18CO showed impaired ability to contract collagen gels, with only 

slightly contracted collagen gels (p<0.001, compared to CCD 18CO untreated cells) and 

similarly in the presence of TGFβ (p<0.01, compared to CCD 18CO with TGFβ). These 

data suggested that NKX2.3 contributes towards myofibroblast contractility as well as is 

required for TGFβ-induced collagen gel contraction.  
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______________________________________________________________________ 

Figure 6.8 
Knock down of NKX2.3 attenuates the ability of myofibroblasts to contract the 
collagen gels. CCD 18CO cells were transfected with siNKX2.3, cultured in serum free 
medium and then treated with or without TGFβ (10ng/ml), and followed by the collagen 
gel contraction assay for 24 hours. a.u.=arbitrary unit; * P<0.01; ** P<0.001. Error bars 
represent the mean of triplicate technical repeats from one experiment. 
______________________________________________________________________ 
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6.2.3.7 NKX2.3 mediates TGFβ-stimulated migration of myofibroblasts 

 

To determine the possible role of NKX2.3 in the migration of myofibroblasts, a 

Transwell® migration assay (modified Boyden chamber assay) was carried out. CCD 

18CO cells were plated onto the upper surface of a Transwell® filter without any 

coating and allowed to migrate for 48 hours, after which the membranes were fixed and 

stained with crystal violet. Colorectal cancer cells, RKO were cultured at the bottom of 

the lower compartment as a source of chemoattractants for myofibroblasts. The 

migration of myofibroblasts can be observed in the presence of RKO cells (Figure 6.9). 

Addition of TGFβ (10ng/ml) to the upper compartment resulted in a further significant 

rise of the number of migrated cells. To confirm the role of NKX2.3 in migration, we 

used the siRNA knockdown in CCD 18CO cells. As shown in Figure 6.9, silencing of 

NKX2.3 expression reduced the number of migrated cells by 35% compared to CCD 

18CO control (not significant), whereas siNKX2.3 significantly inhibited the number of 

TGFβ-induced myofibroblast migrations by 60% compared to CCD 18CO with TGFβ, 

demonstrating that NKX2.3 may play an important role in TGFβ-induced migration and 

contractile ability.  

 

 

 

 

 

 

 

 



	

	 151	

 

 

 

    

______________________________________________________________________ 

Figure 6.9 
NKX2.3 knockdown decreased the migration ability of CCD 18CO cells 
CCD 18CO were transfected with siNKX2.3. After 24 hours, cells were seeded on to the 
upper layer of a cell-permeable membrane in serum free medium, treated with or 
without TGFβ (10ng/ml). RKO colorectal cancer cells were seeded at the lower 
compartment as a stimulus for cell migration. After 48 hours, the membranes were fixed 
and stained with crystal violet. Data are means ± SE of triplicate determinations. 
Representative data are shown. * P<0.01; ** P<0.001. Error bars represent the mean of 
triplicate technical repeats from one experiment. 
______________________________________________________________________ 
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6.2.4 SHOX2 

 

Short stature homeobox 2 (SHOX2) is a homeobox transcription factor, which has been 

shown from knockout mouse models to play an important role in the development of 

heart and limb. Our microarray data identified SHOX2 as being significantly 

differentially expressed in fibroblast cultures compared to myofibroblast cultures and 

we therefore further explored the possibility of this being a specific marker for 

fibroblasts.  

 

6.2.4.1 qRT-PCR validation of SHOX2 mRNA expression in cultured fibroblasts 

and colorectal derived myofibroblasts  

 

The mRNA expression levels of the SHOX2 were assayed from total RNA extracted 

from 11 primary myofibroblast cultures along with 2 fibroblast cultures using TaqMan 

qRT-PCR primer and probe-sets (Figure 6.10). From our results, SHOX2 mRNA level 

was absent in 5 out of 11 primary myofibroblast cultures (myo1998, myo6024, 

myo6550, CCD18CO, myo6769), and the remaining 6 myofibroblast cultures all had 

very low SHOX2 expression levels. Conversely both fibroblast cultures showed much 

higher expression levels of SHOX2, much higher than any of those for the 

myofibroblasts.  These results are consistent with our microarray data and confirm the 

specificity of SHOX2 in fibroblasts.  
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______________________________________________________________________ 
Figure 6.10 
qRT-PCR validation of SHOX2 mRNA expression in myofibroblasts  
Expression levels for linearized, converted ΔCt values generated as described in 
materials and methods are shown (Chapter 2.3.3). Briefly, ΔCt for each sample was 
subtracted from the highest ΔCt mean obtained (myo6526: ΔCt mean 9.64 was used in 
this figure). The SHOX2 mRNA levels of myo1998, myo6024, myo6550, CCD 18CO 
and myo6769 were undetermined (no recorded Ct). Columns in red: myofibroblast 
cultures; columns in blue: fibroblast cultures. Error bars are not shown for qPCR data, 
as the converted exponential value dose not preserve the variance in the primary data.  
 
______________________________________________________________________
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6.2.4.2 Effect of TGFβ on ACTA2 and SHOX2 expression of fibroblasts 

 

TGFβ is known to directly promote fibroblast activation by inducing expression of 

αSMA. To understand the effect of TGFβ on skin fibroblasts, ACTA2, SHOX2, NKX2.3 

and AOC3 mRNA expression was assessed by qRT-PCR after treatment with TGFβ. 

Skin fibroblasts were cultured in serum free medium for 24 hours before treatment, 

followed by addition of TGFβ 10ng/ml and incubation for another 48 hours in serum 

free medium. Figure 6.11 showed that the mRNA expression level of ACTA2 was 

significantly increased in response to TGFβ (p<0.001), as expected.  SHOX2 mRNA 

expression was reduced after TGFβ addition (p<0.001), whilst the mRNA level of 

AOC3 remained unchanged either in serum free conditions or after TGFβ treatment, 

confirming the results obtained with western blots of protein levels as described in 

chapter 4 (Figure 4. 15). NKX2.3 expression level in skin fibroblasts was not detectable 

even after TGFβ treatment.  Our data confirmed a significant upregulation of ACTA2 in 

response to TGFβ and further demonstrated that SHOX2 is negatively regulated by 

TGFβ in fibroblast cells. These results also show that the lack of expression in 

fibroblasts of the two key genes of myofibroblasts, AOC3 and NKX2.3, is not directly 

due to transcriptional repression by SHOX2, as neither could be induced in fibroblasts 

after TGFβ mediated repression of SHOX2.  
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______________________________________________________________________ 
Figure 6.11 
Gene expression of skin fibroblasts in response to TGFβ treatment  
mRNA expression of AOC3, ACTA2 and SHOX2 was assessed in skin fibroblasts under 
normal serum (CON), serum free (SF) and TGFβ 10ng/ml under serum free condition 
(SF/TGFβ) for 48 hours. Expression levels for linearized, converted ΔCt values 
generated as described in materials and methods are shown (Chapter 2.3.3). Briefly, 
ΔCt for each sample was subtracted from the highest ΔCt mean obtained (AOC3 in NS: 
ΔCt mean 8.21 was used in this figure) NKX2.3 mRNA level was undetectable (no CT 
measurement). NS: normal serum medium control; SF: serum free condition; SF/TGFβ: 
TGFβ treatment in serum free condition. ** P<0.001 
______________________________________________________________________ 
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To confirm our observation in different cell lines, foreskin fibroblasts and skin 

fibroblasts were treated with 10 ng/ml TGFβ for 48 hours in serum free medium. The 

mRNA levels of ACTA2 and SHOX2 were then assessed by qRT-PCR. In Figure 6.12, 

TGFβ induced ACTA2 mRNA expression can be seen in both fibroblast cells (p<0.001), 

as well as the down regulation of SHOX2 expression level (p<0.01).  

 

 

 

 

 

 

 

 

A 

B 



	

	 157	

  ______________________________________________________________________ 
Figure 6.12 
TGFβ modulates ACTA2 and SHOX2 mRNA expression in foreskin fibroblasts 
and skin fibroblasts  
mRNA expression of ACTA2 and SHOX2 was assessed in foreskin fibroblasts and skin 
fibroblasts under normal serum (CON), serum free (SF) and TGFβ 10ng/ml under 
serum free condition (SF/TGFβ) for 48 hours. Raw Ct values were normalized to the 
UBC, and the fold changes were calculated via the ΔΔCt method relative to control. 
RQ= Relative quantity. Comparisons between SF and SF/TGFβ   * P<0.01; ** P<0.001. 
n=3 
______________________________________________________________________ 
 

 

6.2.5 NKX2.3 and AOC3 expression levels are positively correlated  

 

Based on our results, AOC3 and NKX2.3 are the two key genes that define a 

myofibroblast expression signature. In Figure 6.5, we showed that ACTA2, MYH11 and 

are positively regulated by NKX2.3 and that SHOX2 is negatively regulated by NKX2.3. 

The results also demonstrate a modest decrease in AOC3 mRNA expression in response 

to siRNA mediated silencing of NKX2.3 in myofibroblasts (Figure 6.5). To understand 

the role of AOC3 in the control of gene expression in myofibroblasts, CCD 18CO cells 

were transfected with siAOC3 and scrambled siRNA for 24 hours to achieve the 

maximum knockdown (Figure 6.13A).  The gene effects of AOC3 knockdown were 

assessed by qRT-PCR with siAOC3_CCD 18CO compared to siCON_CCD 18CO 

cells.  Figure 6.13B showed that only NKX2.3 expression was affected by knocking 

down AOC3, with a significant decrease (p<0.01), while MYH11, ACTA2 and SHOX2 

mRNA expression remained unchanged. Together, these results suggest a possible 

positive feedback loop between expression of NKX2.3 and AOC3 in myofibroblasts.  
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______________________________________________________________________ 
Figure 6.13 
AOC3 silencing decreases NKX2.3 expression in CCD 18CO cells.  
Relative mRNA expression in CCD 18CO cells, transfected with siAOC3 or scrambled 
sequence as control. (A) Cells were harvested after 24 hours transfection with 20 nM 
siAOC3. (B) siAOC3_CCD 18CO cells were examined for the expression of candidate 
genes (NKX2.3, SHOX2, MYH11 and ACTA2) relative to siCON. Raw Ct values were 
normalized to the UBC, and the fold changes were calculated via the ΔΔCt method 
relative to CON in (A) or siCON in (B). RQ= Relative quantity; Comparisons between 
black and grey bars * P<0.01; ** P<0.001. n=3 
______________________________________________________________________ 
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6.3 Discussion 

 

Through a genome-wide analysis of microarray based mRNA expression profile 

differences between myofibroblast and fibroblast cell lines, we identified four additional 

markers that distinguish between myofibroblasts and fibroblasts. These include the 

homeobox transcription factor NKX2.3 in myofibroblasts and SHOX2, another 

transcription factor, in fibroblasts. qRT-PCR was used to validate the mRNA expression 

level of these two candidate genes across all colorectal derived myofibroblasts and 

normal fibroblasts. NKX2.3 is significantly expressed in myofibroblasts and completely 

absent in fibroblasts at mRNA and protein level, whereas the SHOX2 is highly 

expressed only in fibroblasts.  

 

NKX2.3 is a homeodomain transcription factor, which has been associated with 

inflammatory bowel disease by genome-wide associated studies with increased levels of 

mRNA in Crohn’s disease patients (Franke et al., 2008, Yamazaki et al., 2009).  Within 

the gastrointestinal tract, NKX2.3 has been reported to be expressed mesenchymally in 

the mouse gastrointestinal tract and spleen (Pabst et al., 1997, Fu et al., 1998) and a 

negative regulator of crypt cell proliferation by regulating downstream targets, Bmp-2 

and Bmp-4 (Pabst et al., 1999, Roberts, 2000). Targeted deletion of Nkx2.3 in mice 

leads to profound abnormalities in small intestine and spleen as it functions as a 

negative regulator of crypt cell proliferation (Pabst et al., 1999). It has been reported 

that Nkx2.5 repressed αSMA expression in rat myofibroblasts (Hu et al., 2010), but 

there are so far no reports linking NKX2.3 expression to myofibroblasts.  
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In this chapter, we first demonstrated the expression of NKX2.3 in primary 

myofibroblasts and confirmed the specificity by knocking down NKX2.3. Silencing 

NKX2.3 resulted in an increase of SHOX2 expression and a decrease of MYH11 and 

ACTA2 expression in myofibroblasts, suggesting that these genes might be directly 

regulated by NKX2.3. This observation was strengthened by showing NKX2.3 putative 

binding sites in the 2kb region of the promoter region of these genes. Luciferase 

reporter assays using promoter constructs containing inactivating mutations of the 

putative NKX2.3 binding sites would provide conclusive evidence of direct 

transcriptional control of these genes by NKX2.3. The functional significance of 

NKX2.3 expression was assessed by measuring myofibroblast contractility and 

migration ability. αSMA expression is known to be essential for myofibroblast 

contraction during wound healing. Knock down of NKX2.3 reduced the contractile 

ability of myofibroblasts, and also abolished TGFβ-induced collagen gel contraction 

and myofibroblast migration, suggesting that NKX2.3 is crucial for mediating the 

function of myofibroblasts by regulating αSMA expression. Our results also suggested a 

potential inter-relationship between the regulation of expression of NKX2.3 and AOC3, 

two key genes of myofibroblasts.   

 

SHOX2, is a homologue of the short stature homeobox gene SHOX in humans. Mutation 

of Shox2 in mice has demonstrated a crucial role for this gene in the development of 

heart and limb (Cobb et al., 2006, Yu et al., 2007, Espinoza-Lewis et al., 2009). High 

levels of SHOX2 mRNA expression in fibroblasts, as compared to primary 

myofibroblasts, were confirmed by qRT-PCR. In fibroblasts, SHOX2 expression is 

decreased in response to addition of TGFβ, while the expression of αSMA is increased, 

as expected. Interestingly, TGFβ addition cannot induce NKX2.3 expression in 
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fibroblasts, which makes the NKX2.3 expression exclusively in myofibroblasts. Our 

results clearly suggest that TGFβ activated fibroblasts, with increased expression of 

αSMA can still be clearly distinguished from myofibroblasts by use of the additional 

markers NKX2.3 and AOC3.  

 

Together, results in this chapter demonstrate that NKX2.3 is crucial for maintenance of 

myofibroblast characteristics and probably is a key switch for determining the 

difference between fibroblasts and myofibroblasts. The result is a novel and clear 

definition of myofibroblasts using the expression signatures of AOC3 and NKX2.3.  
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CHAPTER 7: GENERAL DISCUSSION  

 

7.1 AOC3 is a novel myofibroblasts marker in vivo and in vitro  

 

AOC3/VAP-1 protein was first identified by Salmi and Jalkanen in the mouse 

endothelial venules (Salmi and Jalkanen, 1992). Since then, they have performed 

extensive functional studies of AOC3/VAP-1 in endothelial cells and characterised its 

roles in inflammation and leukocyte trafficking. In addition to endothelial cells, 

AOC3/VAP-1 expression has also been reported in pericytes, adipocytes and smooth 

muscle cells (Salmi and Jalkanen, 1992, Salmi et al., 1993).  Literature reviews of 

earlier studies did reveal reports of the tissue distribution of AOC3/VAP-1 on 

pericryptal cells in mouse and human gut, but we now believe that authors incorrectly 

interpreted these as endothelial cells (Stolen et al., 2005, Salmi and Jalkanen, 2006). 

Pericryptal cells in the human colon are myofibroblasts, as originally identified by 

PR2D3 mAb staining (Richman et al., 1987), followed by the αSMA staining (Sappino 

et al., 1989) as well as supported by results in this thesis using co-staining with multiple 

markers to confirm these pericryptal cells are PR2D3+ve, αSMA+ve, VIM+ve and CD31-ve 

(Figure 3.5).  

 

We identified AOC3 as the target protein of the PR2D3 mAb and characterised the 

tissue specific expression profile of this surface-expressed oxidase in myofibroblasts in 

a range of normal and tumour tissues and cell cultures. Plenty of immune-based and 

molecular biology techniques were used to interrogate the expression and regulation of 

AOC3 in myofibroblasts. Commercial anti-AOC3 (Clone 393112 from R&D systems) 

was used for immunofluorescence analysis to show the tissue distribution of AOC3 
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substantially matched that determined by PR2D3 (Richman et al., 1987).  Tables 4.1 & 

4.2 summarise the data obtained so far on the tissue distribution of AOC3.  

However, some differences in staining patterns between AOC3 and αSMA, such as in 

breast tumours, suggest further heterogeneity of myofibroblasts and fibroblasts in 

different tissues. The specificity of AOC3 in tissue myofibroblasts has been further 

validated by the absence of staining of pericryptal cells in guts of AOC3 knock out mice 

(Stolen et al., 2005). We also confirmed the AOC3 staining specificity in cultured 

myofibroblast cells by using siRNA mediated gene knock down experiment on CCD 

18CO cells.  

 

To date, there are only limited choices available so far for selecting a surface marker to 

identify myofibroblasts; one that has most often been used in human studies is the cell-

surface glycoprotein THY1 (thymocyte differentiation antigen-1, also known as CD90). 

Our own data from mRNA microarrays suggest that this protein is uniformly, highly 

expressed in both myofibroblast and fibroblast cultures. THY1 has been used by others 

to separate a subset of fibroblasts from liver, lung and ovary (Sempowski et al., 1996, 

Koumas et al., 2001, Koumas et al., 2003). This subset of THY1+ve fibroblasts are 

claimed to be myofibroblasts due to either baseline expression of αSMA, or the capacity 

to express αSMA in response to TGFβ.  According to the results put forward in this 

thesis, we would suggest that these cells represented activated fibroblasts. By using 

anti-AOC3 sorted myofibroblasts from fresh tissues, on the other hand, we can 

demonstrate the high purity of myofibroblasts not only based on expression of PR2D3, 

NKX2.3 and enrichment of AOC3, but also on the absence of fibroblast marker, 

SHOX2. It must be noted that the heterogeneous staining of αSMA and MYH11 on 
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AOC3 sorted myofibroblasts (Figure 5.8A) highlights the inadequacy of these two 

markers on their own to identify myofibroblasts.  

 

7.2 Regulation of AOC3 and NKX2.3 in myofibroblasts 

 

siRNA-mediated gene knock down experiments of either AOC3, or NKX2.3 on 

myofibroblast cells provides evidence of a potential positive feedback loop between 

AOC3 and NKX2.3 expression. 

 

In endothelial cells, increased expression levels of AOC3 and NKX2.3 have been 

reported in inflammatory bowel disease (IBD)(Yamazaki et al., 2009, Yu et al., 2010b, 

Koutroubakis et al., 2002). Mucosal Vascular Addressin Cell Adhesion Molecule 1 

(MADCAM1) is a lymphocyte homing receptor selectively expressed on gut-associated 

endothelial cells, which facilitates lymphocytes binding through interaction with α4β7 

integrin during inflammation (Ogawa et al., 2005).  It has been shown that NKX2.3 up-

regulates MADCAM1 expression directly through transcriptional regulation (Pabst et 

al., 2000, Wang et al., 2000, Yamazaki et al., 2009, Yu et al., 2010a), whilst elevated 

levels of AOC3 enzyme activity have been shown to facilitate the expression of 

MADCAM1 in IBD (Liaskou et al., 2011). Thus, both AOC3 and NKX2.3 are essential 

for lymphocyte trafficking and regulation in endothelial cells.  The authors of these 

studies do not, however, suggest a direct mechanism involving NKX2.3 mediated 

upregulation of AOC3, both of which then positively affect MADCAM1 expression 

levels. We hypothesize that increased AOC3 expression in endothelial cells, mediated 

by NKX2.3, might reflect a positive feedback loop between NKX2.3 and AOC3, and 
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perhaps even involving MADCAM1, similar to the positive feedback loop we observed 

between AOC3 and NKX2.3 in myofibroblasts.  

 

Although AOC3 is not a transcription factor, siRNA knockdown of AOC3 had a more 

profound negative effect on NKX2.3 expression than the effect of NKX2.3 knockdown 

on AOC3 levels (Figure 6.5 & 6.13), suggesting that AOC3 is able to mediate this 

transcriptional regulation of NKX2.3 expression in myofibroblasts through an 

intermediate or indirect signalling mechanism. Securing specific inhibitors of the copper 

amine oxidase enzyme activity of AOC3 will facilitate experiments to determine 

whether the AOC3 mediated effect on NKX2.3 levels involves a potential signalling 

role of the enzyme activity of AOC3, perhaps through H2O2.  
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7.3 NKX2.3 is a key regulator of myofibroblast phenotype and an antagonistic 

mechanism between NKX2.3 and SHOX2 expression defines the balance between 

fibroblast and myofibroblast phenotypes  

 

We identified NKX2.3 as part of a myofibroblast signature and SHOX2 as a fibroblast 

signature through a global gene expression analysis by comparing microarray mRNA 

expression profiles of myofibroblasts and fibroblasts. Subsequent to our identification 

of NKX2.3 and SHOX2 as a specific markers of myofibroblasts and fibroblasts 

respectively, Higuchi et al. (June 2015) reported NKX2.3 expression in a subset of 

human gastrointestinal myofibroblasts, while SHOX2 and TBX5 genes were found to be 

upregulated in non-gastrointestinal fibroblasts, in agreement with our results for the 

colon. By clustering the expression profiles obtained from fibroblasts from different 

organs, they report that NKX2.3 gene expression is organ-specific and restricted to 

duodenum, ileum and colon (Higuchi et al., 2015).  

 

In this thesis, for the first time, we explored the regulation of NKX2.3 target genes in 

colonic derived myofibroblasts. siRNA mediated knockdown of NKX2.3 in 

myofibroblasts resulted in a decrease in expression of contractile genes, αSMA and 

MYH11 as well as an increase in SHOX2 expression. This suggests that NKX2.3 is 

important in maintaining the distinction between myofibroblasts and fibroblasts, and 

thereby potentially controlling the balance of epithelial-mesenchymal interactions in the 

gut.  This is supported by the evidence of abnormal gut development and function in 

NKX2.3 knock out mice (Pabst et al., 1999).  

 

The fact that NKX2.3 and NKX2.5, another member of the NKX family, share the same 
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consensus sequence in vertebrates (Fu et al., 1998, Pabst et al., 1999) suggests that 

NKX2.5 is the most important homologue of NKX2.3. Nkx2.5 regulates heart 

development by regulating expression of various genes (Kasahara et al., 1998), while 

Nkx2.3 may significantly influence gene expression within the intestine (Pabst et al., 

1999). Thus, it is worth noting some studies of NKX2.5 which might related to 

NKX2.3.  

 

Hu and colleagues demonstrated that the αSMA gene promoter contains the NKX2.5 

consensus sequence motif and reported a negative correlation between αSMA and 

NKX2.5 expression in rat lung fibroblasts (Hu et al., 2010). This identification of a 

negative regulatory role of NKX2.5 on αSMA provides additional support for our 

evidence for a regulatory role of the NKX genes on αSMA, but suggests that while 

NKX2.5 negatively controls transcription in lung fibroblasts, NKX2.3 positively 

controls αSMA expression in the human colonic myofibroblasts.   

 

Espinoza et al described an apparent antagonistic mechanism between expressions of 

SHOX2 and NKX2.5. Overexpression of SHOX2 in rat cardiomyocytes resulted in 

extensive repression of NKX2.5 (Espinoza-Lewis et al., 2009). Moreover, SHOX2 and 

NKX2.5 have been shown to physically interact and a genome wide co-occupancy of 

NKX2.5, SHOX2 and TBX5 on gene promoters has also been described (Ye et al., 

2015). Together with our results demonstrating NKX2.3 mediated repression of SHOX2 

in myofibroblasts, there is, therefore, good evidence of a negative feedback mechanism 

between SHOX2 and NKX2.3.  We suggest that NKX2.3 is the key regulator of 

expression of genes that define the distinction between fibroblasts and myofibroblasts. 
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______________________________________________________________________ 
Figure 7.1 
Schematic model of gene regulation between myofibroblasts and fibroblasts  
NKX2.3 and AOC3 are two key genes in myofibroblasts from our results. Based on the 
work of this thesis, we show a positive feedback loop between AOC3 and NKX2.3 in 
myofibroblasts, and SHOX2-NKX2.3 negative regulation between myofibroblasts and 
fibroblasts.  Pictures of fibroblasts and myofibroblasts are adapted from (Falke et al., 
2015) 
______________________________________________________________________ 
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7.4 Control of NKX2.3, AOC3, αSMA, and SHOX2 expression in myofibroblasts 

and fibroblasts by TGFβ (Figure 7.2) 

 

The current definition of myofibroblast differentiation and activation involves a number 

of growth factors including PDGF, angiotensin and TGFβ (Hinz, 2007).  Cells 

identified through positive expression for αSMA and referred to as myofibroblasts, are 

frequently associated with liver, lung and kidney disease, and can be directly activated 

by TGFβ (Milani et al., 1991, Zhang et al., 1996, Abbate et al., 2002). During early 

experiments on the regulatory role of TGFβ on fibroblasts and myofibroblasts, it 

became clear that in order to control for the TGFβ present in fetal calf serum, it is 

necessary to perform experiments in the absence of serum, with or without addition of 

TGFβ. Our results revealed a surprising but significant up-regulation of ACO3 

expression simply by culturing myofibroblast cells in serum free conditions, raising the 

possibility of a serum containing factor that negatively regulates the expression of 

AOC3 at both the protein and mRNA level (Figure 4.12).  This increase in AOC3 

expression in the absence of serum was significantly inhibited by TGFβ addition. 

Furthermore, TGFβ treatment in cells already grown in serum results in a further 

decrease in the levels of AOC3, implying that the concentration of TGFβ in serum is 

sufficient to depress, but not fully inhibit, expression of AOC3.  The initial increase in 

AOC3 mRNA and protein levels following up to 96 hours serum starvation, is followed 

by a significant decrease in mRNA levels within 48 hours after TGFβ is added, but this 

does not appear to translate into a decrease in the levels of protein as measured by 

western blot.  It will be necessary to repeat these experiments with longer incubation 

periods in TGFβ and also to determine the half-life of AOC3 protein in myofibroblasts, 

in order to establish whether this simply reflects residual levels of AOC3, or a direct 



	

	 171	

effect of TGFβ on protein turnover. The ability of TGFβ to decrease AOC3 levels 

whilst increasing NKX2.3 was initially surprising given earlier results implying a 

positive feedback loop between AOC3 and NKX2.3, such that we might have expected 

that any increase in NKX2.3 would result in an increase in AOC3.  In order to reconcile 

our observations, we suggest a model where the negative affect of TGFβ on AOC3 

levels dominates the positive transcriptional control of AOC3 by NKX2.3 (Figure 7.2).  

An important observation from the results of TGFβ treatment of fibroblasts was that 

neither serum starvation nor TGFβ addition had any effect on either NKX2.3 or AOC3 

expression level in skin fibroblasts. However, as expected from many previous studies, 

TGFβ dramatically increases the expression of αSMA in both fibroblasts and 

myofibroblasts.  

 

Bmp-2 and Bmp-4 have been identified as downstream targets of NKX2.3 in regulating 

gut morphogenesis (Roberts, 2000). This suggests that NKX2.3 might be involved in 

the TGFβ/Smad signalling pathway. We have shown that NKX2.3 expression is up 

regulated in response to TGFβ treatment in both primary myofibroblasts and CCD 

18CO cells, as well as that NKX2.3 is required for TGFβ-induced αSMA-mediated 

myofibroblast contractility and migration. Conversely, SHOX2 is down regulated in 

response to TGFβ in fibroblasts, whilst αSMA expression is increased, but NKX2.3 

expression is not induced by TGFβ treatment in fibroblasts.  Together, these 

experiments show that myofibroblasts and fibroblasts have significantly different 

expression profiles with respect to these few key genes, and that they differ dramatically 

in their response to TGFβ. Thus TGFβ inhibits AOC3 and SHOX2 expression while 

increasing NKX2.3 and αSMA expression in myofibroblasts, but only increases αSMA 

expression in fibroblasts. The results clearly imply that TGFβ activated fibroblasts and 
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myofibroblasts are significantly different cell types, and provides clear evidence 

disputing the notion that myofibroblasts represent activated fibroblasts.  

 

 

 

 

 

______________________________________________________________________ 
Figure 7.2 TGFβ effect on myofibroblasts and fibroblasts 
A schema integrating the work of this thesis based on the control of gene expression by 
TGFβ regulation. In myofibroblasts, TGFβ regulates AOC3 independently from 
NKX2.3, and this regulation is dominant over the positive feedback interaction between 
AOC3 and NKX2.3.   
______________________________________________________________________ 
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7.5 Myofibroblasts, activated fibroblasts and fibroblasts in tissues 
 
 

As discussed in the general introduction (Chapter 1), the earliest description of 

myofibroblasts by Gabbiani after injury or during would healing, suggested that 

myofibroblasts were modified fibroblasts that had acquired smooth muscle features, 

including expression of α smooth muscle actin (αSMA)(Gabbiani et al., 1971, Majno et 

al., 1971). Following the demonstration by Desmouliere et al that TGFβ stimulated 

αSMA in connective tissue fibroblasts (Desmouliere et al., 1993), it became widely 

accepted that myofibroblasts could be defined as TGFβ activated fibroblasts. However, 

through careful study of the gene expression signatures of fibroblasts and colon derived 

myofibroblasts, the results in this thesis begin to give a finer classification of different 

types of fibroblasts and myofibroblasts, and how they relate to each other.  

 

The effect of serum starvation and TGFβ treatment of the myofibroblasts and fibroblasts 

has shown that TGFβ activated myofibroblast and TGFβ activated fibroblast are two 

quite distinct cell types, although they do share some common features, such as the 

elevated level of αSMA expression in response to TGFβ.  Therefore, while TGFβ 

indeed activates fibroblasts to increase αSMA expression, which to date has been the 

main way to define a myofibroblast (Webber et al., 2010), our data reveals a clear 

distinction between TGFβ activated fibroblasts and TGFβ activated myofibroblasts as 

demonstrated by their AOC3, NKX2.3 and SHOX2 expression profiles.  

 

The fibroblast activation protein (FAP) has been shown to be specific for activated 

fibroblasts in wounds and many epithelial cancers, including colorectal cancers (Garin-

Chesa et al., 1990). It is not expressed in normal tissue fibroblasts but does show some 
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staining with fibroblasts in culture (Rettig et al., 1986, Rettig et al., 1988, Henry et al., 

2007), which might be due to activation by the FBS commonly used in tissue culture 

media, possibly because of the small amounts of TGFβ contained in FBS.  FAP has 

been reported to be negative in myofibroblasts defined as pericryptal cells in colon, 

which is supported by our microarray data showing low to moderate FAP mRNA 

expression levels among all primary myofibroblasts and fibroblast cultures. It is 

intriguing that tissue microarrays of breast cancer demonstrated a complete absence of 

AOC3 expression in stromal cells (Figure 7.3) whereas high levels of FAP staining 

have been reported in breast cancer associated stromal cells (Tchou et al., 2013), 

suggesting that the stromal cells in breast cancer might be activated fibroblasts rather 

than myofibroblasts.  

 

The Bodmer laboratory (Yeung et al., 2013) has demonstrated a very substantial 

presence of myofibroblasts in lymph node metastases of colorectal cancer, with a 

correlation between the extent of apparent myofibroblast activation and the 

aggressiveness of the cancer. The staining with antibody to AOC3 of a metastasis 

involved lymph node shown in Figure7.4 clearly shows that the activated cells are 

indeed myofibroblasts and not just activated fibroblasts. Myofibroblasts may be 

expected to secrete a quite different profile of growth factors when stimulated by 

aggressive cancers in distant metastases than activated fibroblasts. It is therefore 

essential for evaluating the clinical importance of the interaction between 

myofibroblasts and cancer epithelial cells to be able to distinguish activated fibroblasts 

from myofibroblasts in cancer tissues. 
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A growing body of evidence has demonstrated that the stromal environment in cancer is 

very heterogeneous, containing a mixture of cell types including myofibroblasts, 

fibroblasts and very likely activated fibroblasts (Sugimoto et al., 2006).  The new 

combination of markers described in this thesis now enables a finer distinction between 

cell types and includes AOC3, FAP, NKX2.3 and SHOX2 (and potentially LRRC17 

and TBX5), along with smoothelin for identifying smooth muscle cells (van der Loop et 

al., 1996). As showed in Table 7.1, these can now clearly distinguish between 

myofibroblasts, fibroblasts, activated fibroblasts and smooth muscle cells using 

currently available mAbs, and can be combined with other epithelial markers and 

endothelial markers, if desired.  

 

 

 

______________________________________________________________________ 
Figure 7.3 
AOC3, αSMA and FAP expression within breast cancer stroma indicate the 
presence of activated fibroblasts (IF, FFPE) 
Immunofluorescence staining of paraffin-embedded sections of human breast cancer 
with AOC3, αSMA and FAP antibodies. Note, AOC3 and αSMA are co-stained in one 
slice, while FAP staining is on a different slice. X20 magnification 
______________________________________________________________________ 
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______________________________________________________________________ 
Figure 7.4 
AOC3 staining on myofibroblasts in a macro-metastasis involved lymph node (IF, 
FFPE) 
Confocal immunofluorescence of paraffin-embedded section of lymph nodes with 
AOC3 (green) for myofibroblasts and DAPI (blue). (A) Micrometastasis x5 
magnification. (B) Macrometastasis  x5 magnification. (Tissue sections courtesy Dr TM 
Yeung) 
______________________________________________________________________ 
 
 

 AOC3 NKX2.3 SHOX2 αSMA FAPs Vimentin 

(VIM) 

Smoothelin THY-1 

CD90 

MFs + +  ++/- - + - + 

Fs   ++ --/+ - + - + 

aFs   + ++ + + - + 

Smooth 

muscle 

+ + + + - - + - 

 
______________________________________________________________________ 
Table 7.1 
Molecular markers for myofibroblasts, fibroblasts and activated fibroblasts 
identification in stroma 
Due to the fact of the heterogeneous staining of αSMA on myofibroblasts and 
fibroblasts, we used double marks to indicate the staining pattern. ++/- means the 
majority MFs are stained by αSMA; --/+ means only subset of Fs are positive to αSMA.  
Fs: fibroblasts; aFs: activated fibroblasts; MFs: myofibroblasts; αSMA: α smooth 
muscle actin.  
______________________________________________________________________ 
 

A B 
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7.6 Summary 

 

In this thesis, we have shown the solid evidence of the specificity of AOC3 expression 

in myofibroblasts and characterised the expression of AOC3 in a wide range of normal 

and cancerous tissues. However, myofibroblasts derived from different tissues may 

have subtle differences in gene expression profiles such that their unambiguous 

identification is beyond a simple staining of one marker, as emphasised by the lack of 

staining of AOC3 in some tissues. By studying the potential transcriptional targets of 

NKX2.3 in myofibroblasts and through future similar work to identify the 

transcriptional targets of SHOX2 in fibroblasts, we may further characterise the 

functional differences between these cells. The clearly defined simple expression 

signature for distinguishing these cell type will benefit the future studies of the stromal 

and tumour microenvironment. 
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Table A1  

List of 500 most significantly up regulated genes in myofibroblasts, sorted by fold 

change.  Fold change given as myofibroblast versus fibroblasts. P value adjusted for 

multiple testing using false discovery rate FDR step up.  

 

Gene Symbol Step-up p-value Fold change 
EDNRB 0.169318 65.2769 
LRRC17 0.050798 57.6304 
NKX2-3 0.0256099 35.0344 
PCSK6 0.301318 34.415 

ALDH1A1 0.445149 32.7034 
SHISA3 0.102606 31.9163 
EDNRB 0.208829 29.6918 
FGL2 0.308633 25.9082 

D4S234E 0.0982316 23.6494 
COLEC10 0.204974 23.5322 

FGL2 0.323323 21.156 
LOC400550 0.365841 20.8742 

NRK 0.507432 20.0882 
CRISPLD1 0.0925492 18.3129 

EDNRB 0.30469 16.2823 
IGF2 /// INS-IGF2 0.481589 14.8878 

MAB21L2 0.317493 14.8217 
CHL1 0.281029 14.7099 
TSTD1 0.221097 14.4333 

MAB21L2 0.291955 14.4182 
D4S234E 0.106667 13.0252 
TCF21 0.281029 13.0249 

PLXDC2 0.356595 12.0454 
CNTN1 0.182253 11.9353 
TCF21 0.357631 11.9019 

CNTNAP3 0.0925492 11.1853 
PNMAL1 0.0950708 11.0641 
NRXN3 0.424387 10.832 

GPRC5B 0.415241 10.589 
CARD16 0.156187 10.585 
TMTC1 0.53802 10.412 
PNMA2 0.457836 9.68185 
CD200 0.361215 9.68164 
GPR37 0.37779 9.33204 
F11R 0.337733 9.18782 
CDH6 0.44266 9.02377 

SCN9A 0.16571 8.95961 
STAMBPL1 0.102606 8.92042 

TMTC1 0.516339 8.87152 
SCN3A 0.533629 8.84323 
CYP2S1 0.224466 8.61855 

MITF 0.410284 8.59737 
CDH6 0.457357 8.46816 
BMP2 0.378216 8.40472 
SPON2 0.255927 8.3687 
ACTG2 0.513748 8.2797 

RAI2 0.311858 8.10732 
PARM1 0.454874 7.97557 

ADAMTS19 0.472592 7.73992 
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PCDH9 0.116364 7.68392 
TMEM176B 0.636141 7.68212 

PCDH7 0.312634 7.67172 
LEPREL1 0.44287 7.67166 

PLAT 0.0925492 7.59914 
SCN9A 0.201218 7.57863 
TMTC1 0.566405 7.5033 
FOXF1 0.396173 7.46345 
PCDH7 0.424347 7.41381 
ERAP2 0.34683 7.34096 
SFRP1 0.561449 7.32185 

OR51E2 0.212579 7.30449 
CDH6 0.461709 7.28346 
BMP2 0.339902 7.26609 

CARD16 /// CASP1 0.216704 7.12564 
LOC404266 0.595644 7.08495 
CYP39A1 0.312634 7.02795 

LOC400550 0.401499 7.01255 
PCDH7 0.299598 6.9759 
PTGS2 0.363458 6.96931 
PDPN 0.323323 6.94546 
CST1 0.401944 6.93197 

HOXB7 0.551268 6.92194 
AOC3 0.062939 6.92087 

PDE10A 0.243099 6.84152 
MGP 0.617438 6.6897 

GPR63 0.381552 6.6542 
STOX2 0.365572 6.59392 

KIAA1211 0.102606 6.56198 
CD200 0.356595 6.55923 
TRPA1 0.546533 6.53953 

CNTNAP3B 0.228915 6.39892 
SOX5 0.200874 6.39525 
RGS2 0.289738 6.32637 

LPAR3 0.512011 6.30983 
LXN 0.422289 6.29778 

NRXN3 0.42962 6.29524 
GPX3 0.525776 6.27371 

ERAP2 0.347481 6.24081 
PTGER3 0.498024 6.11658 

IGF2 /// INS-IGF2 0.552923 6.05122 
STAMBPL1 0.0925492 6.03244 

SMOC2 0.439466 5.95693 
CLDN1 0.409852 5.95437 
HHEX 0.42876 5.95366 

HOXB7 0.559841 5.94492 
TNFSF4 0.456113 5.93668 
SFRP1 0.575625 5.86899 
NRXN3 0.461367 5.85149 
BMP6 0.317493 5.79498 
ENPP4 0.441287 5.78582 
EYA4 0.478334 5.77383 

CCL11 0.156187 5.7722 
LIF 0.281029 5.73933 

PCDH7 0.341121 5.73603 
PARM1 0.401796 5.69045 
GPR37 0.352211 5.68088 
WISP1 0.352536 5.61576 
CDCP1 0.221893 5.53912 

TMEM176A 0.690977 5.51374 
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ANO1 0.464413 5.49538 
ERAP2 0.34683 5.46776 
UCP2 0.329381 5.46193 

ATRNL1 0.401796 5.45295 
SEMA6D 0.408403 5.44994 

NRK 0.543336 5.44883 
HSD17B2 0.477238 5.38878 
RASSF2 0.44266 5.33197 
PTGER3 0.491048 5.33065 

PRKAR2B 0.329175 5.32778 
INMT 0.177512 5.32507 
A2M 0.511046 5.29125 

CDH6 0.497964 5.27218 
TMEM178 0.397866 5.18578 

IGFBP5 0.422948 5.12643 
CNTN4 0.449726 5.11763 
CHI3L1 0.675047 5.0768 
CDCP1 0.251415 5.0761 

SLC16A14 0.312634 5.07478 
HGF 0.531221 4.99774 

ZNF804A 0.547849 4.98099 
LIPG 0.204122 4.95953 

LOC100509635 0.397357 4.95615 
EPHX4 0.407792 4.91111 
PITX1 0.504834 4.90275 
SNCA 0.4696 4.88085 

BAMBI 0.341014 4.85455 
SEMA6A 0.52228 4.84958 
CNTN1 0.395974 4.84703 
DDIT4L 0.308633 4.79781 
CNTN1 0.312634 4.7949 
KRT7 0.546533 4.77572 
ITPR1 0.323323 4.76105 

CACNB2 0.309855 4.75578 
TEK 0.408228 4.75407 

SOBP 0.26257 4.73228 
PNMA2 0.523127 4.72112 
PDE5A 0.429254 4.71436 
OLR1 0.251197 4.70913 

LYPD1 0.526065 4.70649 
SVEP1 0.533953 4.70587 
FAT3 0.481701 4.69005 
BMP6 0.188413 4.68874 
HHEX 0.333575 4.68345 
FAT3 0.479884 4.68212 
RERG 0.360244 4.66918 
PTGS2 0.402948 4.61218 

CNTNAP3 0.236437 4.60146 
SVEP1 0.540954 4.59453 
ARAP2 0.507367 4.59406 
GPX3 0.552115 4.59232 

FAM49A 0.312634 4.58872 
KRT7 0.506987 4.58617 
CD24 0.648408 4.5615 

RASGRF2 0.323323 4.54665 
TMTC1 0.594533 4.54168 
C18orf1 0.493326 4.50545 
PROM1 0.538654 4.49667 
KRT18 0.593005 4.48822 
PLAU 0.312634 4.46813 
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RARRES2 0.575625 4.45977 
LOC100131199 0.461367 4.45871 

IQCA1 0.514785 4.45705 
SVEP1 0.518676 4.45375 

SEMA6D 0.412875 4.4492 
CACNB2 0.323323 4.44317 

TFPI2 0.300633 4.43647 
PDE5A 0.456113 4.43221 
PLAU 0.417012 4.39362 

STOX2 0.341851 4.37021 
MITF 0.41304 4.35253 

KIAA1107 0.331439 4.34472 
PCDH7 0.34683 4.34434 

KIAA1107 0.408228 4.32139 
TPD52 0.444825 4.31697 
SPRY1 0.242013 4.26017 

ISL2 0.281029 4.24847 
RDH10 0.551819 4.2107 
STAU2 0.356469 4.20655 
IGFBP5 0.463767 4.20612 
PDPN 0.31293 4.20566 

IVNS1ABP 0.165137 4.19069 
MCTP2 0.465056 4.18251 
HOXA3 0.312634 4.18243 
KRT7 0.481589 4.16204 
GPR39 0.551883 4.16171 
STOX2 0.415579 4.1611 
CDH6 0.450217 4.16104 

PLCXD3 0.518578 4.12699 
PEG3 0.236262 4.10611 

GPRC5B 0.516339 4.09131 
PTGER3 0.543124 4.07828 
PCSK6 0.455724 4.07784 
CHI3L1 0.634361 4.07215 
PTGER3 0.516391 4.06673 

GPC4 0.439317 4.062 
ENC1 0.460182 4.05038 
ANO1 0.456113 4.04087 
MST4 0.449615 4.0326 
MYH2 0.734569 4.03126 
PDE5A 0.452193 4.02335 
ARMC9 0.158327 3.97916 

LOC645513 0.352536 3.96123 
BCHE 0.615483 3.95535 
RTN1 0.507439 3.9378 

DHRS3 0.547339 3.93567 
CD1D 0.439047 3.93047 

PDE5A 0.425292 3.92606 
ELOVL2 0.545744 3.92382 
IGFBP5 0.441287 3.91671 
ABCC4 0.328139 3.90234 
LUZP2 0.435236 3.87601 
EPHA5 0.533625 3.87579 
UCP2 0.49833 3.87116 

AGPAT9 0.46688 3.85982 
WISP1 0.391235 3.85941 
HGF 0.638598 3.85384 

HOXB2 0.587385 3.84628 
GALNT13 0.523709 3.84623 
PLEKHH2 0.414771 3.84386 
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GPRC5B 0.474081 3.83516 
WLS 0.278827 3.8205 

BMP4 0.59439 3.81791 
GCNT2 0.51787 3.80826 
CLDN1 0.490829 3.80756 
DSC3 0.474501 3.80724 

IGFBP5 0.442314 3.78916 
SEL1L3 0.156187 3.77825 

PRO2964 0.40872 3.73814 
CCDC68 0.52228 3.73346 
PDE9A 0.295701 3.7303 
ABCC4 0.303225 3.72785 

IL33 0.514423 3.72138 
PDE5A 0.359114 3.72016 
SYPL2 0.559801 3.71481 

PTGER3 0.538654 3.71109 
IVNS1ABP 0.121366 3.6947 

ITPR1 0.336319 3.69448 
GPRC5A 0.44266 3.69096 
PCSK6 0.437007 3.67402 
RDH10 0.596412 3.6699 

IGF2 /// INS-IGF2 0.592903 3.65641 
PLEKHH2 0.365604 3.64173 

LOC100506542 0.513189 3.63878 
SYT15 0.190858 3.63464 

TMEM56 0.401944 3.63058 
C12orf59 0.531439 3.62637 
NRXN3 0.400641 3.62418 
RSPO3 0.658916 3.61351 

FAM65C 0.56685 3.5888 
CD24 0.663648 3.57863 

VCAM1 0.628266 3.56705 
EYA4 0.558779 3.55342 
ENC1 0.480297 3.54051 

PLA2G4A 0.505549 3.53831 
NRTN 0.461709 3.53236 
DSG2 0.612765 3.52797 

SEL1L3 0.102606 3.52699 
FIBIN 0.352211 3.52321 

ABCC4 0.308633 3.51988 
FAM198B 0.609077 3.51663 

CFH /// CFHR1 0.558779 3.50491 
VAT1L 0.418798 3.50313 
ENPP4 0.402948 3.49853 

IVNS1ABP 0.123038 3.49435 
ITPR1 0.343336 3.49397 

IVNS1ABP 0.366992 3.48841 
EPHA5 0.653858 3.4851 
CHST15 0.425168 3.47866 

GPC4 0.458443 3.47283 
ERAP2 0.425273 3.46113 

MAMDC2 0.210938 3.45515 
CASP1 0.506913 3.44443 

D4S234E 0.300414 3.4367 
PKIB 0.499872 3.43166 

PEG10 0.415579 3.42743 
EPHA5 0.569061 3.42602 

FAM46C 0.573438 3.41925 
FAM198B 0.65266 3.41539 
SEL1L3 0.102606 3.40582 
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HBD 0.529679 3.4053 
ADAMTS19 0.549389 3.39707 

P2RX5 0.439345 3.39431 
PLEKHH2 0.402335 3.38981 

LOC100192378 0.527982 3.38846 
WLS 0.349152 3.37626 

IGFBP5 0.463336 3.3649 
TSPAN7 0.41632 3.36117 
RDH10 0.589906 3.35755 

RASGRF2 0.276497 3.34571 
CD24 0.656758 3.33232 

ZFPM2 0.316578 3.32849 
MCTP2 0.515324 3.32467 
FNDC1 0.401796 3.32436 

NOG 0.459679 3.31637 
CLSTN2 0.448407 3.2928 
SLC27A6 0.693576 3.29011 

MUSK 0.42962 3.28473 
RHOBTB3 0.341121 3.27283 

FIBIN 0.402621 3.26512 
CD24 0.689311 3.26454 
SVIP 0.178627 3.26302 
TNIK 0.42617 3.2558 
EDIL3 0.60457 3.24979 

FLJ39632 0.538093 3.24799 
LIMCH1 0.562903 3.24736 
SLC39A8 0.463332 3.24712 

LEF1 0.57204 3.24655 
SLC38A11 0.742132 3.23406 

KAL1 0.465674 3.22194 
EXOC6 0.342939 3.21772 

PRKAA2 0.308633 3.21359 
MST4 0.362579 3.19968 

SEMA6A 0.639526 3.19446 
CD24 0.599296 3.19061 

EPHA3 0.676597 3.18751 
SLC39A8 0.454963 3.18155 

SFRP1 0.666547 3.17875 
STXBP6 0.519176 3.17642 
MMP10 0.638396 3.17498 

PKP2 0.333229 3.16996 
TPD52L1 0.478859 3.15096 

RHOBTB3 0.341014 3.14975 
ARHGAP20 0.444825 3.14908 

TFPI2 0.4642 3.14726 
CLIC6 0.773024 3.14577 

FLJ43390 0.401796 3.13486 
SOX5 0.165137 3.13451 

ELOVL2 0.533512 3.13135 
LOC100192378 0.437007 3.11991 

TSPAN12 0.373604 3.11097 
NKX3-2 0.384095 3.10864 
PDE10A 0.206544 3.0897 

PEG3 0.188402 3.08836 
KCND3 0.507665 3.08433 

SVIP 0.257948 3.08096 
TPD52L1 0.437007 3.07271 
DACT1 0.462615 3.07153 
PTPRO 0.467244 3.0696 

WLS 0.384579 3.05954 
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RHOBTB3 0.312634 3.05914 
CCDC69 0.312634 3.04602 

LOC100506725 0.152078 3.04446 
ARMC9 0.149799 3.04207 
PTGER3 0.57017 3.03365 
EDNRA 0.628266 3.03086 
CNTN4 0.543433 3.0308 
PPME1 0.274709 3.02979 
EDIL3 0.679725 3.02845 
SUSD2 0.312634 3.02073 
MBP 0.425273 3.01982 

BDKRB1 0.466256 3.01573 
PDPN 0.320417 3.00763 
P4HA3 0.314008 3.00714 

CHRM3 0.590716 3.00104 
AR 0.567259 2.99991 

DACH1 0.557338 2.99823 
DSG2 0.582549 2.99706 

SH2D5 0.312634 2.98512 
EDIL3 0.57958 2.97066 
LPAR3 0.61097 2.96128 
CHRM2 0.444825 2.95629 
GNG4 0.432873 2.95374 
KCNJ8 0.656663 2.95053 

ATRNL1 0.475727 2.94929 
HOXB3 0.572587 2.93092 
PPME1 0.251415 2.92704 
CCDC3 0.352536 2.92162 
ABCB1 0.438382 2.92108 
PARP8 0.339529 2.91908 

FBXL13 0.251197 2.91767 
CADPS2 0.437007 2.9105 
STXBP6 0.467467 2.90441 
SORBS1 0.561587 2.8986 

TMEM158 0.235516 2.89516 
GCH1 0.436845 2.89466 

PTGER3 0.582549 2.89408 
STXBP6 0.57838 2.88802 

CD24 0.724667 2.8868 
KCNJ2 0.57868 2.88653 
TNIK 0.458443 2.88396 

ADAMTS8 0.479338 2.88101 
KCND3 0.478832 2.87321 

LIMCH1 0.608886 2.87248 
NEURL1B 0.436229 2.87212 

GNG4 0.497716 2.8628 
ISOC1 0.485139 2.8617 
REN 0.452473 2.86112 

C10orf58 0.438382 2.85373 
NALCN 0.435236 2.84606 
CD274 0.519181 2.84355 

RHOBTB3 0.373822 2.83088 
MYOCD 0.719306 2.82971 
LIMCH1 0.581962 2.82553 

TAP2 0.352558 2.8223 
PPP1R9A 0.46688 2.81903 
CNNM2 0.429791 2.81272 
GFRA1 0.740297 2.81198 
MYO5A 0.50358 2.81161 
OR51E2 0.254219 2.80871 
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AR 0.601452 2.80793 
KLHL13 0.666527 2.80775 
CXCR7 0.679007 2.80693 

LYN 0.382924 2.80152 
CRISPLD2 0.481589 2.8012 
LGALS3BP 0.41304 2.79978 

SLC4A4 0.333229 2.79648 
ITGA2 0.339902 2.7936 

LOC572558 0.374962 2.79231 
CASP1 0.51539 2.78919 
APOL1 0.444825 2.77417 
MYO10 0.224884 2.77412 
CASP1 0.390608 2.77223 

MGAT5 0.500177 2.77095 
MAPK10 0.444825 2.76573 

PLN 0.448407 2.76148 
RARRES1 0.504834 2.76128 

CDH1 0.719819 2.76095 
LOC645513 0.356305 2.75978 

SSX2IP 0.438158 2.75972 
ITGB3 0.375363 2.75897 
PCSK6 0.309855 2.75885 
TNIK 0.444825 2.75872 

KCTD16 0.533996 2.75582 
KCNJ8 0.650828 2.75472 

KBTBD8 0.415579 2.75336 
GFRA1 0.708045 2.7515 

GUCY1B3 0.524923 2.74794 
CAMK1D /// LOC283070 0.531439 2.73811 

LRRC1 0.345491 2.73609 
ICAM1 0.461709 2.73406 

C16orf87 0.274709 2.72603 
CHRDL1 0.6304 2.72441 

STAMBPL1 0.206526 2.72286 
SEMA4D 0.456113 2.71412 

IL11 0.484289 2.71014 
LOC285943 0.317493 2.70444 

CHN2 0.561449 2.69427 
FRY 0.431506 2.69317 

SVEP1 0.409852 2.68358 
CTSH 0.527745 2.68197 

OGFRL1 0.201852 2.68081 
IMPA2 0.532803 2.67781 

SLC4A4 0.310917 2.66933 
RARRES3 0.57838 2.66776 

CD9 0.440639 2.66436 
HGF 0.703693 2.66276 
BST2 0.561671 2.65998 

GRIA1 0.558779 2.65222 
HGF 0.639115 2.65016 

NHSL1 0.281029 2.64968 
ST8SIA1 0.5616 2.64889 

HGF 0.565672 2.64318 
SLC4A4 0.408403 2.64259 
OGFRL1 0.236262 2.64087 
PDE10A 0.349455 2.64058 
SFRP1 0.679014 2.63531 

LOC151162 /// MGAT5 0.564238 2.63492 
MMP3 0.78355 2.63209 

HOXA5 0.342939 2.62442 
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RARRES1 0.570618 2.61899 
TNIK 0.456744 2.61836 

TSPAN8 0.688555 2.61662 
NPPB 0.545763 2.61172 

ICAM1 0.500398 2.61011 
PPP4R4 0.631252 2.60971 

JUP 0.362938 2.60769 
ETS2 0.487691 2.60564 

FRMPD4 0.435428 2.59806 
RAVER2 0.374962 2.59322 
WFDC1 0.820933 2.59216 
KCND3 0.551883 2.59059 

FGF7 /// KGFLP1 /// KGFLP2 0.741989 2.58975 
SLC4A4 0.312634 2.5878 

IL32 0.497001 2.58752 
PEG10 0.486157 2.58462 
TMTC2 0.595926 2.58284 
TYRP1 0.507506 2.57969 
STRBP 0.32398 2.57899 

FAM83D 0.519444 2.57563 
SLC25A27 0.540411 2.56794 

USP44 0.345489 2.5675 
ARMC9 0.306612 2.55424 

LOC100507063 0.680715 2.55396 
USP2 0.317493 2.55385 

KIAA1211 0.185823 2.55304 
PLN 0.389794 2.54646 

LOC643792 0.317493 2.54538 
CASP1 0.508818 2.54238 
ICAM1 0.459679 2.53996 

SH3BGRL2 0.177082 2.53659 
FKBP5 0.407996 2.53373 
KISS1 0.401477 2.53071 

GPR126 0.489998 2.52908 
SCN4B 0.331439 2.52765 

MGAT4A 0.449845 2.52753 
LIMS3 0.443226 2.52569 
LYN 0.407996 2.51968 
RBP7 0.414412 2.51737 

DIRC3 0.42962 2.51694 
CHRM3 0.574941 2.51272 

PVR 0.0925492 2.51269 
LOC100131199 0.513189 2.5092 

SLC40A1 0.75321 2.50806 
PVR 0.102606 2.50646 

LRRN3 0.569513 2.50329 
SSX2IP 0.431936 2.49807 
NALCN 0.505214 2.49465 
CASP1 0.460627 2.4921 

SORBS1 0.620567 2.4902 
ITGB3 0.429164 2.48941 

AR 0.612388 2.48819 
ANKRD6 0.588408 2.48631 

MBP 0.443226 2.48589 
XIST 0.873844 2.48474 

MYH1 0.645237 2.48316 
PVR 0.0925492 2.48271 

SVEP1 0.48899 2.47976 
DENND2A 0.701511 2.47917 
SCARB1 0.189034 2.47875 
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PCDH10 0.745403 2.47704 
LOC100506979 0.503161 2.4754 

PRPS1 0.375495 2.47486 
GBP3 0.512356 2.4724 

RAB11FIP1 0.438382 2.46635 
FRY 0.460182 2.46584 
GCA 0.582549 2.46448 
CD44 0.52228 2.45623 

EXOC6 0.415579 2.4551 
RASSF5 0.386465 2.45501 

OSBPL10 0.358312 2.4548 
FAM155A 0.609727 2.45354 

QSOX1 0.351467 2.45258 
PITX1 0.501408 2.45195 
GLRX 0.464789 2.45121 

MTUS1 0.537388 2.44657 
SSX2IP 0.456744 2.44225 
GRIA1 0.593005 2.43952 
RTN1 0.52154 2.43527 
FRY 0.196357 2.42863 

OGFRL1 0.281029 2.42407 
SSX2IP 0.356595 2.42261 
SSFA2 0.312634 2.42038 

SEMA6D 0.540728 2.41876 
CACNB2 0.388858 2.41847 

SERPINB9 0.470491 2.41826 
MYO10 0.286946 2.41824 
HOXB5 0.590637 2.40674 
NR3C2 0.592054 2.40648 

FAM124A 0.599192 2.40279 
ARSK 0.325761 2.3983 

HOXB3 0.532025 2.39744 
RAB11FIP1 0.458144 2.39556 

ADAM19 0.581539 2.39521 
RPS6KA6 0.464459 2.3845 

DCLK2 0.557338 2.38103 
PIK3AP1 0.538654 2.37921 

STIM2 0.435572 2.37808 
BEX2 0.665999 2.37803 
VIPR2 0.545744 2.37464 
ABCC4 0.444825 2.37288 
PRKCH 0.546268 2.36981 

XIST 0.871457 2.36832 
FAM186A 0.455908 2.36639 

ANKH 0.386664 2.36268 
SLC4A4 0.196357 2.36197 
MCAM 0.747468 2.36181 

ARHGAP28 0.485139 2.36127 
C1orf118 0.408276 2.3601 

PVR 0.0925492 2.35792 
FABP1 0.803733 2.35294 
GPX2 0.76308 2.35275 

HBG1 /// HBG2 0.515449 2.34994 
MYH11 0.707092 2.34689 
MITF 0.456113 2.34545 

AKR1B10 0.600764 2.34349 
NSUN6 0.384579 2.34208 

HIST1H3B 0.677011 2.33827 
PLBD1 0.46688 2.33697 
EEPD1 0.543718 2.33103 
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PLA2G16 0.438382 2.32957 
IGFBP5 0.402948 2.32474 

PVR 0.0923591 2.32472 
STOM 0.257365 2.32427 

FAM132B 0.513525 2.32238 
FLJ36031 0.455724 2.32063 

FABP1 0.77992 2.31953 
SYNGR2 0.362938 2.31776 

DUXAP10 0.484377 2.3176 
RERG 0.516339 2.31697 
SVEP1 0.480448 2.31489 
C2CD3 0.312634 2.31476 

CYP24A1 0.579815 2.31451 
CHN2 0.514707 2.31078 
PADI2 0.68883 2.31038 

SLITRK5 0.685489 2.30956 
TLR3 0.640901 2.30473 
SDK1 0.280731 2.30399 

MYO10 0.312634 2.30348 
TNFSF18 0.513468 2.30334 
RGNEF 0.333646 2.30046 
EDNRA 0.643609 2.30007 
RAB27B 0.618335 2.29943 

ISL1 0.484351 2.29743 
DCN 0.630604 2.29711 

SEMA3A 0.656663 2.29532 
KCNE1 0.512787 2.29457 
CLIC6 0.794827 2.29173 
DIO2 0.520513 2.29099 

NHSL1 0.243099 2.28994 
C2CD2 0.342939 2.28919 

LOC401097 0.688555 2.28665 
CYP2B6 0.655758 2.28634 

MAGEA3 0.734883 2.28596 
SIK1 0.43944 2.28576 
DTX4 0.513385 2.28529 

FLJ39632 0.598819 2.28345 
KRTAP4-12 0.51857 2.28258 

MBP 0.429151 2.27986 
CCDC69 0.441786 2.27713 
MYH10 0.533027 2.27662 

TSPAN12 0.42962 2.27533 
ANKH 0.44266 2.2748 
MCAM 0.762705 2.27422 
SLC1A1 0.506987 2.27371 
CD274 0.538063 2.26694 

LOC100291393 /// SHC2 0.368585 2.26555 
PMAIP1 0.624634 2.26356 

CABLES1 0.467622 2.26277 
RHOBTB3 0.32398 2.26179 

SCN5A 0.464413 2.25983 
GJD3 0.640644 2.25673 

FKBP1A 0.352211 2.25231 
PM20D2 0.278827 2.25186 

LYN 0.357139 2.25021 
FCGR2A 0.281029 2.24735 

GUCY1B3 0.538967 2.24521 
RRM2 0.59443 2.2415 

CABLES1 0.525405 2.24057 
TGFB2 0.7831 2.23932 



	

	 208	

CCL2 0.482233 2.23518 
FGF7 0.765746 2.23306 

FAM49A 0.425273 2.23242 
RSPO2 0.605038 2.22705 
RGNEF 0.383429 2.22522 
GULP1 0.663648 2.22323 
FZD4 0.476083 2.21992 

ABCG1 0.462196 2.21976 
GYG2 0.592624 2.21973 
TGFB2 0.805866 2.21868 

PRICKLE1 0.523314 2.21679 
MYO10 0.276011 2.21618 
RGNEF 0.384619 2.21561 

RASL11B 0.481526 2.21532 
TUBA4A 0.381552 2.21509 
DCBLD1 0.308633 2.21049 

CGA 0.409612 2.21009 
SLC19A1 0.200874 2.20892 
ANXA3 0.784453 2.20358 

LOC100507197 0.514707 2.20342 
XIST 0.894582 2.20025 

RCAN1 0.312634 2.19982 
GKAP1 0.180877 2.19953 
TTC9 0.177082 2.19753 

NT5C2 0.352536 2.19593 
NAV3 0.13716 2.19583 

MYH11 0.692802 2.19516 
ERG 0.57958 2.19408 

KLK10 0.78696 2.19368 
VWA5A 0.533953 2.19346 
PLCXD3 0.616332 2.19228 

LOC645513 0.424777 2.19038 
LOC643650 0.611673 2.19034 

MPZL3 0.551268 2.18867 
ITGB3 0.478859 2.18825 
ITGA2 0.332578 2.18516 
TPD52 0.536534 2.18509 
STC1 0.728695 2.18381 

TMEM56 0.460182 2.18073 
TGFB2 0.798786 2.17998 

COL14A1 0.862228 2.17931 
FLJ23867 /// QSOX1 0.281029 2.1792 

ZNF238 0.590032 2.17754 
PID1 0.772557 2.17753 

LOC285043 0.46688 2.17526 
TSIX 0.887485 2.1719 

SSX2IP 0.464413 2.17121 
ZNF280B 0.523314 2.17112 
TNNT2 0.308611 2.16917 

MCOLN3 0.512356 2.16062 
HSPA12A 0.530866 2.15999 

HBB 0.555164 2.15976 
DIO2 0.426166 2.15775 

MAP3K9 0.360227 2.15665 
MRVI1 0.536696 2.15552 
KIF13B 0.527745 2.15284 
SYT15 0.210938 2.14927 
GMPR 0.394708 2.14921 
TAP2 0.418798 2.14909 

SGMS2 0.251415 2.14735 
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CLEC2B 0.821271 2.1462 
METTL7A 0.688792 2.14588 

MYEF2 0.42617 2.14541 
SLC39A8 0.549891 2.14525 

ACSL5 0.511048 2.14482 
C2CD3 0.321497 2.1433 
RBP1 0.591799 2.14113 

NFE2L3 0.436845 2.14073 
STC1 0.652341 2.1404 

CORIN 0.657747 2.1401 
MYH10 0.524129 2.13773 
DSC3 0.538726 2.13691 

STIM2 0.504834 2.13686 
IGFBP7 0.640382 2.13508 
BHMT 0.717359 2.13354 
ASPN 0.640335 2.13322 
HLX 0.312634 2.1326 

CARD6 0.737423 2.13033 
SOBP 0.479771 2.13021 

CACNB4 0.44266 2.12499 
GFRA1 0.797071 2.12309 
NFASC 0.740488 2.12168 

GABBR1 /// UBD 0.674396 2.11772 
SCARB1 0.198899 2.11715 

NRP2 0.401796 2.11607 
STC1 0.695663 2.1152 

DACH1 0.289738 2.11491 
SOX4 0.539963 2.11231 

MCAM 0.784489 2.11183 
LINGO2 0.674828 2.10973 
FILIP1L 0.312634 2.10841 
CACNB2 0.516339 2.10672 

EDN1 0.656924 2.10457 
LOC346887 0.42962 2.10419 

CDCP1 0.216704 2.10136 
SYNGR3 0.561747 2.10134 
MCTP2 0.512356 2.10115 
TRPV2 0.410168 2.09916 
TGM2 0.531439 2.09846 
XIST 0.894031 2.09809 
ETS2 0.617896 2.09789 

FAM155A 0.726493 2.09719 
DENND2A 0.680083 2.09388 

GLI2 0.479338 2.09255 
COL4A1 0.693884 2.09177 
PPARG 0.653343 2.09121 

MARCKSL1 0.606839 2.09007 
PEAR1 0.642886 2.08979 

DNAJC22 0.189034 2.08848 
SVIP 0.151716 2.08731 
TSLP 0.325761 2.0858 
AGR2 0.7831 2.08368 

MLXIP 0.312634 2.08344 
SVIP 0.358312 2.08078 
HBB 0.522389 2.08016 

MAP3K5 0.590032 2.0786 
HIST1H2BC 0.450915 2.07751 

NPC1 0.356595 2.07329 
CSF1 0.703685 2.07301 

MAP3K4 0.462615 2.073 
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MYEF2 0.352211 2.07087 
RNF207 0.456426 2.07002 
MLLT11 0.580928 2.0677 
PPP1R9A 0.554572 2.06737 

ROR2 0.599468 2.06735 
FAM46C 0.657621 2.06685 

ANKH 0.374882 2.06517 
C18orf1 0.44287 2.06372 
CLMN 0.336064 2.06362 

PLEKHA6 0.542102 2.06232 
CDK1 0.673391 2.06079 
SOX4 0.535086 2.06059 

SLCO3A1 0.491434 2.06015 
ARMC9 0.251415 2.05935 

SLC39A8 0.561587 2.05749 
CACNB2 0.457182 2.05682 
RAB27B 0.620106 2.05675 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

	 211	

Table A2 

List of 500 most significantly down regulated genes in myofibroblasts (up regulated in 

fibroblasts), sorted by fold change.  Fold change given as myofibroblast versus 

fibroblasts. P value adjusted for multiple testing using false discovery rate FDR step up 

 
Gene Symbol Step-up p-value Fold change 

SHOX2 3.27E-05 -90.0583 
EMX2 0.16011 -41.3154 
HSPB3 0.0923591 -31.7363 
NRN1 0.276497 -29.3723 
ENPP2 0.189034 -27.0332 
IRX3 0.0633998 -25.4563 

EMX2OS 0.212688 -19.4846 
HOXC9 0.102606 -18.0624 
ABI3BP 0.341351 -17.0706 

EMX2OS 0.295898 -16.8398 
XG 0.457836 -15.6047 

HOXC6 0.163968 -13.1176 
LHX9 0.371414 -12.648 

GALNT6 0.289738 -12.4271 
ODZ2 0.457182 -12.2478 

SHOX2 0.0256099 -12.2001 
LOC255480 0.0925492 -10.4749 

MME 0.277062 -10.2391 
IRX5 0.123038 -10.1077 
EBF1 0.402948 -10.0766 
DSP 0.248627 -10.0405 

TBX5 0.0332817 -9.89776 
PCOLCE2 0.436845 -9.79488 

C8orf4 0.262515 -9.72471 
DPT 0.507665 -9.71594 

KCNK2 0.451856 -9.67696 
CPXM2 0.186288 -9.1272 
CXCL12 0.242013 -9.02177 

LOC255480 0.179521 -8.98478 
C4orf31 0.389007 -8.9121 

TMEM119 0.37779 -8.78868 
ADAMTSL1 0.312634 -8.30959 

ZNF385D 0.395277 -8.19194 
RNF182 0.309855 -8.17029 

CA12 0.212688 -7.93759 
GRIA3 0.369188 -7.92727 

CRABP2 0.21889 -7.9178 
SIM1 0.401796 -7.78903 
OSR2 0.456113 -7.54653 

MAB21L1 0.38174 -7.40066 
CRNDE 0.140615 -7.37438 
HAPLN1 0.418768 -7.3635 
COL5A3 0.317493 -7.25658 
TBX15 0.328244 -6.92077 
PRRX1 0.165137 -6.8539 

XG 0.396 -6.83833 
HAPLN1 0.485139 -6.78931 
TFAP2A 0.623209 -6.75581 
AGTR1 0.374962 -6.57164 
CRNDE 0.151716 -6.49175 
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HOXC8 0.401944 -6.42922 
ENPP2 0.334975 -6.38094 

DPT 0.525649 -6.37959 
FBLN2 0.362561 -6.28975 
WNT16 0.323323 -6.27383 
LRRC15 0.480448 -6.25156 

EN1 0.356469 -6.23758 
DPT 0.523314 -6.1893 

COL5A3 0.323323 -6.02269 
TRPC4 0.342662 -5.96567 
AGTR1 0.356469 -5.9374 
ANPEP 0.221097 -5.90844 
ENPP1 0.281029 -5.87957 

MXRA5 0.445149 -5.84659 
ADAMTSL1 0.323323 -5.79746 
CCDC85A 0.560492 -5.79283 

APOD 0.382567 -5.7759 
GABBR2 0.481187 -5.77533 
CXCL12 0.402621 -5.73196 

KRTAP1-1 0.165137 -5.72326 
CA12 0.204974 -5.71901 

ADAMTSL1 0.312634 -5.68792 
FOXD1 0.459679 -5.67583 
SLIT3 0.438158 -5.67531 

PODXL 0.370052 -5.64091 
MME 0.301318 -5.6307 

ADRA2A 0.515449 -5.62117 
PRELP 0.314578 -5.57423 
SCIN 0.44266 -5.51624 
CA12 0.203986 -5.44362 

WISP2 0.455724 -5.42964 
TFAP2A 0.621471 -5.4283 
ENPP1 0.276497 -5.42045 
EBF1 0.42876 -5.37205 

TNFRSF19 0.340692 -5.34076 
C11orf41 0.242013 -5.33102 
DNAJC6 0.312634 -5.31572 

TBX5 0.156187 -5.28356 
NLGN1 0.291955 -5.24826 

LOC152742 0.0925492 -5.18281 
GRIA3 0.188732 -5.15273 
EBF1 0.425273 -5.14788 

PRRX1 0.212579 -5.10926 
HECW2 0.289738 -5.08738 
TRPC4 0.401944 -5.07594 
IL20RB 0.536534 -5.07404 

PCOLCE 0.206544 -5.07227 
ADAMTSL1 0.223148 -5.04909 

ELFN1 0.326497 -5.03923 
HAPLN1 0.432739 -5.0156 

HEPH 0.528826 -4.99707 
TGFA 0.444192 -4.99674 

FAM19A5 0.507432 -4.98807 
RUNX3 0.414957 -4.98694 

C11orf41 0.16571 -4.97528 
SIX1 0.530866 -4.93482 

KBTBD11 0.354471 -4.86815 
ADD2 0.533953 -4.86583 

GREM2 0.543055 -4.85921 
ENPP1 0.224884 -4.83497 
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EBF1 0.34683 -4.80912 
TOX2 0.459679 -4.80267 

KRT19 0.276497 -4.77993 
PAPPA 0.325761 -4.77871 
BEX1 0.40672 -4.76644 
SIM1 0.425273 -4.75604 

KRTAP1-5 0.470878 -4.74528 
KLF4 0.49171 -4.74508 

GREM2 0.517881 -4.71333 
SEMA5A 0.0925492 -4.67818 
FOXC1 0.352211 -4.66582 

ZIC1 0.512011 -4.64959 
LOC643401 0.458036 -4.64923 
FAM19A5 0.480315 -4.63385 
CLEC3B 0.342544 -4.5959 
INPP4B 0.321497 -4.58815 
TBX5 0.156187 -4.58719 

C11orf87 0.545763 -4.5524 
LOC339535 0.0925492 -4.47776 

FBLN1 0.321497 -4.46987 
BAALC 0.343335 -4.45979 

LOC100292909 0.344667 -4.43796 
DLX1 0.479771 -4.43307 

HLA-DPA1 0.516339 -4.4248 
EMILIN2 0.201218 -4.41587 
ZNF385D 0.452473 -4.40976 
NLGN1 0.342662 -4.3794 
GREM2 0.530909 -4.3473 
PAPPA 0.27113 -4.33375 
NTNG1 0.31293 -4.29021 
FOXL2 0.374962 -4.2729 

SERPINB2 0.519575 -4.26736 
PRELP 0.336641 -4.24449 

RUNX1T1 0.317493 -4.24331 
PAPPA 0.229194 -4.22418 
LHX2 0.670715 -4.22319 

RUNX1T1 0.165137 -4.21876 
PRRX2 0.204974 -4.21785 

TNFRSF19 0.291873 -4.20328 
GRIA3 0.243099 -4.2017 
JAG1 0.548079 -4.19982 

KRT19 0.208395 -4.19702 
PLXNC1 0.31835 -4.17235 
BAALC 0.221879 -4.17067 

GABBR2 0.42962 -4.15849 
LOC100506697 0.323323 -4.15331 

THRB 0.570618 -4.14879 
SEMA5A 0.180877 -4.14057 

IRX1 0.436859 -4.14034 
CYP27C1 0.317493 -4.12445 

PLAC9 0.364882 -4.10889 
LDB2 0.389426 -4.08079 
MSX1 0.248627 -4.0728 

SLC7A14 0.635972 -4.06157 
NES 0.471111 -4.05656 

ADAMTSL4 0.537374 -4.01841 
HOXC10 0.581188 -3.99653 

LOC644246 0.402948 -3.98078 
SLC7A14 0.56849 -3.97416 
HOTAIR 0.65266 -3.96438 
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GRIA3 0.281029 -3.94565 
GALNT6 0.316578 -3.92354 
GABBR2 0.455589 -3.92343 
FBLN1 0.312634 -3.91826 
TBX3 0.442135 -3.90393 

LOC400043 0.645488 -3.89408 
CRIP1 0.468393 -3.89188 

RUNX1T1 0.212579 -3.88206 
ENPP1 0.204974 -3.87446 

MARVELD2 0.156187 -3.80975 
SHOX 0.50428 -3.80105 
DLX2 0.57958 -3.78829 

TWIST2 0.355561 -3.78206 
STAC 0.481701 -3.77948 
DKK1 0.382262 -3.7612 

C11orf87 0.577527 -3.76014 
CYP1B1 0.616376 -3.74782 

LPXN 0.551555 -3.73017 
PAPPA 0.218814 -3.71873 

KIAA1217 0.396173 -3.71862 
SASH1 0.102606 -3.69938 

C13orf18 0.208526 -3.66193 
IRX2 0.116364 -3.65257 

ADCY4 0.351643 -3.64295 
JAG1 0.516339 -3.64049 

TFAP2C 0.61022 -3.6404 
RUNX3 0.415579 -3.6217 
MLPH 0.357631 -3.61716 
BGN 0.429728 -3.61527 

LOC644246 0.453827 -3.60093 
FLT1 0.685473 -3.5929 

MFAP2 0.389426 -3.58821 
LPPR4 0.639953 -3.58654 
LDB3 0.593355 -3.58105 

FOXC1 0.222212 -3.58021 
PAPPA 0.256986 -3.55752 

GABBR2 0.419505 -3.55477 
GUCY1A2 0.321497 -3.54848 

MARVELD2 0.276497 -3.5433 
FOLR3 0.347481 -3.53319 

TWIST2 0.437726 -3.52868 
LOC100505880 0.0982316 -3.52537 

PLXNC1 0.374967 -3.52398 
FLT1 0.696602 -3.51398 
DNM1 0.224884 -3.5136 

DOCK10 0.341644 -3.50782 
CACNA1A 0.234231 -3.49571 

XGPY2 0.448696 -3.48119 
TGFBR3 0.533996 -3.47476 

GAS1 0.326497 -3.47426 
OLFML2B 0.490661 -3.46858 

VIM 0.298813 -3.46221 
TBX18 0.42962 -3.45663 

C11orf41 0.281029 -3.44977 
MEGF6 0.475936 -3.44169 

APCDD1 0.450217 -3.43893 
ALDH3A2 0.328981 -3.4299 

CA12 0.165292 -3.42942 
TWIST1 0.0925492 -3.41308 
TRHDE 0.665999 -3.40453 
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HDAC9 0.201218 -3.39851 
SSTR1 0.421441 -3.39701 
CADPS 0.450806 -3.39296 
PAPPA 0.323323 -3.38854 

KIAA1217 0.437007 -3.38198 
FSTL1 0.16571 -3.37264 
PRLR 0.558779 -3.36807 

SHOX2 0.0547385 -3.35892 
HOMER2 0.180339 -3.34646 
FAM19A5 0.531439 -3.3464 

LOC100287387 0.403893 -3.34533 
EPB41L3 0.667125 -3.33707 

LY6K 0.617142 -3.32878 
EMILIN2 0.243099 -3.32184 

JAG1 0.533996 -3.32122 
CSMD2 0.251197 -3.30962 
TRPC4 0.346751 -3.3088 
RAGE 0.278827 -3.30858 

MIR214 0.384095 -3.30703 
PLCE1 0.106667 -3.29877 

FN1 0.323323 -3.28735 
RIPK4 0.534034 -3.27448 
THRB 0.590735 -3.27318 

DCLK1 0.678308 -3.26257 
IGDCC4 0.539163 -3.25682 

MSX1 0.281029 -3.23321 
LOC730101 0.308633 -3.23112 

AKAP6 0.225734 -3.22956 
BGN 0.332578 -3.22151 

INPP4B 0.44848 -3.21986 
LOC100510557 /// MUC6 0.317493 -3.21066 

CYP1B1 0.660196 -3.19766 
LOC100134259 0.499872 -3.17717 

GALNTL2 0.529679 -3.17515 
RNF150 0.102606 -3.1744 

CCDC102B 0.702443 -3.16369 
HOXC4 0.394706 -3.1601 
SASH1 0.153448 -3.1494 
BGN 0.341863 -3.14764 
FN1 0.276816 -3.14053 

ABI3BP 0.498762 -3.13714 
HOXC11 0.595375 -3.13174 

NGF 0.102606 -3.12829 
ADAMTS6 0.545495 -3.1261 

CXXC5 0.232047 -3.12397 
ALDH3A2 0.312634 -3.11823 

BEND6 0.381427 -3.1044 
C11orf87 0.604 -3.06542 
PLCE1 0.117775 -3.06307 
AKAP6 0.318789 -3.06277 
CDON 0.463867 -3.04804 

SEMA5A 0.102606 -3.04003 
MYPN 0.235749 -3.03651 
LDOC1 0.562117 -3.03592 
JAG1 0.638598 -3.02919 
NRG1 0.452392 -3.0286 

C13orf15 0.507665 -3.01426 
SRY 0.519444 -3.00241 

STEAP1 0.545495 -2.99914 
LNX1 0.545763 -2.99601 
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ANK1 0.348379 -2.99063 
MYO1D 0.68282 -2.98962 
NRG1 0.495039 -2.97376 

MGC87042 0.2985 -2.97308 
EFNB2 0.691301 -2.97125 

APBB1IP 0.536733 -2.96512 
CDH8 0.518676 -2.96171 
RGN 0.52598 -2.94998 

FRMD3 0.484289 -2.94647 
LOC100288092 0.383429 -2.94646 

VIT 0.589271 -2.94191 
GLIS1 0.48465 -2.93239 
USP9Y 0.778859 -2.92759 

TNFRSF19 0.312634 -2.9248 
CNTN3 0.512763 -2.9208 
CH25H 0.701511 -2.91979 
TRPC4 0.235749 -2.91557 

GRP 0.683572 -2.90964 
CST6 0.382567 -2.90601 

EGFL6 0.617242 -2.90061 
HAPLN1 0.437007 -2.89645 

TBX3 0.441287 -2.89606 
LGR4 0.562314 -2.88383 

PAPPA 0.312089 -2.88059 
TBX3 0.406474 -2.87991 

ADAMTSL1 0.297717 -2.8765 
CADPS 0.47112 -2.86981 
CCRL1 0.631809 -2.86555 
HDAC9 0.495147 -2.86112 
ANK1 0.448407 -2.85931 
SCIN 0.489738 -2.8473 

CXXC5 0.308633 -2.84625 
EFCAB2 0.259893 -2.82833 
MEGF6 0.314008 -2.82829 
SOX11 0.686804 -2.8224 
LGR4 0.53068 -2.81231 

LRRC15 0.579816 -2.79814 
ALDH3A2 0.318191 -2.79644 

FCRLA 0.141013 -2.78894 
OXTR 0.41632 -2.78482 
SLIT2 0.635501 -2.76994 

CYP1B1 0.680322 -2.76956 
FAM101A 0.392319 -2.75099 
TGFBR3 0.559055 -2.74911 
C1orf53 0.286903 -2.7488 
SOX9 0.612081 -2.74579 
CAPG 0.3579 -2.73986 
EFNB2 0.599192 -2.73945 
JAG1 0.601438 -2.73346 

SASH1 0.251415 -2.73181 
TNC 0.611704 -2.73005 

GLT8D2 0.402948 -2.71348 
ALDH3B1 0.457836 -2.70991 

MATN2 0.342939 -2.70553 
PITX2 0.429628 -2.69845 

KRTAP1-3 0.430186 -2.69609 
TBX18 0.476083 -2.68826 

WNT5A 0.485139 -2.68547 
TBX3 0.422948 -2.68394 

ZNF521 0.511305 -2.67888 
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TBX3 0.414771 -2.67708 
SIX2 0.702296 -2.67685 

MOCOS 0.312634 -2.67475 
CD248 0.314398 -2.65597 
ABCA6 0.452473 -2.65361 
QPCT 0.486182 -2.653 

PTGFR 0.365257 -2.65243 
POSTN 0.831829 -2.6494 
NIPAL2 0.407996 -2.64735 

NES 0.494295 -2.64251 
ADAM12 0.700659 -2.63994 

NRP1 0.438407 -2.63709 
GPNMB 0.436845 -2.63535 
PTGFR 0.453547 -2.62726 
NRG1 0.516981 -2.62657 

IGF2BP3 0.635753 -2.62447 
HOXD10 0.561844 -2.62355 

FMN2 0.507417 -2.62213 
ZEB2 0.427131 -2.61908 
FMN2 0.488207 -2.61898 
NTF3 0.411617 -2.61464 

CACNA1C 0.497964 -2.61145 
PRLR 0.598819 -2.59881 

C10orf114 0.289738 -2.59835 
CPXM2 0.382616 -2.5933 

FLT1 0.686854 -2.59309 
C8orf79 0.456113 -2.58649 
TGFA 0.44266 -2.57654 
PDE1C 0.74839 -2.57251 
TBX3 0.390368 -2.55558 

CYP7B1 0.529572 -2.55387 
NAP1L3 0.28333 -2.54609 
TRNP1 0.402948 -2.5394 
VEPH1 0.416211 -2.5383 
FBLN1 0.312634 -2.53352 

PITPNM3 0.523374 -2.53348 
KCNC4 0.444825 -2.53319 

SIPA1L1 0.457182 -2.53131 
APCDD1L 0.459679 -2.52951 

FST 0.352536 -2.52919 
GRIA3 0.289738 -2.52676 

TFAP2C 0.642647 -2.52602 
SYTL2 0.489806 -2.52257 

HOXD11 0.525449 -2.52016 
KLF4 0.508341 -2.51944 

SYNPO2 0.520513 -2.51671 
MAFB 0.525124 -2.51611 

FAM119A 0.360244 -2.51489 
CXXC5 0.312634 -2.51399 
SHISA2 0.665097 -2.50828 

CDC42EP5 0.0925492 -2.5057 
PDZRN3 0.447738 -2.50133 
SGK223 0.521985 -2.49553 
STAT4 0.295837 -2.48674 

LYPD6B 0.755296 -2.48541 
KCNJ6 0.618335 -2.48279 

LOC79015 0.491887 -2.48193 
S100A4 0.462959 -2.47968 
TCEA3 0.201218 -2.47688 

SYNPO2 0.505701 -2.47687 
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LOC730091 0.309855 -2.47452 
KIAA1958 0.552305 -2.4741 
OPCML 0.523919 -2.47384 
AEBP1 0.177082 -2.46519 

SIPA1L2 0.412875 -2.46111 
GLYATL2 0.295898 -2.46007 

SYTL2 0.558779 -2.45259 
SEMA3F 0.412875 -2.45232 

UBL3 0.303456 -2.45176 
FRMD3 0.510229 -2.45138 
MOCOS 0.286896 -2.4503 
CCNYL1 0.592239 -2.44373 
TRIM16 0.396173 -2.44215 
PLCL1 0.346014 -2.44187 

PPP1R14C 0.520919 -2.43827 
POSTN 0.840191 -2.43794 

ARHGEF40 0.0925492 -2.43654 
WIPF1 0.280731 -2.43533 
IRX2 0.320961 -2.43316 

C6orf132 0.383429 -2.43158 
LPCAT2 0.491706 -2.43097 
SLC43A3 0.493163 -2.42971 
ACTC1 0.753429 -2.42332 
FBLN7 0.432818 -2.42232 

GPNMB 0.36167 -2.41973 
KIAA1549 0.396634 -2.41724 

GATA2 0.560077 -2.41662 
COL8A1 0.711097 -2.41587 
FILIP1 0.401796 -2.41516 
KITLG 0.312634 -2.41213 
GAS1 0.201218 -2.40974 

VEPH1 0.190858 -2.40956 
C8orf84 0.734446 -2.40709 

PARD6G 0.493181 -2.40657 
SLC44A1 0.303225 -2.40436 
RPS4Y1 0.876331 -2.39831 
VEPH1 0.243099 -2.39252 

TMEM132D 0.618335 -2.38819 
BVES 0.39549 -2.38645 

ADAMTSL1 0.410284 -2.38639 
ADAM12 0.734569 -2.38032 
ABI3BP 0.550471 -2.37412 
DUSP4 0.522171 -2.37398 

KDM5D 0.745944 -2.3739 
SOX11 0.728046 -2.37 
ZNF521 0.566405 -2.36481 

LIPC 0.573113 -2.36218 
TNIP3 0.365678 -2.36208 

RUNX1T1 0.276011 -2.35408 
BEND6 0.412875 -2.35371 
IRAK3 0.437007 -2.35204 

EIF1AY 0.881279 -2.35102 
RIPK3 0.479884 -2.34894 

FAM110B 0.533625 -2.34842 
METRNL 0.445149 -2.34815 
SETBP1 0.443295 -2.34649 

FLT1 0.703475 -2.34641 
FAM162B 0.655284 -2.34222 
GALNTL1 0.52299 -2.34151 

LOC100128252 0.441248 -2.34074 
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SYNPO2 0.56361 -2.33864 
PRLR 0.558779 -2.33517 
PSG2 0.702443 -2.33449 
EHD3 0.102606 -2.33348 

CYorf15B 0.640473 -2.32902 
PRR16 0.478859 -2.32764 
SOCS5 0.300633 -2.324 
SSTR1 0.389426 -2.31512 
ISLR 0.804844 -2.31351 

CECR1 0.730378 -2.30862 
ADAM33 0.462377 -2.30843 
EPB41L3 0.691815 -2.30783 
NFATC4 0.234231 -2.3069 
SLC7A8 0.52228 -2.30544 
PDGFA 0.56662 -2.30416 
SOX11 0.71851 -2.30338 

 
 


