
 

 

 

 

 

 

 

 

 

 

 

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 

(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 

terms and conditions of use: 

• This work is protected by copyright and other intellectual property rights, which are 

retained by the thesis author, unless otherwise stated. 

• A copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. 

• This thesis cannot be reproduced or quoted extensively from without first obtaining 

permission in writing from the author. 

• The content must not be changed in any way or sold commercially in any format or 

medium without the formal permission of the author. 

• When referring to this work, full bibliographic details including the author, title, 

awarding institution and date of the thesis must be given. 

 



 

 

Novel targets of the Wilms’ tumour 1 gene (

MRC Human Genetics Unit at the Institute of Genetics and Molecular 

College of Medicine 

 

 

Novel targets of the Wilms’ tumour 1 gene (Wt1) in the epicardium 

during development 

 

Victor Leonardo Velecela Chuquilla 

Presented for the degree of PhD 

MRC Human Genetics Unit at the Institute of Genetics and Molecular 

Medicine 

College of Medicine and Veterinary Medicine

University of Edinburgh 

2012 

 

   

i 

) in the epicardium 

MRC Human Genetics Unit at the Institute of Genetics and Molecular 

and Veterinary Medicine 

 



ii 

 

Declaration 

This thesis has been entirely composed by me. The experiments were performed 

solely by me except where stated. The work has not been submitted for any other 

degree or professional qualification. 

 

 

 

Victor Leonardo Velecela Chuquilla, May 2012 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

Abstract of thesis  

 

Cardiovascular and heart diseases are the leading causes of death worldwide. In 

mammals, when heart damage occurs this organ is unable to regenerate itself. 

Understanding how to induce a regenerative process has been the focus of a great 

deal of attention recently. The understanding of heart development and the initial 

formation of several heart lineages could be used in finding a regenerative approach 

to heart damage that can mimic developmental processes. 

The Wilms’ tumour 1 gene (Wt1) is essential in the epicardium, the outer layer of 

cells around the heart, which during development has a multipotent potential and is 

the source of progenitors for several heart cell lineages such as: cells of the coronary 

vasculature, fibroblasts and cardiomyocytes. In my thesis I have focused on using an 

in-vitro (immortalized epicardial cells where Wt1 can be deleted by adding 

tamoxifen), and an in-vivo approach (genome wide expression analyses of Wt1 

control and Wt1 knock-out epicardial enriched cells), to identify novel targets of Wt1 

in the epicardium during development. 

I found that the chemokines Cxcl10 and Ccl5 are up-regulated in tamoxifen induced 

immortalized Wt1 knock-out epicardial cells and ex-vivo in heart explants when Wt1 

is down-regulated. Ccl5 was found to be able to inhibit cardiomyocyte proliferation 

and Cxcl10 also inhibited epicardial cell migration, which could further explain 

ventricular thinning in Wt1 mutant mouse hearts. Wt1 is able to bind directly to the 

promoter of a chemokine and interferon response regulator gene, Irf7, which is also 

up-regulated in our in-vivo model. This could provide a mechanism by which Wt1 

can inhibit chemokine expression during development, and could link Wt1 with 

immunological responses, which recently have been shown to play a role in the 

physiology and development of cells outside immunity, as well as being involved in 

physiological roles during damage and repair in adult tissues. 

I have also identified two Wt1-GFP populations (Wt1GFP++ and Wt1GFP+) in the 

ventricles of Wt1-GFP knock-in mice. The Wt1GFP++ population is enriched for 

epicardial cells, and a genome wide transcriptome analysis of these cells from E11.5 
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to E16.5 demonstrates they have a very dynamic regulation of a wide variety of 

genes, and also it indicates the existence of an early, transient and late Wt1GFP++ gene 

expression programs. 

The transcriptome analysis of Wt1GFP++ control and Wt1GFP++ Wt1 knock-out cells, 

from Gata5-Cre Wt1loxP/gfp mice at E13.5, reveals that Wt1 could regulate a number 

of previously un-described Wt1 targets related to the early Wt1GFP++ program, and 

gene ontology analyses indicate that many targets are related to cell to cell signalling 

and interaction, cell to extracellular matrix interaction, tissue development and 

morphogenesis. The Wt1GFP+ cell population is positive for a number of 

cardiomyocyte specific markers and has a low or negative expression of endothelial, 

epithelial and mesenchymal markers according to my transcriptome analysis.  

The findings I have described here shed light on the variety of targets of Wt1 and 

further reveal the function of Wt1 during epicardial development, which could be 

used in finding a regenerative approach to heart disease. 
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1.1 Introduction to heart development  

 

The heart is the first organ to be formed in vertebrates and together with blood 

vessels constitutes the first highly functional system to be established during 

development. The cardiovascular system is important for the transport of oxygen, 

nutrients and hormones to cells around the body and the release of cellular waste 

products into the circulation. The need for a cardiovascular system that carries out 

these functions increases as development progresses and embryo morphogenesis 

takes place. 

The early heart is a tubular structure with two layers: the inner lumen of the heart or 

endocardial layer and the outer myocardial layer. The early endocardium plays 

complex and critical roles, primarily in the formation of cardiac valves and septa and 

in vascular homeostasis (Harris & Black, 2010); whereas the myocardial layer goes 

on to form the musculature of ventricles and atria.  

Early on the heart tube does not contain all the cellular components of the mature 

heart, other myocardial and endocardial progenitors also originate from a source 

outside the heart tube, known as the second heart field (SHF), and become recruited 

to the heart tube poles (Buckingham, Meilhac, & Zaffran, 2005). After heart tube 

formation looping then takes place which constitutes the adoption of a rightward 

spiral form that is subsequently followed by proliferation and differentiation of cells 

that occupy the different chambers, figure 1.1.  

After cardiac looping and chamber formation an epicardium layer is formed during 

midgestational heart development which adds more cellular components to the early 

heart from an extra-cardiac source. Epicardial cells have a mesothelial origin and 

migrate from the proepicardium located outside the early heart tube. Cells from the 

proepicardium then migrate and shroud the heart with a single layer of cells around 

stage E11 in mice. Cardiogenesis cannot be complete without the epicardium; 

however this layer of cells is the least studied at the cellular level. Recent findings 

have started to reveal the role of this important layer of cells during development 

since they have now been shown to be progenitors for a number of cells such as: 
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smooth muscle cells, fibroblasts, endothelial cells and cardiomyocytes; also they 

serve as a source for growth factors needed for heart development. These roles of the 

epicardium complement its initially attributed role as a protective cell layer; however 

the exact role of the epicardium still needs to be discerned as well as the mechanisms 

by which it carries out its functions.  

 

1.2 Early cardiogenesis 

 

The complete formation of the heart takes place during a long period of time that 

spans many development stages, and the mature heart is derived from different 

populations of cells, some of which migrate from outside the initial cardiogenic 

field.  

The initial myocardial progenitors originate from delaminated cells of the epiblast in 

the primitive streak that go on to form the primary heart tube. Amniote heart 

development has been studied mainly in mouse and chick. In these model systems it 

has been shown that early heart development begins with the ingression of cells from 

the primitive streak that later forms bilateral heart fields, figure 1.1 a. These heart 

fields fuse together to form a cardiac crescent that gives rise to the early heart tube, 

figure 1.1 b. Cells from the second heart field then migrate to the heart tube poles to 

further provide the heart with more myocardial and endocardial progenitors, figure 

1.1 c. Cardiac looping and establishment of the different cardiac chambers then takes 

place, figure 1.1 d and e. Finally, during midgestational heart development cells of a 

mesothelial origin migrate from the proepicardium outside and shroud the early 

heart, and these cells are the source of cardio vasculature, fibroblast and possibly 

cardiomyocyte progenitors.  



4 

 

 

Figure 1.1. Early morphogenesis of the mouse heart 

a) primitive streak ingression and migration to the lateral splanchnic plate mesoderm to form 

two cardiogenic regions, b) the cardiogenic regions then fuse at the midline and form a 

continuous ‘cardiac crescent’, c) the ‘cardiac crescent’ then fold around itself to form the 

primitive heart tube where the arterial and venous poles can already be seen and the second 

heart field contributes with more heart progenitors through these heart poles, d) in mice, once 

the primitive heart tube is formed it immediately undergoes ‘looping’ and this starts the process 

of chamber differentiation, e) a fully formed four chambered heart can be observed. Modified 

from Buckingham et al (Buckingham et al., 2005). 
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1.2.1 The cardiogenic mesoderm  

 

Myocardial progenitors can be traced to around 50 cells of the epiblast in the early 

gastrula, in two patches at both sides of the midline and close to the cranial part of 

the forming primitive streak at E6.5 in mice. During gastrulation cells from the 

epiblast located at the anterior portion of the primitive streak migrate cranially and 

laterally to the most lateral part of the trajectory residing in the lateral plate 

mesoderm (Buckingham et al., 2005).  

Most cardiac progenitors can be traced to the early epiblast and it has been found that 

the more anterior (cephalic) heart progenitors in the primitive streak give rise to the 

more anterior components of the heart tube or arterial pole, while the more posterior 

progenitors of the primitive streak preferentially give rise to the posterior domains of 

the heart primordium at the venous pole or cardiac inflow (Abu-Issa & Kirby, 2007). 

Although tracing of these early progenitors has revealed a direct correlation between 

primitive streak and the anterior posterior domains, the progenitors themselves are 

thought not to be specified to become part of either the anterior or posterior poles, as 

shown by early experiments in which precardiac mesodermal cells are rotated 180 

degrees with respect to their original position without aberrant patterning of the heart 

(Oi, 1968). The pre-patterning in the primitive streak can be described as a tendency 

of cells to contribute to specific regions of the heart (Garcia-Martinez & Schoenwolf, 

1993). It may be that the specification of these early myocardial progenitors is 

guided by signals coming from external non-cardiogenic cells that surround the 

cardiac crescent and pharyngeal endoderm (Muñoz-Chápuli & Pérez-Pomares, 

2010). One of the possible candidates for this function is retinoic acid, which is a 

derivative of vitamin A and plays a role in the segmentation of the anterior and 

posterior poles through the exposure of progenitors to low or high levels of retinoic 

acid respectively, so these early cardiac progenitors are not fully committed to a 

cardiac lineage since they could still be transplanted to a different location in the 

epiblast to give rise to a different tissue (Garcia-Martinez, López-Sanchez, Darnell, 

& Schoenwolf, 1996).  
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There are a number of molecular factors that can induce the mesoderm to 

differentiate into heart tissues. Many of these signals have a pharyngeal endoderm 

origin and include members of the Transforming growth factor beta family (Tgfβ), 

such as Bmp2, Bmp4, Tgf-βs and activin (Lough & Sugi, 2000), fibroblast growth 

factor (Fgf) families members, such Fgf2, Fgf4 and Fgf8 (Alsan & Schultheiss, 2002; 

Lopez-Sanchez, Climent, Schoenwolf, Alvarez, & Garcia-Martinez, 2002; Sugi & 

Lough, 1995) and Sonic hedgehog (Shh) (X. M. Zhang, Ramalho-Santos, & 

McMahon, 2001). Other signals include Wnt antagonists from a non mesodermal 

source, such as Dkk-1 and Crescent, which also stimulates cardiomyocyte 

differentiation (Schneider & Mercola, 2001), whereas Notch signalling within the 

pre-cardiogenic mesoderm itself can inhibit differentiation towards a myocardial cell 

fate (Rones, McLaughlin, Raffin, & Mercola, 2000).  

 

1.2.2 Formation of cardiac crescent  

 

Around stage E7 in mice the myocardial progenitors that originate from the primitive 

streak stop migrating once they have reached the lateral plate mesoderm. This plate 

subsequently divides into two layers: the splanchnic and somatic mesoderm. The 

somatic mesoderm gives rise to the future body wall whereas the splanchnic 

mesoderm provides the bulk of the atrial and ventricular myocardium and conductive 

tissue (Abu-Issa & Kirby, 2007). 

Two splanchnic mesoderm regions are formed, also known as bilateral heart fields, 

which later will give rise to the myocardium. They are separated from each other at 

the midline in the chick embryo at the Hamburger and Hamilton (HH) stage HH5 

whereas in the equivalent stage in the mouse embryo they are adjacent to each other 

at the midline at stage E7, figure 1.1 a.  

In mice the bilateral heart fields meet cranially at the midline and fuse into a crescent 

or ‘horseshoe’ shape at E7.5, figure 1.2, whereas in the chick they remain separate up 

to HH11 when bilateral heart fields converge to form a heart tube that is elongated 
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and begins looping over several stages, figure 1.3. In mice however once the heart 

tube is formed it begins to loop immediately to form a short and looped heart tube by 

E8.5 (Buckingham et al., 2005). 

Cardiomyocyte differentiation can occur independently of the convergence of the 

bilateral fields of the cardiac crescent. The formation of two beating hearts, also 

known as cardia bifida can be caused by knocking-out Gata4 and Foxp4 or the 

inhibition of Rho kinases (Compernolle et al., 2003; S. Li, Zhou, Lu, & Morrisey, 

2004; L. Wei et al., 2001).  

 

1.2.3 The first and second heart fields 

 

The cardiac crescent, or first heart field, gives rise to the initial myocardial 

progenitors of the early heart tube and is the first site where myocardial transcription 

factors are detected and differentiation towards a myocardial lineage is initiated. The 

first heart field specifically contributes progenitors to the left ventricle.  

An important regulator of myocardial differentiation expressed in the cardiac 

crescent is the homeobox transcription factor Nkx2.5 which is continually expressed 

into the adult heart (Stanley et al., 2002). It was first discovered in Drosophila 

melanogaster where it is known as tinman. It is required for the differentiation of 

heart and visceral muscle, furthermore mice with Nkx2.5 disruption or gene knock-

outs cause lethality around E9 and abnormal heart formation (Bodmer, 1993; Lyons 

et al., 1995).    

Nkx2.5 null cells are not completely compromised for the cardiomyocyte lineage in 

mice (Park, Yaich, & Bodmer, 1998), however the first heart field lineage is 

disrupted as indicated by the loss of Hand1 (Lyons et al., 1995), which is normally 

expressed in the cardiac crescent and cells of the cardiac tube that mark the left 

ventricle; whereas Hand2 is still expressed which marks the right ventricle (H. 

Yamagishi et al., 2001). Hand1 itself is an important myocardial transcription factor 
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as shown by the failure of Hand1 null cells to contribute to the left ventricle 

(McFadden et al., 2000).  

The single disruption of genes such as Nkx2.5, Hand1, Tbx5 (Bruneau et al., 2001) 

and others has shown there is not a single gene that is vital for myocardial 

differentiation and instead there are a number of myocardial transcription factors that 

may be able to compensate each other, such as Mef2c whose function might be 

compensated by members of the same gene family (Lin, Schwarz, Bucana, & Olson, 

1997).  

The first heart field contributes left ventricular progenitors, however progenitors 

from a new region known as the second heart field have also been found. In table 1.1 

a list is shown of genes involved in the differentiation of the myocardium and their 

myocardial contribution to the heart. 

 

 

 

 

 

 

 

 

 

 

 

 



9 

 

 

 

 

Table 1.1 Genes involved in myocardial development.  

LV, left ventricle; RV, right ventricle; INF, inflo w region; OFT, outflow tract; A, atria. 

Modified from Buckingham et al. (Buckingham et al., 2005) 

Gene Expression  
Mutant phenotype in the 

cardiac tube 

 Crescent  
Second heart 

field  Cardiac tube  

Nkx2-5 YES YES YES 

Single atrial and ventricular 
compartments; loss of 
ventricular tissue; no Hand1 
expression 

Hand1 YES NO LV LV disrupted 

Tbx5 YES NO LV, A, INF 
Sinoatrial defects; hypoplastic 
LV 

Fgf10 NO YES NO No early phenotype detected 

Fgf8 NO YES NO OFT defects 

Tbx1 YES YES NO OFT defects 

Isl1 NO YES 
OFT, RV (LV), 

A, INF 

Single atrial and ventricular 
compartments; Hand1 and 
Tbx5 expression; no OFT; 
abnormal venous pole atria 

Foxh1 NO YES NO   
OFT reduced or absent; RV 
does not develop 

Mef2c YES YES YES 
OFT reduced; RV does not 
develop (Hand2 is down-
regulated); INF abnormalities 

Hand2 YES YES RV RV abnormalities 

Hand1/Hand2 YES YES RV/LV 
Only atrial chamber formed; 
no ventricles 

Tbx20 YES YES OFT, RV, LV 
Chambers do not develop; no 
Hand1 expression; hypoplastic 
RV; OFT disrupted 

 

Studies in chick and mouse have established that further myocardial progenitors are 

added to the poles of the cardiac tube. In mice a second or anterior heart field was 

also identified as a source of the outflow tract myocardium, figure 1.2. This heart 

field was detected by using LacZ lineage tracing analysis under the control of the 
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promoter for Fgf10 (Kelly, Brown, & Buckingham, 2001). Fgf10 and Fgf8 knock-out 

mice exhibit early embryonic lethality and Fgf8 has a similar pattern of expression in 

the second heart field to Fgf10. Through the use of lineage tracing and hypomorphic 

Fgf8 mutant mice it was shown that Fgf8 is necessary for the development  of the 

second heart field (Ilagan et al., 2006). The second heart field can also be defined by 

the expression of Isl1 positive cells, which comprise a more extensive second heart 

field area which gives rise to the outflow tract, right ventricle, a subset of left 

ventricular cells and a large number of atrial cells (Chen-Leng Cai et al., 2003; Sun 

et al., 2007). 

 

Figure 1.2. Location of the second heart field in mouse embryos.  

The second heart field is located below the cardiac crescent and is indicated above in green. The 

contribution of myocardial cells from the second heart field is also indicated in green compared 

to the contribution of myocardial cells from the first heart field in the ‘cardiac crescent’ in red. 

Image was taken from Buckingham et al (M. Buckingham et al., 2005). 

In chick embryos, two different groups have described the origin of these cells 

although they have differed in their location, which may be due to different 

experimental procedures. Waldo et al described it as the secondary heart field and 

located it adjacent and posterior to the outflow tract region behind the heart tube, 

whereas Mjaadvedt et al named it the anterior heart field and situated it in the cranial 

pharyngeal mesoderm that extends into the pharyngeal arches, figure 1.3 (Mjaatvedt 

et al., 2001; Waldo et al., 2001). 
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Figure 1.3. Location of the ‘secondary’ and ‘anterior’ heart fields in chick embryos.  

The description of the second source of myocardial cells has discrepancies in the chick embryo. 

These were first described by two groups. Waldo et al named them the ‘secondary heart field’ 

whereas Mjaatvedt et al named them the ‘anterior heart field’. Their initi al location and 

contribution to the heart in chick embryos is indicated in orange and blue respectively. Image 

was taken from Buckingham et al (M. Buckingham et al., 2005). 

 

1.2.4 The endocardium 

 

The endocardium was initially reported to derive from a small group of cells that 

delaminate from a region of the splanchnic mesoderm (DeRuiter, Poelmann, 

VanderPlas-de Vries, Mentink, & Gittenberger-de Groot, 1992). Cells from the 

second heart field, located outside the initial cardiac crescent, were then shown to 

contribute to the endocardial lineage as well as myocardial progenitors, although the 

extent of the second heart field contribution to the endocardium is not yet clear (M. 

Buckingham et al., 2005; Vincent & Buckingham, 2010). It has also been reported 

that there are other progenitors such as those within the developing vasculature 

which can contribute to the endocardium (Milgrom-Hoffman et al., 2011), and more 

recently Katz et al has also shown that a compartment of the proepicardial organ, 

where these cells are positive for Scleraxis (Scx), contributes to the endocardium 

(Katz et al., 2012). 
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1.3 Midgestational heart development 

 

Some of the cell lineages in the mature heart are determined in the early development 

of the heart, such as the myocardial, smooth muscle and endocardial lineages. 

However, heart development cannot be complete without the incorporation of a 

multipotent layer of cells that surrounds the heart known as the epicardium, which is 

a source of progenitors for a number of important cell lineages in the mature heart 

such as progenitors of the cardiac vasculature, endothelial and smooth muscle 

lineages, also fibroblasts and it also further contributes to the myocardial lineage. 

 

1.3.1 The epicardium 

 

Epicardial cells originate from a mass of mesothelial cells known as the 

proepicardium, which is located on the wall of the embryonic pericardial cavity at 

the caudal part of the developing early heart (Ramón Muñoz-Chápuli & Pérez-

Pomares, 2010; Olivey, Compton, & Barnett, 2004). These cells migrate over the 

surface of the heart forming a layer of cells which is essential during heart 

development, as indicated by initial experiments where the epicardium is defective 

due to its mechanical or genetic disruption (Kwee et al., 1995; Männer, 1993). 

The epicardium was first reported to have an extracardiac mesenchymal origin by 

Kurkeiwiecz in 1909, who refuted the previously held idea that the epicardium 

originated from the myocardium. Definite proof of the extracardiac nature of the 

epicardium did not arrive until the second half of the twentieth century when the 

stages involved in epicardial development were better studied (Manasek, 1969), and 

it was established that the epicardium does not derive from the myocardium but 

instead this layer of cells is added to the early heart.  
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Proepicardial cells extend out to reach the surface of the heart around stage E9.5 in 

mice and spread onto the myocardium (A C Gittenberger-de Groot, Vrancken 

Peeters, Mentink, Gourdie, & Poelmann, 1998; Manasek, 1970; J Männer, 1993).  

These cells shroud the myocardium, the atria, the atrio-ventricular canal and 

ventricular surfaces by around stage E10.5 in mice with an epicardial monolayer of 

cells, although the aorta is not completely covered until E11.5. The pattern by which 

the epicardium shrouds the developing heart is conserved in all vertebrates and it has 

been suggested that this process may be controlled by spatiotemporal expression of 

adhesion molecules (Wessels & Pérez-Pomares, 2004).  

Wt1 is expressed in the epicardium in the heart, as shown in figure 1.4. It has been 

shown that epicardial progenitors from the proepicardium, which are also Wt1 

positive, arise from progenitors that express Nkx2.5 and Isl1. This indicates that 

epicardial progenitors have a common origin with multipotent cardiogenic 

progenitors that are positive for Nkx2.5 and Isl1. These markers are also used to 

distinguish between the first and second heart fields respectively as indicated above 

(B. Zhou et al., 2008).  

A number of models in which the epicardium is disrupted, such as Vcam1, α4-integrin 

and also Wt1 null mice (Kreidberg et al., 1993; Kwee et al., 1995; J. T. Yang, 

Rayburn, & Hynes, 1995), are lethal before the onset of normal coronary 

development and blood flow, suggesting an important role for the epicardium prior to 

vasculogenesis.  
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Figure 1.4. Wt1 is expressed in the epicardium.  

The left panel shows an immunohistochemical staining using an anti-WT1 antibody in green 

and DNA staining with Propidium Iodide (PI) in red. Co-staining of PI and anti-WT1 antibody 

is observed in yellow in the epicardial layer (epi) and the pericardium located outside the heart 

(per). Right panel shows a cryosection from a Wt1-GFP knock-in mouse ventricle from Wt1gfp/+ 

mice. Wt1gfp/+ mice have no apparent phenotype and are viable. Modified with permission from 

Dr Martinez-Estrada.  

The newly incorporated epicardial layer, which originates from the proepicardium, 

figure 1.5 panel A, and the myocardium together both form a subepicardial matrix 

thath expresses collagens, fibronectin, lectin, fibulin 2, laminin, proteoglycans, 

vitronectin, fibrillin-2, elastin and tenascin, figure 1.5 panel B (Wessels & Pérez-

Pomares, 2004). In addition, the subepicardial matrix contains essential growth 

factors for heart development such as fibroblast growth factors (Fgfs) (Lavine et al., 

2005) and vascular endothelial growth factors (Vegfs) (Tomanek, Hu, Phan, & Clark, 

1999). These growth factors enable epicardial cells to undergo what is classically 

known as an epithelial to mesenchymal transition (EMT), figure 1.5 panel B; and so, 

epicardial cells that undergo EMT are progenitors for a number of cell types in the 

heart, figure 1.5 panel C, such as cells of cardiac vasculature, fibroblasts and 

cardiomyocytes. 

 

Epi 

Per 

Epi 
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Figure 1.5. EMT and formation of the cardiac vasculature.  

Panel A shows the formation of the epicardium from proepicardial cells that migrate through 

the pericardial cavity to reach the early heart. B, the epicardium shrouds the early heart and 

together with the myocardium overlies the subepicardial space with a rich extracellular matrix 

that provides the platform for an epithelial to mesenchymal transition of epicardial cells to take 

place and also for the formation of EPDCs –coloured cells-.  C, the coronary plexus is formed 

with endothelial and smooth muscle progenitors (pink and grey cells respectively) that then 

begin branching and remodelling to form the coronary vasculature, whereas myocardial and 

fibroblast progenitors invade the myocardium (red and blue cells respectively). Modified from 

Olivey  et al (Olivey & Svensson, 2010). 
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1.3.2 Classical Epithelial to Mesenchymal Transition (EMT) 

 

In a classical EMT polarised epithelial cells, which interact with each other and the 

basement membrane by its basal surface, undergo a transition into freely migratory 

mesenchymal cells that are able to secrete extracellular matrix components. This 

process was firstly described as an ‘epithelial to mesenchymal transformation’ using 

a chick primitive streak formation model (Hay, 1995), however the term was 

changed to ‘transition’ to reflect the reversibility of the process and distinguish it 

from neoplastic transformation (Kalluri & Neilson, 2003).  

The biochemical changes that enable epithelial cells to adopt a mesenchymal 

phenotype include: an increase in migratory capacity, invasiveness, increased 

apoptosis resistance and an increase in the release of extracellular matrix 

components. Finally, in order for this transition to be complete the basement 

membrane needs to be degraded to allow cell migration. A list of the biochemical 

marker changes that take place during the passage from epithelial to mesenchymal 

cells is shown in table 1.2.  

Table 1.2. Classical EMT markers.  

These markers are expressed when cells are found in an epithelial state or in a mesenchymal 

one. 

EPITHELIAL MARKERS MESENCHYMAL MARKERS 

E-cadherin Snail  FAP 

Cytokeratin Slug FSP-1 

ZO-1 ETS N-cadherin  

Laminin-1 Sip1 Vimentin 

Entactin α-sma Fibronectin 

Syndecan Twist β-catenin 

Muc1  Goosecoid OB-cadherin 

Desmoplakin LEF-1 alpha 5 beta integrin 

collagen IV Foxc2 syndecan-1 

miR200 family miR21 miR10b 
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EMT has been associated with the movement and dispersion of cells during 

development as mentioned above, however it is also involved in the formation of 

mesenchymal cells and fibrosis during tissue repair of injuries mediated by 

inflammatory cells and fibroblasts that release a variety of inflammatory signals, and 

in the initiation of invasiveness and metastasis of epithelial cancers, where it has 

been shown that EMT can confer stem cell properties to epithelial cells through the 

expression of mesenchymal as well as stem-cell markers (Mani et al., 2008).  

 

1.3.3 Epicardial EMT 

 

Epicardial cells that cover the atrio-ventricular canal and ventricles have two 

orientations for their mitotic spindle, directed either parallel or perpendicular to the 

basement membrane. In epicardial cells the establishment of this cell polarity is 

important for a number of processes that include asymmetric cell division and 

directed cell migration. It was shown that epicardial cells that undergo perpendicular 

cell division subsequently undergo EMT and enter the myocardium, losing polarity 

and becoming migratory mesenchymal cells through a process regulated by a β-

catenin and Numb junctional complex (M. Wu et al., 2010).  

Epicardial EMT is a very important process that enables this layer of cells to become 

progenitors for a number of cell lineages such as cells of the coronary vasculature, 

which includes smooth muscle cells found in vessels, fibroblasts in connective and 

cushion tissue and recently it has been reported to give rise to cardiomyocytes and 

endothelial cells. Epicardial cells that are able to undergo EMT might be understood 

as multipotent cells with stem cell like properties that give rise to a number of heart 

cell lineages. 

Epicardial EMT differs from classical EMT since epicardial cells themselves are not 

archetypal epithelia. Epicardial cells have several features in common with normal 

epithelia which include: a single uninterrupted layer of cells, attachment to an 

underlying basal membrane, polarised cells and cell to cell interaction. However, 
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gene expression and regenerative capacity of the epicardium are variable during 

different developmental stages and the neonatal heart and contrasts further with the 

adult heart where regenerative capacity of mammalian epicardial cells is greatly 

reduced. Perhaps due to this presumption of the epicardium as a classical epithelium 

layer, epicardial cells are the least studied at the cellular and molecular level.  

There are a number of genes that have been studied in the epicardium that are 

essential for its formation and normal functioning. These are listed in table 1.3. 

Epicardial precursors require the presence of integrins in order to be able to migrate 

over the myocardial layer (Holly, Larson, & Parise, 2000). Epicardial progenitors 

from the splanchnic mesoderm express α-4-integrin (Pinco, Liu, & Yang, 2001), 

which is a cell surface receptor that mediates a cell-matrix and cell to cell interaction 

that enables them to adhere to each other and also interact with fibronectin present in 

extracellular matrix or vascular cell adhesion molecule 1 (Vcam1) present in other 

cells. A-4 integrin knock-out models fail to develop an epicardium (J. T. Yang et al., 

1995), and EMT is defective (Dettman, Pae, Morabito, & Bristow, 2003). Other 

studies have confirmed that α-4 integrin is regulated by retinoic acid since Raldh2 

knock-out models are unable to express α-4 integrin (Pinco et al., 2001; Xavier-Neto, 

Shapiro, Houghton, & Rosenthal, 2000). A number of transcription factors are 

expressed throughout epicardial development and in the proepicardium, such as: 

Tbx18, Tbx5, epicardin and Wt1 (C J Hatcher, Kim, & Basson, 2000; Kraus, Haenig, 

& Kispert, 2001; A. W. Moore, McInnes, Kreidberg, Hastie, & Schedl, 1999; L Robb 

et al., 1998). The role of Tbx18 is not yet clear, whereas Tbx5 has a role in regulating 

epicardial migration (Cathy J Hatcher et al., 2004). The basic helix-loop-helix, 

bHLH, family member epicardin for its part may play a role as a negative regulator 

of differentiation (Funato, Ohyama, Kuroda, & Nakamura, 2003) and Wt1 is able to 

regulate EMT and cardiomyocyte growth (Martínez-Estrada et al., 2010).  

Although individual genes have been shown to be essential for epicardial formation 

and functioning, the interrelation between genes and functional mechanism has only 

recently begun to be dissected (Guadix et al., 2011; Martínez-Estrada et al., 2010; 

Zamora, Männer, & Ruiz-Lozano, 2007; von Gise et al., 2011). 
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Table 1.3. List of important genes expressed in the epicardium and their knock-out phenotypes.  

These genes are required during the normal formation and functioning of the epicardium. 

Gene KO phenotype References 

V-cam1 Abnormal migration and adhesion (Kwee et al., 1995) 

α4-integrin 

Abnormal migration, adhesion and 

EMT 

(Dettman et al., 2003; Sengbusch, He, 

Pinco, & Yang, 2002; J T Yang et al., 

1995) 

Tbx5 Abnormal migration and adhesion (Cathy J Hatcher et al., 2004) 

Wt1 

Absent EMT and cardiac vasculature, 

thin myocardium  

(Martínez-Estrada et al., 2010; A. W. 

Moore et al., 1999; J M Pérez-Pomares 

et al., 2002) 

Raldh2 

Impaired heart looping, severely 

impaired atria and sinus venosus and 

abnormal differentiation of ventricular 

myocytes 

(Niederreither, Subbarayan, Dollé, & 

Chambon, 1999; Niederreither et al., 

2001) 

ETS1/ETS2 

Impaired EMT, thin epicardium and 

abnormal myocardium and cardiac 

vasculature (Lie-Venema et al., 2003) 

Fgf9 

Abnormal myocardial proliferation 

and differentiation (Lavine et al., 2005) 

Tgfβ-R3 

Severely impaired coronary 

vasculature 

(Compton, Potash, Brown, & Barnett, 

2007) 

Pdgfr-β 

Failed to form coronary vessels, thin 

myocardium, lack of coronary smooth 

muscle, aberrant migration (Mellgren et al., 2008) 

Epo myocyte proliferation 

(Brade et al., 2011; Stuckmann, Evans, 

& Lassar, 2003) 

Notch  

Abnormal smooth muscle and 

coronary vasculature formation 

(Grieskamp, Rudat, Lüdtke, Norden, & 

Kispert, 2011; Russell et al., 2011; del 

Monte et al., 2011) 

β-catenin Impaired coronary vasculature (Zamora et al., 2007) 

Dicer 

Impaired EMT, reduced epicardial 

proliferation and coronary smooth 

muscle differentiation (Singh, Lu, Massera, & Epstein, 2011) 

The epicardium is a very dynamic layer of cells at the gene expression level. For 

instance the Notch pathway members in the epicardium have been shown to be 

involved in the formation of coronary vessels and myocardial growth during 

mammalian development. However, at the same time the expression of members of 

this pathway changes drastically during embryological stages (Grieskamp et al., 

2011; del Monte et al., 2011), whereas in the adult mammalian heart Notch activation 

in response to injury leads to the formation of fibrous tissue from the epicardium 

(Russell et al., 2011).  



 

Wt1 and Raldh2 are expressed in the epicardium and are vital for epicardial and 

cardiac vasculature formation an

Estrada et al., 2010)

mouse development in 

quantitative real-time PCR of 

In the adult heart it has been reported that these genes are expressed 

part of a reparative response that instead leads to 

the epicardium (Limana et al., 2010)

expression levels during

the epicardium loses its multipotent state compared with the adult epicardium and the 

activated epicardium during mammalian

Figure 1.6. Expression of 

Wt1-GFP FACS sorted cell population enriched in epicardial cells (

chapter 5), and expression analysis by qRT

very dynamic during the development of the epicardium.

are expressed in the epicardium and are vital for epicardial and 

formation and myocyte growth (Guadix et al., 2011; Mart

Estrada et al., 2010). Both of these genes have variable expression levels during 

mouse development in a population enriched in epicardial cells, as shown below by 
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1.3.4 Formation of Epicardial Derived Cells (EPDCs) 

 

Once the developing heart is shrouded by epicardial cells, Epicardial derived cells 

(EPDCs) are formed by an epicardial EMT and then these cells migrate to the 

subepicardial extracellular matrix as it was firstly demonstrated in avian models and 

are able to maintain a mesenchymal phenotype, (J M Pérez-Pomares, Macías, 

García-Garrido, & Muñoz-Chápuli, 1997, 1998). The molecular mechanism studies 

of epicardial EMT so far have shown that Wt1 is at the centre of the regulation of 

EMT markers E-cadherin, Snail, Wnt and Raldh2, which enables Wt1 to maintain a 

mesenchymal phenotype in EPDCs (Guadix et al., 2011; Martínez-Estrada et al., 

2010; von Gise et al., 2011). EPDCs invade the myocardium in a spatiotemporally 

regulated fashion in which the expression of factors from myocardial cells 

determines whether EPDCs are able to migrate to the myocardium or not (Lie-

Venema et al., 2005). These factors include the Fgf family members 1, 2 and 4 and 

Bmp2 and 4; however the myocardium is also able to secret Tgfβ which can inhibit 

the migration of EPDCs (C. J. Morabito, Dettman, Kattan, Collier, & Bristow, 2001). 

Once migration has occurred EPDCs will reach their final destination and occupy 

myocardial interstitial spaces of the atria, ventricles and atrioventricular cushions. 

This is a vital step in the formation of the coronary vasculature. 

 

1.3.5 The epicardium is essential for coronary vessel formation  

 

Around stage E11.5 in mice the developing heart undergoes a period of rapid growth 

and proliferation and the formation of the coronary vascular system occurs 

concurrently with this period where the epicardium is essential for coronary vascular 

development (Merki et al., 2005; J Männer, 1993; Wessels & Pérez-Pomares, 2004).  
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Two essential processes take place in vertebrate heart development during the 

formation of the coronary vasculature: vasculogenesis and angiogenesis (Wada, 

Willet, & Bader, 2003). Vasculogenesis consist in the de-novo formation of vesicles 

of angioblasts that coalesce to form vessels. This process is followed by the 

formation of new blood vessels, also known as angiogenesis, from endothelial cells 

of pre-existing vessels (Lavine, Long, Choi, Smith, & Ornitz, 2008). 

Perez-Pomares et al reported that in avian models and in the hamster epicardial cells 

delaminated via an epithelial to mesenchymal transition (EMT), and furthermore that 

epicardial cells were also able to differentiate into vascular endothelial cells (J M 

Pérez-Pomares et al., 1997, 1998). Subsequent quail-chick chimeras produced for 

cell tracing experiments showed that epicardial cells are the source of a number of 

heart cell lineages, such as coronary vascular smooth muscle cells which are also 

necessary for the coronary vasculature, and interstitial myocardial fibroblasts (A C 

Gittenberger-de Groot, Vrancken Peeters, Bergwerff, Mentink, & Poelmann, 

2000). However, finding the source of vascular endothelial cells in mice was not 

determined until recently. The difficulty in determining these progenitors was due to 

the use in previous studies of Wt1 or Tbx18 as lineage tracing markers, and it was 

found that vascular endothelial cells derive from a different population of cells in the 

proepicardium in mice that are positive for Semaphorin3D and Scleraxis, and 

furthermore these cells form part of the epicardium before contributing to the 

vascular endothelial lineage (Katz et al., 2012). 

The importance of Wt1 in coronary vasculature formation was shown in mice in a 

study by Moore et al where Wt1 knock-out mice lack blood vessels at the 

subepicardial zone (A. W. Moore et al., 1999).  

Wt1 is involved in the development of a number of organs; however it was less clear 

to discern the role of Wt1 in the epicardium and in cardiovascular formation. An 

epicardial specific Wt1 knock-out mouse model was produced in our lab which 

confirmed the essential role of Wt1 in epicardial EMT through the regulation of Snail 

and E-cadherin (Martínez-Estrada et al., 2010). Another lab also reported a role of 
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Wt1 in epicardial EMT, and suggested a role for Wt1 in the regulation of Wnt 

signalling and Raldh2 in this process (von Gise et al., 2011), see figure 1.7. 

 

Figure 1.7. Midgestational heart development and epicardium signalling.  

The epicardial cell layer is shown at the bottom as a green layer whereas myocardial cells are 

shown in pink. Arrows indicate activation or production and blunt arrows indicates inhibition. 

A smooth muscle and an endothelial progenitor are shown in the subepicardial space or matrix. 

Modified from Olivey et al (Olivey & Svensson, 2010). 

 

1.3.6 The epicardium and myocardial growth and proliferation  

 

From around stage E11 in mice the developing heart undergoes a dramatic size 

increase that is attributed to rapid myocardial progenitor proliferation, since mutant 

mice that display defects in myocardial growth also show decreased proliferation 

(Abu-Issa & Kirby, 2007).   

The epicardium is necessary for the normal growth of the myocardium. Several 

studies that involve either the mechanical removal of the epicardium or the deletion 
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of genes necessary for epicardial formation, maintenance or EPDC production have 

shown that myocardial growth is abnormal, presenting a thin myocardium or loss of 

cardiomyocytes and a ventricular septum that fails to develop properly, table 1.3. 

This indicates that the epicardium provides factors that are essential for sustained 

myocardial expansion such as Vcam1 and α-4 integrin. Vcam1 is a cytokine 

inducible cell surface protein which can mediate cell adhesion to other cells that 

express α-4 integrin, both of these markers are expressed and essential for the 

formation of the epicardium and when these genes are knocked-out in mice, the 

embryos die due to cardiac failure presenting apart from lack of vasculature a 

thinning of the ventricular myocardium and an incomplete ventricular septum (Kwee 

et al., 1995; J T Yang et al., 1995).  

In an epicardium specific knock-out mouse models of Wt1 developed in our lab it 

was observed that mice die around E16.5 due to heart failure presenting profound 

heart defects that include a thinning of the myocardium as well as lack of vasculature 

and oedema (Martínez-Estrada et al., 2010).  

Epicardial cells and coronary vessels have been reported to be able to differentiate 

into myocardium in-vitro (Kruithof et al., 2006). Recently it has been reported that 

with use of lineage tracing techniques epicardial Wt1 positive cells in the mouse 

heart can contribute to the cardiomyocyte lineage during development (B. Zhou et 

al., 2008). This could explain the thinning of the myocardium observed in epicardial 

specific Wt1 knock-out mice; however the contribution of cardiomyocytes that are 

derived from Wt1 positive epicardial cells could be as low as 4%. This small 

contribution towards the cardiomyocyte lineage may not be sufficient to explain the 

severe phenotype observed. Other factors from the epicardium have been shown to 

be vital in cardiomyocyte growth and proliferation. 

Retinoic acid signalling is regulated in the epicardium and is important for the 

interaction between the epicardium and the myocardium to support myocardial 

growth. Retinoic acid (RA) is an important morphogen synthesized by the enzyme 

Raldh2.  The down-regulation of RA related receptors, such as Rxrα, or the use of 

retinoid receptor blockers resulted in the lack of formation of the compact zone in the 
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heart -even though the epicardium can develop normally- due to a decrease in 

myocardial proliferation and survival. Furthermore, it has been shown that Wt1 is 

able to directly regulate the activation of Raldh2 (Guadix et al., 2011).   

Inhibition of erythropoietin, Epo, activity with blockers has revealed that 

cardiomyocyte proliferation and survival is also partially dependent upon Epo 

expression. Furthermore, this partial effect can be rescued by retinoic acid and also 

retinoic acid blocking can be partly rescued by Epo, which may indicate a common 

pathway for retinoic acid and Epo (Stuckmann et al., 2003). Treatment of epicardial 

cells with Epo up-regulates Igf2. Epo treatment of Raldh2 knock-out hearts rescues 

ventricular cardiomyocyte proliferation and survival confirming a retinoic acid-Epo-

Igf2 axis (Brade et al., 2011), although retinoic acid regulation of Epo expression 

was reported to take place in the liver from where it circulates to the epicardium. 

In the epicardium Fgf9 is induced by retinoid acid and inhibited by antagonists of 

retinoid receptors (T. H. P. Chen et al., 2002; Lavine et al., 2005), Fgf9 then binds to 

its receptors Fgfr1/2 present in the myocardium. When Fgf signalling is absent 

myocardial cells undergo premature differentiation and do not proliferate (Lavine et 

al., 2005).   

The integrity of the epicardium is vital for myocardial growth due to the contribution 

of myocardial cells to the developing heart and the growth factors and signals from 

the epicardium that are needed in order for the myocardium to proliferate and grow.  

Wt1 is mainly expressed in the epicardium during development and also Wt1 positive 

cells have been shown to be able to differentiate into several lineages that include the 

cardiac vasculature, smooth muscle, fibroblast and cardiomyocytes. Moreover Wt1 is 

at the centre of the transcriptional regulation of EMT and the production of EPDCs, 

as demonstrated by the use of epicardial specific Wt1 knock-out mice which not only 

exhibit a lack of cardiac vasculature but also a thin myocardium. This indicates that 

Wt1 is vital for epicardial integrity and may be involved in all the different aspects 

that have been ascribed to the epicardium.  
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Therefore the study of Wt1 positive and Wt1 knock-out epicardial cells can be used 

as a good model to study the complex relationship between the epicardium and 

myocardial growth and proliferation, which include paracrine signals and growth 

factor release; and also it provides an opportunity to investigate the molecular 

mechanisms that take place during epicardial EMT and formation of EPDCs. A 

detailed understanding of the role of Wt1 in the developing epicardium, which has 

shown to have a very multipotent nature, could greatly assist us in ultimately finding 

a regeneration alternative for different cardiac cell types.  

 

1.3.7 The role of the epicardium in adult heart damage and repair  

 

Myocardial infarction is one of the leading causes of mortality and morbidity 

worldwide. In human adults that undergo acute myocardial infarctions an extensive 

number of cardiomyocytes, which may amount to billions of cells, are lost due to 

inadequate myocardial perfusion and are not regenerated but subsequently replaced 

by fibrous tissue (A. P. Beltrami et al., 2001; Laflamme et al., 2007).   

The epicardium has a vital role during heart development and it also participates in 

postnatal heart repair and regeneration. Following myocardial infarction in the adult 

mammalian heart, a subset of epicardial cells undergo EMT and differentiate into 

mainly three different lineages: fibroblasts, myofibroblasts and smooth muscle.   

The capacity of the adult mammalian heart to regenerate cardiomyocytes is almost 

lost, however it has recently been shown that the neonatal mouse heart retains the 

capacity to regenerate cardiomyocytes up to 7 days of age with minimum 

hypertrophy or fibrosis (Porrello et al., 2011).  

The epicardium could potentially be a very important source of myocardial 

progenitors, and several investigators have tried to exploit their potential for 

endogenous heart repair and regeneration. One of the approaches used has been to 

pre-treat mice that will undergo myocardial infarction with thymosin β-4. In these 
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mice a subset of epicardial cells were shown to be able to differentiate into a small 

proportion of cardiomyocytes (Smart et al., 2011). This approach could have 

implications for the innovation of new treatments for cardiomyocyte regeneration, 

although thymosin β-4 treatment after a myocardial infarction has occurred was not 

able to reprogram epicardial cells to become cardiomyocytes (B. Zhou, Honor, Ma, 

et al., 2011).  

Non-mammalian models such as fish and amphibians retain a remarkable capacity 

for cardiac regeneration throughout life. For instance, adult zebrafish cardiomyocytes 

retain their proliferative potential, in contrast to adult mammalian hearts, and can 

also undergo dedifferentiation which results in total heart regeneration without scar 

formation even when up to 20% of their ventricles are resected (Jopling et al., 2010; 

Kikuchi et al., 2010; Poss, Wilson, & Keating, 2002).  

Within one or two days of injury in the adult zebrafish heart, the epicardium becomes 

activated to induce embryonic epicardial markers such as Raldh2 (Kikuchi et al., 

2011). These cells proliferate and then accumulate at the wound site (J. Kim et al., 

2010). Recent studies in embryonic mammalian hearts and the heart in the early days 

of life demonstrated that they are able to mount a reparative response to injury 

(Drenckhahn et al., 2008; Porrello et al., 2011) and hence it can be thought that the 

adult zebrafish regenerative program, where epicardial activation following damage 

is essential for repair, and the mammalian embryonic epicardium program, where the 

epicardium is a multipotent source of progenitors, both could use similar signalling 

pathways for repair and heart development respectively.  

Smart et al showed that adult mice that were treated with thymosin β-4 before being 

subsequently induced to undergo a myocardial infarction were then able to produce 

de novo cardiomyocytes from epicardial cells. In this mammalian model, one of the 

key embryonic epicardial genes that is expressed de novo in the epicardium 

following injury is Wt1 (Smart et al., 2011). This indicates that Wt1 is not only an 

essential gene during heart development but potentially also plays a pivotal role in 

heart repair and regeneration of cardiomyocytes.  
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1.3.8 The Wilms’ tumour 1 gene (WT1)  

 

In 1899 Max Wilms was the first to describe a malignant neoplasm of the kidney in a 

young patient. This paediatric kidney cancer affects 1 in 10000 children before the 

age of five (N D Hastie, 1994). Most tumours are sporadic and unilateral while 

multifocal and bilateral cases account for 10% of tumours which are believed to be 

mainly de novo germ line mutations (Rivera & Haber, 2005). Wilms’ tumours are a 

clear example of the link between cancer and development where the tumour arises 

as a direct result of aberrant development of the kidney, initiating from pluripotent 

mesenchymal embryonic kidney precursor cells (N D Hastie, 1994), and it has been 

revealed that the genes that are over expressed in these tumours are mainly involved 

in early kidney development (C.-M. Li et al., 2002; W. Li et al., 2005). 

Wilms’ tumour is associated with other congenital problems in WAGR syndrome 

(Wilms’ tumour, Aniridia, Genito-urinary malformation and mental Retardation), 

Deny-Drash syndrome, Frasier syndrome and Beckwith Wiedemann syndrome, 

which together with loss of heterozygosity analysis of tumours and pedigree analysis 

of familial cases demonstrate the varied genetic differences between Wilms’ 

tumours.   

It was shown that an inactivating mutation within a gene was responsible for 10 to 

15% of Wilms’ tumour cases (D A Haber et al., 1990), however since then this 

eponymously named Wilms’ tumour 1 gene, Wt1, has been ascribed to an expanding 

number of different functions apart from its role as a tumour suppressor, which 

include: organ and mesothelial tissue formation, opposite roles such as 

transcriptional activation and transcriptional suppression, RNA processing and an 

oncogenic function (Hohenstein & Hastie, 2006).  

Wt1 contains four C2H2 zinc-finger domains at its C-terminus which is characteristic 

of transcription factors and in accordance with this most WT1 protein is found in the 

nucleus. Some cytoplasmic staining of Wt1 was previously dismissed as an artefact 

in staining, however it has now been confirmed that around 15-20% of Wt1 protein is 

found to be cytoplasmic and that it is actively transported between the nucleus and 
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cytoplasm (Niksic, Slight, Sanford, Caceres, & Hastie, 2004); furthermore it was 

found in the actively translating polysomes following cytoplasmic protein 

fractionation, which can be an indication that Wt1 is also involved in translation. 

Mutations within the zinc-finger region are found in Denys-Drash and Frasier 

syndromes whose patients present abnormalities in their urogenital system and 

sometimes with Wilms’ tumours. At its N-terminus Wt1 contains activation and 

suppression regulatory regions which are essential for protein-protein interactions.   

The complexity of the regulation and function of Wt1 is further augmented with the 

discovery of at least 24 different isoforms that result as a combination of alternative 

promoters, start codons, splicing sites and RNA editing events, figure 1.8. However, 

there are four isoforms that have been better characterised. These include isoforms 

containing or skipping the 51 nucleotide exon 5 and isoforms that include or exclude 

the amino acids KTS between the third and fourth zinc finger domains. Wt1 binds 

both DNA and RNA and might be able to regulate gene expression from 

transcription to translation, and the difference in binding to DNA or RNA is due to 

the absence or presence of the amino acids KTS respectively (Hohenstein & Hastie, 

2006).  

  

 
Figure 1.8. Isoform variants of the Wt1 locus with at least 24 different isoforms.  

Taken from Hohenstein et al (Hohenstein & Hastie, 2006). 

Wt1 is vital for organogenesis as Wt1 null mice fail to develop kidneys, gonads, 

adrenal glands and spleen. Other knock-out models have been produced where 
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individual isoforms of Wt1 are deleted, though most deletions have not resulted in a 

phenotype in mice which are viable, normal and fertile, for instance when exon 5 of 

Wt1 is deleted. However this is not the case in deletions for either the –KTS or + 

KTS isoforms. In both cases mice die soon after birth due to kidney defects 

(Hohenstein & Hastie, 2006) with different and possibly overlapping phenotypes 

which indicates that each isoform has a different function. It is interesting to note that 

the –KTS and +KTS isoforms are conserved throughout all vertebrates for over 450 

million years (Hammes et al., 2001), thus further highlighting how essential each of 

these two isoforms are for development. Hammes et al has shown that the –KTS and 

+KTS isoforms have different functions in the genitourinary development and 

indicated that the +KTS isoform is essential for the normal male sex determination 

program. Wagner et al subsequently showed that the +KTS isoform is essential for 

the normal development of the olfactory neurons (N. Wagner et al., 2005). In terms 

of heart development the –KTS and +KTS isoforms do not have a heart phenotype as 

determined by knock-out models of either the –KTS or +KTS isoform. 

We may benefit from different investigative approaches to fully understand the 

importance of other isoforms, such as skipping of exon 5 and an alternative start site 

which have evolved specifically in mammalians, and also through new approaches 

which may include knocking out all except for a single isoform.   

Wt1 also acts as a survival factor, for instance in Sertoli cells Wt1 expression protects 

the germ cells from apoptosis (Rao et al., 2006). The role of Wt1 as a survival factor 

is supported in some areas of the kidney which show an increase in apoptosis when 

Wt1 is down-regulated by siRNA treatment in a kidney organ culture system, 

however in contrast there is an increase in proliferation where nephrons would have 

formed (Davies et al., 2004). Due to this observation it is thought that in the 

developing kidney Wt1 forces the cells out of cycle and stimulates differentiation 

(Hohenstein & Hastie, 2006).  

In addition to the vital role of Wt1 in organogenesis it is also important in other 

developmental functions in different tissues. Wt1 knock-out mice as mentioned 

above has heart developmental defects, an impaired retina and olfactory epithelium 
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development and defects in the proliferation of certain neuronal progenitors. These 

mice die at E12-14 presenting bleeding in the pericardial cavity and are thought to 

die due to a cardiac malfunction (Hohenstein & Hastie, 2006).  

The role of Wt1 in the developing epicardium has also been discussed above. Briefly, 

Wt1 is expressed in the essential epicardial layer of the heart during development, 

which has a mesodermal origin and is able to migrate from the proepicardium located 

outside of the early heart and have stem cell-like potential. Wt1 is vital for epicardial 

cell integrity during development and Wt1 positive epicardial cells are a source of 

progenitors for an array of heart cell lineages that includes the coronary vasculature, 

smooth muscle, fibroblasts and cardiomyocytes, furthermore they may also be able to 

provide growth factors that are vital for the growth and development of the 

myocardium (A. W. Moore et al., 1999). Martinez-Estrada et al were the first to 

dissect one of the molecular roles that Wt1 plays in the epicardium, in which Wt1 is 

able to directly regulate transcriptionally Snail and E-cadherin, two of the main 

mediators of EMT; furthermore it was also reported that Wt1 may be able to regulate 

Wnt signalling and Ralhd2 during EMT, and recently it has already been established 

that Wt1 is also a direct transcriptional regulator of Raldh2 (Guadix et al., 2011; von 

Gise et al., 2011). The epicardial specific Wt1 knock-out mouse model produced in 

our lab has demonstrated Wt1 has a vital role in epicardial EMT, and this process is 

important for the formation of freely migratory EPDCs, thus Wt1 allows the gates 

open for these cells to populate the myocardium and differentiate into a number of 

heart cell lineages. 

The biological role that Wt1 plays in the developing heart contrasts to its role in the 

developing kidney, where it is essential for the opposite mesenchymal to epithelial 

transition (MET). MET in the kidney is required for nephron formation, which is the 

filtering units of the kidney, and during EMT and MET Wt1 is able to play a 

dichotomous role in the epicardium and kidney respectively by regulating the same 

genes in both cases but in the opposite direction.  

For MET to take place in the kidney both Wt1 and Wnt4 are essential (Davies et al., 

2004; A Kispert, Vainio, & McMahon, 1998). Essafi et al showed that Wt1 directly 
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activates the expression of Wnt4 in the kidney mesenchyme, whereas in the 

epicardium Wt1 represses it. This difference can be explained by the recruitment by 

Wt1 of different cofactors; in the kidney Wt1 recruits Cbp and p300 as co-activators 

and in the epicardium enlists Basp1 as a co-repressor. Moreover, Wt1 is able to 

mediate a switch in the entire chromatin architecture of the CCCTC binding factor 

(CTCF) bounded Wnt4 locus in a reciprocal manner in both tissues. This mode of 

action has been termed ‘chromatin flip-flop’ (Essafi et al., 2011).   

 

1.4. Wt1 in the adult heart  

 

In adult mammalian hearts Wt1 expression is down-regulated. However, Wagner et 

al observed that Wt1 is activated in adult hearts following local ischemia in rats (K.-

D. Wagner et al., 2002). It was recently shown that adult mice that were pre-treated 

with thymosin β-4 were able to produce de-novo cardiomyocytes from epicardial 

cells and that these cells were also able to up-regulate Wt1, which could indicate an 

important role for Wt1 in cardiomyocyte regeneration; although the ability to 

regenerate cardiomyocytes from the epicardial cells in the adult heart required 

thymosin β-4 injections before myocardial infarction takes place (Smart et al., 2011; 

B. Zhou, Honor, Ma, et al., 2011). It was also reported that following myocardial 

infarction the epicardium increases in proliferation and is able to reactivate an 

epicardial developmental program, since it is able to express Wt1, Raldh2 and Tbx18 

which are known to be expressed in the epicardium during development. 

Furthermore, it was also shown that EPDCs produced following myocardial 

infarction are able to differentiate into fibroblasts and smooth muscle cells, and can 

secrete angiogenic factors (B. Zhou, Honor, He, et al., 2011). 

The adult heart contains a Mesenchymal Stem Cell (MSC)-like population known as 

a cardiac Colony Forming Unit Fibroblasts, cCFU-Fs, which is multipotent and 

capable of long-term in-vitro growth and have trans-germ layer potency in-vitro and 

in-vivo; these cells could be an important population for tissue homeostasis and 

repair. It was also shown that these cells have an epicardial origin during 
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development as determined by a conditional Wt1-Cre lineage tracing technique, 

which could indicate that Wt1 has a role in the formation of this important 

multipotent population in the adult heart (Chong et al., 2011). 

Chau et al has also found that the deletion of Wt1 upon the induction of Tamoxifen 

in Wt1Co+/Co+ Tamoxifen inducible Cre+ adult mice show a reduction in the size of the 

heart, indicating a possible further role for Wt1 in the maintenance of adult heart 

homeostasis (Chau et al., 2011).   

 

1.4.1. Wt1 in adult organ maintenance and homeostasis  

 

A great deal is known about the mechanisms that regulate cellular differentiation 

during development. However, apart from very few exceptions not much is known 

about the cell turnover and homeostasis in the adult.   

As it has been indicated above Wt1 is vital for the development of a number of 

organs as shown by Wt1 knock-out models, whereas mutations in Wt1 could lead to 

the development of the eponymously named childhood kidney cancer, 

glomerulosclerosis and gonadal dysgenesis (Hohenstein & Hastie, 2006).   

During development Wt1 is expressed in the kidney, gonads, spleen, the mesothelium 

that surrounds most organs and ill-defined mesenchyme. Apart from its role in the 

EMT/MET balance in several organs, Wt1 positive cells are precursors of stellate 

cells in the liver. These cells have become of great interest due their ability to 

regulate fibrosis via the production of cytokines in the liver and their role in 

pancreatic cancer (Asahina, Zhou, Pu, & Tsukamoto, 2011; Ijpenberg et al., 2007; 

Vonlaufen et al., 2008).  

In the adult Wt1 positive cells constitute a very small percentage of cells in only very 

few tissues. These include cells that are found in the mesothelium surrounding a 

number of visceral organs, the glomerular podocytes cells of the kidney, 

Sertoli/granulosa cells in the testis and ovaries and 1% of bone marrow cells.   
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Chau et al hypothesised that adult Wt1 positive cells have an important role in 

homeostasis and proceeded to ubiquitously delete Wt1 from young and adult mice. 

These mice suffered glomerulosclerosis, atrophy of the exocrine pancreas and spleen, 

severe reduction in bone and fat and failure in erythropoiesis. It was further shown 

that Wt1 has a role in haematopoietic and mesenchymal stem cell lineages and these 

are the probable cause of the phenotypes observed. Furthermore, the down regulation 

of the known Wt1 target Nephrin could cause glomerulosclerosis and also the down 

regulation of circulating Igf1 levels could contribute to bone and fat phenotypes. 

Overall these observations point to a major role of Wt1 in regulating adult 

homeostasis of a number of tissues through local and systemic actions (Chau et al., 

2011).   

 

1.5. Chemokines in repair and development 

 

In the adult heart there are a number of chemokines involved in ischemia reperfusion 

or myocardial infarction that have been suggested as potential biomarkers of cardiac 

disease and are involved in varied roles such as leukocyte infiltration, fibrosis, 

fibroblast migration, myocardial integrity and the regulation of angiogenesis, these 

include: the Cxcl12/Cxcr4 axis (L. Guo, Cui, Zhang, & Huang, 2011), Ccl2 

(Chandrakala et al., 2012), Ccl5 (Montecucco et al., 2011) and Cxcl10 (Bujak et al., 

2009) among others.  

The family of chemokines comprises a group of small secreted proteins, around 8-

14kDa, which are highly basic and with a very similar tertiary structure (Clark-Lewis 

et al., 1995). They are divided into subfamilies according to the number and 

sequential relationship of their conserved cysteine residues: CXC, CC, XC and 

CX3C. Most chemokines contain at least four cysteine residues where the first 

cysteine residue forms a disulphide bond with the third and another is formed 

between the second and fourth. CC chemokines are the most diverse with at least 28 

different ligands in humans (A D Luster, 1998). CXC chemokines are further divided 
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into two groups depending on the presence or absence of a Glu-Leu-Arg (ELR) 

motif.  

Chemokines have a pivotal role in the migration and trafficking of leukocytes 

(Gerard & Rollins, 2001; Moser & Loetscher, 2001), and additionally they are also 

capable of eliciting effects on leukocyte activation, degranulation and apoptosis. 

Although these proteins were initially identified as important mediators of the 

immune response, recent evidence has implicated chemokines in a wide range of 

effects in different cell types including endothelial cells where they are able to 

promote or inhibit angiogenesis (R M Strieter et al., 1995), smooth muscle cells, 

fibroblasts, neurons, epithelial cells and cardiomyocytes (Marcin Dobaczewski & 

Frangogiannis, 2009).  

It has been established that in adults, chemokines play an essential role in regulating 

fibrosis. Fibrosis very often occurs as a result of the activation of inflammatory and 

reparative responses to a persistent injury stimulus, which results in the overgrowth, 

hardening and/or scarring of various tissues due to the deposition of extracellular 

matrix components including collagen (Wynn, 2008).  

The study of the molecular pathways that associate inflammation with fibrosis and 

cancer has led to the finding that inflammatory pathways might be able to regulate 

EMT, which is essential in order for fibrosis to take place. During development EMT 

is a vital for the formation of a number of different organs. In the adult, during 

inflammatory injury or trauma EMT is associated with a repair mechanism that 

promotes the generation of fibroblasts. This reactivation of EMT in the adult healing 

tissue is documented in several organs, such as the kidney (Miller-Hodges & 

Hohenstein, 2012) and liver (Zeisberg et al., 2007), which can lead to fibrosis and 

organ failure whereas in epithelial cancers it leads to metastasis. It has been 

suggested that inflammation can be one of the likely inducers of EMT that leads to 

organ fibrosis and cancer progression (López-Novoa & Nieto, 2009; Soria et al., 

2011). 

The role of chemokines in fibrosis has been reported to occur as result of a 

combinatorial action on inflammatory cells, fibroblasts and endothelial cells in a 
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number of tissues (Wynn, 2008). For instance, CC chemokines are involved in the 

pathogenesis of pulmonary, renal and hepatic fibrosis (Kershenobich, n.d.; R. E. 

Smith et al., 1995; Tesch, 2008); and these findings are supported by knock-out 

mouse models. The deletion of Ccr1, the main receptor for Mip-1 α and Ccl5/Rantes, 

shows a reduction in renal fibrosis (Eis et al., 2004), and the deletion of the receptor 

for Ccl2/Mcp1, Ccr2, also causes a decrease in pulmonary fibrosis (Okuma et al., 

2004). Other CXC chemokines, such as Cxcl8 and Cxcl12, and the CX3C chemokine 

fractalkine are also involved in fibrotic diseases (Furuichi, Gao, & Murphy, 2006; 

Robert M Strieter, Gomperts, & Keane, 2007). Chemokines may act directly on 

fibroblasts, Ccl2 for instance induces the expression of matrix metalloprotease-1 

MMP and stimulates collagen synthesis (Gharaee-Kermani, Denholm, & Phan, 1996; 

Yamamoto, Eckes, Mauch, Hartmann, & Krieg, 2000), whereas Cxcl10/Ip10 also has 

anti fibrotic effects by suppressing growth factor mediated fibroblast motility (Bujak 

et al., 2009). Chemokines may also be involved in fibrosis through the regulation of 

angiogenesis, since the formation of new vessels is an essential part of the 

pathogenesis of fibroproliferative diseases (Robert M Strieter et al., 2007). There is 

also evidence that chemokines are directly involved in the recruitment of fibroblast 

progenitors (Hashimoto, Jin, Liu, Chensue, & Phan, 2004; B. B. Moore et al., 2005), 

and it has been suggested that chemokine expression could also create an 

environment that is favourable for fibrogenesis and the secretion of pro-fibrotic 

factors (Marcin Dobaczewski & Frangogiannis, 2009).  

There are three phases that take place during myocardial infarction which ultimately 

leads to the formation of fibrotic scar tissue: inflammatory, proliferative and 

maturation phases (Nikolaos G Frangogiannis, 2008). In the first inflammatory phase 

there is an induction of chemokines, cytokines and adhesion molecules that lead to 

the recruitment of leukocytes to the infarcted area (O. Dewald et al., 2005), followed 

by clearing of dead cells and matrix debris by neutrophils and macrophages 

(Huebener et al., 2008). The neutrophils become apoptotic and macrophages release 

growth factors, such as Tgf-β, that suppress inflammation and promote granulation 

tissue formation. This is followed by the proliferative phase during which chemokine 

synthesis is suppressed while endothelial cells and fibroblasts proliferate, also 

myofibroblasts deposit extracellular matrix proteins and angiogenic endothelial cells 
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form new vessels (Squires et al., 2005; Weber, Sun, & Katwa, 1996; Pawel Zymek et 

al., 2007). Maturation of the scar follows, where fibroblasts undergo apoptosis, 

infarct vasculature extends and scar is formed (M Dobaczewski et al., 2006; Pawel 

Zymek et al., 2006). This infarct reparative response is closely linked to adverse 

ventricular remodelling (Jugdutt, 2003) and both CC and CXC chemokines are 

consistently expressed during experimental models of myocardial infarction.  

Ccl2 has an essential role in the recruitment of monocytes and their activation (B J 

Rollins, 1996), and in non-hematopoietic cells induces angiogenic and arteriogenic 

effects (Salcedo et al., 2000), also affects fibroblast activity through promoting 

collagen expression and matrix-metalloprotease (Gharaee-Kermani et al., 1996). 

Ccl2 remains the best studied CC chemokine in myocardial infarction; however other 

CC chemokines may also involved.   

A clinical study found that Ccl5/Rantes levels are increased in serum from patients 

with acute myocardial infarction (Parissis et al., 2002), and subsequent studies have 

validated this effect in mice in myocardial infarction and ischemia reperfusion 

damage which additionally have indicated that the inhibition of Ccl5 has a cardio 

protective effect (Braunersreuther et al., 2010; Montecucco et al., 2011). Ccr1 is a 

promiscuous receptor that is primarily activated by Mip-1 α and Ccl5. Ccr1 null mice 

show a reduced functional impairment, preservation of left ventricular function and 

reduction of inflammatory remodelling following myocardial infarction. The 

protective effect of Ccr1 null mice was suggested to be due to a reduced early 

recruitment of neutrophils and improved infarct healing (Liehn et al., 2008). In 

human Mip-1 α is not a potent chemo-attractant for neutrophils (J. L. Gao et al., 

1997).  

CXC chemokines containing an ELR motif, such as Il-8, induce neutrophil 

chemotaxis activation and angiogenesis, whereas CXC chemokines without an ELR 

motif, such as Cxcl4, Cxcl9 and Cxcl10, do not stimulate neutrophil chemotaxis and 

have angiostatic effects, furthermore they are able to inhibit angiogenesis even in the 

presence of ELR positive CXC chemokines or other angiogenic chemokines (R. E. 

Smith et al., 1995; R M Strieter et al., 1995).  
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The role of Cxcl10 in myocardial infarction is still unclear. In a reperfused canine 

myocardial infarct model Cxcl10 expression is transient and down-regulated after 24 

hours of reperfusion (N G Frangogiannis et al., 2001). Cxcl10 is involved in T-cell 

traffic, has an angiostatic effect and may also be antifibrotic (Khan et al., 2000; R M 

Strieter et al., 1995; Tager et al., 2004). It has been suggested that Cxcl10 may 

prevent premature angiogenesis and fibrous tissue deposition in the wound until the 

injured myocardium is cleared from dead cells (Marcin Bujak et al., 2009).  

Cxcl12, also known as stromal cell derived factor 1 (Sdf1), is another ELR negative 

CXC chemokine which has chemotactic effects for CD34+ progenitors and primitive 

hematopoietic cells (Aiuti, Webb, Bleul, Springer, & Gutierrez-Ramos, 1997; D. Y. 

Jo, Rafii, Hamada, & Moore, 2000). Sdf1 is up-regulated in non-reperfused rat 

infarcts (Pillarisetti & Gupta, 2001), and data suggests that it regulates the 

recruitment and function of Cxcr4-positive progenitor cells in ischaemic tissues 

(Askari & Penn, 2003), where a rat model of ischaemic cardiomyopathy were used, 

and these rats were injected with fibroblasts stably transfected to express Sdf1. This 

induced homing of Cd117-positive stem cells to the injured myocardium resulting in 

greater left ventricular mass and better cardiac function. This beneficial effect may 

be due to the preservation and not the regeneration of cardiac myocytes within the 

infarct zone (M. Zhang et al., 2007). The effect of Sdf1 on fibrosis is still unknown.  

Chemokines have also been involved in development. This is the case of Sdf1 where 

the Sdf1/Cxcr4 axis is essential in haematopoiesis and organogenesis (Nagasawa, 

2000; M. Z. Ratajczak et al., 2006). Sdf1 and Cxcr4 knock-out mice show similar 

lethal phenotypes which indicate their interconnecting relationship (Tachibana et al., 

1998). Sdf1 and Cxcr4 are required for B cell development (Q Ma et al., 1998), 

colonization of bone marrow by haematopoietic stem cells (Hal E Broxmeyer et al., 

2003), colonization of gonads by primordial germ cells (Ara et al., 2003) and 

cerebellar development (Zou, Kottmann, Kuroda, Taniuchi, & Littman, 1998). In 

addition the Sdf1/Cxcr4 axis is also essential for the formation of blood vessels in the 

gastrointestinal tract during development and in the formation of developing renal 

vasculature (Takabatake et al., 2009).    
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Chemokines were first described as important mediators of immune responses 

however at present it has also been shown that in the adult they play a central role in 

the reparative response to injury that lead to fibrosis, tissue damage and repair in the 

heart and other tissues, and have also been shown to be involved in developmental 

processes. Dissecting the specific role that chemokines and chemokine pathways 

play during this reparative response would be essential to determine new therapeutic 

approaches. New evidence shown here that links Wt1 to chemokine regulation offers 

a tantalising opportunity to explore new regenerative therapy approaches to 

myocardial infarction.  

 

1.6. Regulation of chemokines 

 

The family of Interferon regulatory factors (Irfs) are the transcription mediators of 

virus, bacteria, Interferon induced pathways, cell growth, apoptosis and development 

of a number of cells.  

It was first described as part of an interferon response during the first line of a host 

defence mechanism. This interferon response involves the induction of type 1 

interferons that are able to induce the transcription of a large group of genes that 

includes chemokines, which play a vital role in the activation and chemotactic 

recruitment of leukocytes during an immunological response and are also involved in 

diverse roles such as in cell migration, fibrosis, angiogenesis and cancer as discussed 

above. Irfs not only have an immunological function but they play several functions 

that includes proliferation and differentiation of many cell types, embryological 

development and may also serve as oncogenes in a variety of cancers, such as 

leukaemia. 

In mammals 9 Irfs have been identified. These factors share significant homology in 

the 115 amino acids at its N terminal, which contains a DNA binding domain with 5 

tryptophan repeats where 3 of these repeats contact DNA with specific recognition of 

GAAA and AANNNGAA sequences. The unique function of each Irf  member is 
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dependent on the cell type specific expression, trans-activation potential and ability 

to interact with an Irf  or another co-factor. Irf1 and Irf2 are the only Irfs not to 

contain an Irf  associated domain (IAD) in the C terminal part of the protein, which 

mediates its interaction with another Irf  or co-factor (Paun & Pitha, 2007).  

Among the nine mammalian Irfs, Irf3 and Irf7 have a central role in the early 

activation of interferon response (Honda et al., 2005; B. Huang, Qi, Xu, & Nie, 2010; 

T Taniguchi, Ogasawara, Takaoka, & Tanaka, 2001). In immunity, upon activation 

of Irf3 and Irf7 by pattern recognition and toll like receptors (Honda & Taniguchi, 

2006), these are phosphorylated, dimerised and translocated to the nucleus where 

they activate the transcription of Infα and Infβ, which begin an interferon response. 

There are other Irfs that subsequently regulate this response such as Irf9 in the 

cytoplasm and Irf8 which is cell specific and regulates the extent of an interferon 

response in dendritic cells (Tsujimura et al., 2003). 

It was reported that Irf1 may act as a tumour suppressor due to its ability to 

counteract the tumour promoting activity of Irf2, which is able to transform NIH 3T3 

cells and increase their tumorigenicity in nude mice (H. Harada et al., 1993). In the 

heart Il-18 and osteopontin form part of an array of cytokines that are up-regulated 

during damage and in a study by Yu et al (Q. Yu et al., 2009), they demonstrated that 

Irf1 knock-out mice show a decrease in the levels of expression of Il-18 and 

osteopontin following heart damage and furthermore this led to a reduction in cardiac 

fibrosis.  

Interferon regulatory factors are also involved in the development of the innate and 

adaptive immunity. Irf4 and Irf8 are expressed in immune cells and are vital for the 

development of B cells, T cells and dendritic cells (R. Lu, 2008; Tsujimura et al., 

2003). Irf4 was found to be over-expressed in myeloid malignancies due to an 

aberrant chromosomal translocation and it may act as an oncogene (Iida et al., 1997), 

and Irf4 is expressed in lymphoid malignancies associated to a viral infection 

(Mamane et al., 2002). Irf8 is also associated with a leukaemic pathogenesis since an 

inactivating mutation in the Irf  associated domain in Irf8 causes a chronic myeloid 

leukaemia like syndrome in mice (Turcotte et al., 2005), which suggest that Irf8 may 
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act as a tumour suppressor. A recent report where Irf4 and Irf8 have been knocked 

out has revealed that both act as tumour suppressors, which for the first time 

indicated a tumour suppressive role for Irf4 (S.-H. Jo, Schatz, Acquaviva, Singh, & 

Ren, 2010). 

In acute myeloid leukaemia (AML) the translocation and fusion of AML1 and ETO 

is one the most frequent chromosomal abnormalities that accounts for about 40% of 

de-novo AMLs. However AML1-ETO fusion does not cause AML by itself. WT1 is 

expressed at high levels in most leukaemias, with an inverse correlation between 

expression and prognosis (Tamaki et al., 1996), whereas in haematopoiesis WT1 is 

expressed in a small fraction of early progenitor cells and this expression is down 

regulated once differentiation is induced. This suggests that WT1 acts as an 

oncogene, furthermore the over expression of WT1 in myeloid progenitors in 

conjunction with the expression of AML1-ETO fusion protein leads to the rapid 

development of acute myeloblastic leukaemia which supports the role of WT1 as an 

oncogene in AML (Nishida et al., 2006). It has recently been shown that WT1 is able 

to directly bind to the promoter of Ifr8 which provides a possible mechanism for the 

oncogenic properties of WT1 through the inhibition of the tumour suppressor role of 

Irf8 in leukaemia (Vidovic et al., 2010).  

Irf6 is highly expressed in skin and Irf6 knock-out studies have shown that Irf6 is 

vital for the skin, limb and craniofacial development. It was demonstrated that Irf6 is 

necessary for keratinocyte proliferation and differentiation and in regulating 

important genes in epidermis differentiation (Ingraham et al., 2006; R. J. Richardson 

et al., 2006). This reinforces the idea that Irfs are involved in development, and 

similarly to the roles of Irf4 and Irf8 in other cells, Irf6 controls cell proliferation and 

differentiation of skin cells although a role in immunity for Irf6 has not been yet 

established. Further understanding of Irfs could reveal new roles in development, for 

instance it has already been reported that Irfs are expressed during the development 

of adipocytes in a differentiation dependent manner and furthermore some Irfs are 

able to repress adipocyte differentiation (Eguchi et al., 2008). 
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1.7. Aims of thesis  

 

Through the use of our epicardial specific Wt1 knock-out mouse model our lab has 

been able to confirm the vital role of Wt1 during midgestational heart development as 

indicated by the early embryonic lethality and heart phenotype observed. Moreover it 

was confirmed that Wt1 has a central role in the regulation of epicardial EMT, which 

leads to the formation of EPDCs that are then able to migrate into the subepicardium 

and the myocardium to become part of several lineages that include the coronary 

blood vessels, fibroblasts and possibly cardiomyocytes. Many of the mechanisms 

that govern the regulation of epicardial cells into differentiated cells are recently 

beginning to be unravelled. The investigation of novel Wt1 targets will shed light 

into the important mechanisms involved in epicardial cell development. In addition 

epicardial cells need to be studied at the cellular level since their dynamic behaviour 

is still not understood and this will give us a better appreciation of the different roles 

that the epicardium plays during development compared to adult repair. Therefore, in 

order to identify novel targets of Wt1 and study epicardial cells at a molecular level, 

here below I summarise the aims of my research and thesis: 

1) To use tamoxifen-inducible epicardial Wt1 knock-out cells developed in the 

lab to identify and validate putative new targets of Wt1. 

2) To gain a better insight into the roles of novel targets in relation to the 

phenotypes observed in our epicardial specific Wt1 knock-out mouse model. 

Points of interest: The phenotypes observed are a lack of coronary 

vasculature and thinning of the myocardium. Epicardial EMT is vital for the 

formation of the coronary vasculature however migration is also an important 

process and this aspect will need to be investigated; also the epicardium is 

capable of producing paracrine factors important in myocardial growth and a 

possible role of Wt1 in this process will also be analysed. 

3) To be able to better characterize the epicardium during midgestational heart 

development and the role of Wt1 during this stage. Point of interest: Wt1 GFP 

knock-in mice can be used to isolate epicardial cells which can be collected 

for analysis. 
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4) To use an in-vivo epicardial specific Wt1 knock-out mouse model to further 

identify putative new targets of Wt1. 
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Chapter 2 
 

 

 

 

 

 

 

Materials and Methods 
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2.1 Immortalized epicardial cell model previously developed in the lab 

 

Tamoxifen-inducible Wt1 knock-out immortalized epicardial cell lines (Cre positive) 

(CreER+/Wt1loxP/gfp) and control (Cre negative) (CreER -/ Wt1loxP/gfp) cell lines were generated 

by crossbreeding Wt1gfp/+ /Immorto +/-  mice with mice that were homozygous Wt1 

conditional and heterozygous for CAGG promoter driven CreER™ (CAGG-CreER; 

Wt1loxP/loxP) (Chau et al., 2011; Martínez-Estrada et al., 2010). Briefly, heart ventricles from 

E11.5 CreER+/Wt1loxP/gfp /Immorto+/- and CreER-/Wt1loxP/gfp /Immorto+/- were placed in 24-

well gelatine dishes, epicardial cells were allowed to attach and the ventricles removed. Cells 

were allowed to reach confluence and propagate at 33oC. 

 

2.2. Microarray analysis of tamoxifen-inducible Wt1 knock-out immortalized 

epicardial cells 

 

Tamoxifen inducible Wt1loxP/gfp Cre positive and Cre negative epicardial cells, 

described above, were treated with 100nM tamoxifen solution diluted in ethanol for 6 

days. Cells were treated with equivalent amount of ethanol as a control. Wt1 gene 

knock-out expression was confirmed by qRT-PCR. RNA from Cre positive samples 

was extracted (Qiagen), DNase treated (Qiagen) and quality analysed by the 

microfluidics based platform Agilent 2100 Bioanalyzer. High RNA sample quality 

was required with RNA Integrity Number (RIN) over 8/10, as recommended by 

Agilent. Ambion®'s Illumina® TotalPrep™ RNA Amplification Kit and 200ng of 

RNA were used to generate amplified biotinylated cRNA for mouse transcriptome 

analyses. Affymetrix GeneChip® Mouse Genome 430 2.0 arrays were used for this 

analysis. 

 

2.3. Epicardial specific Wt1 knock-out mouse previously generated in the lab 

 

The epicardial specific Wt1 knock-out mouse was produced in the lab and 

methodology has been described previously (Martínez-Estrada et al., 2010). Gata5-
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Cre Wt1loxP/gfp mice were generated by crossbreeding Wt1loxP/loxP mice heterozygous 

for Wt1-GFP knock-in and Gata5-Cre. The list of primers for genotyping is shown 

below. 

Table 2 1. Genotyping primers 

Wt1loxP/loxP TGGGTTCCAACCGTACCAAAG 

 GGGCTTATCTCCTCCCATG 

Wt1-GFP GCCTGAAGAACGAGATCAGC 

 GGCAGCTTGAATTCCTCTCA 

 AGCCTGAAGCTGCTCACATC 

Gata5cre GCATTACCGGTCGATGCAACGAGTGATGAG 

 GAGTGAACGAACCTGGTCGAAATCAGTGCG 

 

2.4. Isolation of GFP positive cells by FACS 

 

Hearts from Wt1GFP/+ and Gata5-Cre Wt1loxP/gfp mice were dissected at different 

stages of development from E11.5 to E16.5. Isolation of GFP positive cells was 

carried out as detailed below: 

1. Dissect out embryos into fresh PBS and select WT1-GFP positive embryos 

under a fluorescent microscope. Fluorescence is clearly seen in the embryonic 

kidney as a positive control. 

2. Dissect hearts (also tails if genotyping is needed) and cut out atria with sterile 

needles. Take a GFP negative heart as a negative control of fluorescence. 

3. Wash dissected ventricles 3X with PBS. 

4. Warm up dissociating solution: trypsin:versene solution in a 1:10 ratio 

warmed up to 37oC. 

5. Place GFP heart(s) in a 1.5ml eppendorf tube and remove PBS. 

6. Add 200µl of dissociating solution. 
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7. Place eppendorfs in a shaking block set at 37oC and shake at 1000rpm for 10 

minutes. 

8. Collect supernatant with dissociated cells into a separate tube containing 

DMEM culture medium (with 10% FCS and 1% Penycillin/Streptamyocin) 

and add warm dissociating solution and repeat step 7 until heart is completely 

dissociated. Keep supernatant on ice until complete collection of dissociated 

cells. 

9. Pass collected cells through a sterile sieving membrane or cell strainer before 

FACS analysis and sorting. 

10. FACS sorting of GFP populations was carried out by gating against a 

littermate GFP negative control. Cells were analysed in graphs of SSC-A 

against 3-488-525/50-A. 

11. Collect cells directly into RNAlater buffer solution (Ambion).  

12. Centrifuge cells, remove supernatant and store pellet at -80oC. 

 

2.5. Isolation of small amounts of RNA from in-vivo GFP sorted cells 

 

Modified protocol for RNA extraction from GFP sorted cell pellet using Arcturus 

PicoPure kit: 

1. Centrifuge cell suspension in RNAlater® (Invitrogen) at 3000g for five 

minutes. 

2. Dispose of supernatant 

3. Extract the cells with 100µl of Extraction Buffer (provided in the kit). 

Resuspend cells by pipetting. 

4. Incubate at 42ºC for 30 minutes. 

5. Centrifuge the sample at 3000g for 2 minutes. 
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6. Pipette the supernatant containing the extracted RNA into a new 

microcentrifuge tube, avoiding picking up pelleted material. 

7. Proceed with RNA Isolation or freeze at -70ºC. 

8. Pre-condition the RNA Purification Column by: a) Pipetting 250µl 

Conditioning buffer (provided in the kit) onto the purification column filter 

membrane, b) Incubate the RNA Purification Column with Conditioning 

Buffer for 5 minutes at room temperature, c) Centrifuge the purification 

column in the provided collection tube at 16000g for 1 minute. 

9. Pipette 100µl of 70% Ethanol to the cell extract (or equal volume to cell 

extract). Mix well by pipetting up and down. 

10. Pipette the cell extract and Ethanol mixture into the pre-conditioned 

purification column.  

11. To bind RNA, centrifuge for 2 minutes at 100g, immediately followed by a 

centrifugation at 16000g for 30 seconds to remove flow-through. 

12. Pipette 100µl Wash Buffer (provided in the kit), into the purification column 

and centrifuge for 1 minute at 8000g. 

13. Carry out DNase treatment using RNase-Free DNase Set (Qiagen, catalogue 

#79254): a) Pipette 5µl DNase I stock solution to 35µl Buffer RDD (provided 

with RNase-Free DNase Set). Mix by gently inverting, b) Pipette the 40µl 

DNase incubation mix directly into the purification column membrane. 

Incubate at room temperature for 15 minutes, c) Pipette 40µl PicoPure RNA 

Kit Wash Buffer (provided in the kit) into the purification column membrane. 

Centrifuge at 8000g for 15 seconds. 

14. Pipette 100µl Wash Buffer 2 (provided in the kit) into the purification column 

and centrifuge for 1 minute at 8000g. 

15. Pipette another 100µl Wash Buffer 2 into the purification column and 

centrifuge for 2 minutes at 16000g. Check the purification column for any 
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residual wash buffer. If wash buffer remains re-centrifuge at 16000g for 1 

minute. 

16. Transfer the purification column to a new 0.5ml microcentrifuge tube 

(provided in the kit). 

17. Pipette 11µl Elution Buffer (provided in the kit) directly onto the membrane 

of the purification column by gently touching the tip of the pipette to the 

surface of the membrane while dispensing the elution buffer to ensure 

maximum absorption of Elution Buffer into the membrane. 

18. Incubate the column for 1 minute at room temperature. 

19. Centrifuge the column for one minute at 1000g to distribute Elution Buffer in 

the column, and then spin for 1 minute at 16000g to elute RNA.  

20. The RNA sample was immediately stored at -80ºC until use. 

 

2.6. Amplification of small amounts of RNA and microarray analysis of 

Wt1GFP++FACS sorted cells from our in-vivo epicardial Wt1 knock-out model 

 

The ventricles from Gata5-Cre Wt1loxP/gfp mice were dissected at E13.5 and Wt1-GFP 

cells sorted by FACS into RNAlater® buffer (Invitrogen). Cells were centrifuged at 

5000g for 5 minutes, the supernatant removed and pellet stored at -80ºC. The tails of 

the embryos were used for genotyping in order to select Cre positive and Cre 

negative embryos. Between 10 and 15 embryos were used for each replicate and 

30,000-50,000 Wt1GFP++ cells were collected by FACS for each replicate.  

RNA was extracted and DNase treated (Qiagen) using the Arcturus RNA isolation 

kit as described above. RNA quality was analysed by the microfluidics based 

platform Agilent 2100 Bioanalyzer. High RNA sample quality was required with 

RNA Integrity Number (RIN) over 8/10, as recommended by Agilent. Arcturus 

RiboAmp® HS-Plus 2-round kit was used to amplify around 5ng of RNA per 

replicate, no modifications were made to the amplification protocol provided by 
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Arcturus RiboAmp® HS Plus RNA kit. The Turbo LabelingTM kit for Biotin 

labelling of unmodified aRNA for gene expression profiling was used (Arcturus 

Catalogue number KIT0608-Biotin). MouseWG-6 V2 BeadChips from Illumina, 

containing 45,200 transcripts, were used for gene expression profiling. 

 

2.7. Microarray analysis of Wt1GFP++and Wt1GFP+FACS sorted cells from the 

ventricles of Wt1GFP/+ mice 

 

The ventricles from Wt1GFP/+ mice were dissected at E11.5, E12.5, E13.5, E14.5, 

E15.5 and E16.5, and the two populations of Wt1-GFP cells, Wt1GFP++ and Wt1GFP+, 

were sorted by FACS into RNAlater® buffer (Invitrogen). Cells were also 

centrifuged at 5000g for 5 minutes, the supernatant removed and pellet stored at -

80ºC. Around 100,000 cells were collected for each replicate from the Wt1GFP++ 

population and around 100,000 to 150,000 for the Wt1GFP+ population. 

 

RNA was extracted and DNase treated (Qiagen) using the Arcturus RNA isolation 

kit as described above. RNA quality was analysed by the microfluidics based 

platform Agilent 2100 Bioanalyzer. High RNA sample quality was required with 

RNA Integrity Number (RIN) over 8/10, as recommended by Agilent. Ambion®'s 

Illumina® TotalPrep™ RNA Amplification Kit was used for generating biotinylated 

and amplified RNA for expression profiling arrays. 100ng of high quality RNA was 

used for each replicate. The quality of biotinylated aRNA was analysed by the 

microfluidics based platform Agilent 2100 Bioanalyzer.MouseWG-6 V2 BeadChips 

from Illumina, containing 45,200 transcripts, were used for gene expression 

profiling. 

 

2.6. Quantitative Real-Time expression analysis 
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Analysis of gene expression was carried out by Taqman® quantitative Real-Time 

PCR. Unless stated, data from cultured cells are shown as the average of 3 biological 

replicates, each having 3 technical replicates. Beta-actin was used as an endogenous 

control in the initial validation of in-vitro putative targets. Initial validation of in-

vitro putative targets was calculated by the 2-dd∆Ct method (Livak et al 2001) and 

samples analysed by HT7900 real-time PCR. An endogenous GAPDH Roche® 

housekeeping control gene expression primers and probes were subsequently used. 

The same standard DNA was used for comparability of results in different batches by 

using the LC480 light-cycler, its software and methods and values were shown as the 

ratio gene/control levels of mRNA. Student’s t-test was used as a statistical method. 

Values were considered significant where student’s t-test P value falls below 0.05. 

Error bars are ± Standard Error.  

Table 2. 2. List of primers. 

  
 

 

Gene   
Sequence 

Probe 
Wt1  L caggatgttccccaatgc 27 

R  gaaagtgaccgtgctgtatcc 

Cxcl10  L gctgccgtcattttctgc 3 

R  tctcactggcccgtcatc 

Ccl5  L  tgcagaggactctgagacagc 110 

R gagtggtgtccgagccata 

Irf7  L cttcagcactttcttccgaga 25 

R  tgtagtgtggtgacccttgc 

Fasn L gctgctgttggaagtcagc 58 

R  agtgttcgttcctcggagtg 

Nr2f1  L caaagccatcgtgctattca 89 

R  cctgcaggctttcgatgt 

Ddit3  L gcgacagagccagaataaca 91 

R  gatgcacttccttctggaaca 

B3gnt5  L tcttgccacaggaccatgta 60 

R  gatgcaggggtgataaggaa 

Sp100 L gcatattccagaaaacctccaa 63 
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R  tgatgatagagctctcagtgtcaga 

Osbpl1a L atcctgtggaaaggatgcag 5 

R  cactgagaggcgacagcag 

Rgs17 L tccccacataccaccaaaat 85 

R  cttcatctgcagtggggttt 

Raldh2 L catggtatcctccgcaatg 33 

R  gcgcatttaaggcattgtaac 

Syndecan 4 L catctttgagagaactgaggtcttg 18 

R  ccttcttcttcatgcggtaca 

Ccr5 L gagacatccgttccccctac 106 

R  gtcggaactgacccttgaaa 

Cxcr3 L gcaagttcccaaccacaagt 13 

R  ctggggtcaggtctcgtg 

Tlr4 L ggactctgatcatggcactg 2 

R  ctgatccatgcattggtaggt 

Hes1 L acaccggacaaaccaaagac 99 

R  cgcctcttctccatgatagg 

Hey1 L catgaagagagctcacccaga 17 

R  cgccgaactcaagtttcc 

Jag1 L gaggcgtcctctgaaaaaca 6 

R  acccaagccactgttaagaca 

α-Sma L gacaccacccacccagagt 20 

 R  acatagctggagcagcgtct  

Cdh1 L atcctcgccctgctgatt 18 

 R  accaccgttctcctccgta  

Desmin L gcgtgacaacctgatagacg 110 

 R  gttggatttcctcctgtagtttg  

Sm22 L ccttccagtccacaaacgac 13 

R  gtaggatggacccttgttgg 

Vimentin L ccaaccttttcttccctgaa 109 

R  tgagtgggtgtcaaccagag 

Snai1 L gtctgcacgacctgtggaa 71 

R  caggagaatggcttctcacc 
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Snai2 L cattgccttgtgtctgcaag 71 

R  cagtgagggcaagagaaagg 

Pdgfrα L gtcgttgacctgcagtgga 80 

R  ccagcatggtgatacctttgt 

Pdgfrβ L tgcagagacctcaaaaggtg 63 

R  cctgatcttcctcccagaaa 

Beta actin  L aaggccaaccgtgaaaagat NA 

R  gtggtacgaccagaggcatac 

Gapdh   Gapdh gene assay Roche cat 
no. 05046211001 

  

 

 

2.6. Isolation of cardiomyocytes from E11.5 CD1 mouse ventricles 

 

1. On the day before collection of ventricles, cover 24-well plates containing 

sterile cover slips with 0.1% gelatine solution and leave in a 37o incubator 

overnight. 

2. Install a shaker under the hood with a heated block at 37°C. 

3. Take out gelatine solution from 24-well plates and leave in a 37o incubator. 

4. Prepare medium (10% FCS, 1% Penicillin/Streptamyocin and 1% 

Gentamicin) and warm to 37o. 

5. Dissociating solution was warmed up to 37°C (trypsin:versene 1:10 solution). 

6. Dissect the embryos and cut out the atria with sterile needles, place ventricles 

in warm sterile PBS and wash. Place hearts in 1.5ml sterile eppendorf. 

7. Add warm dissociating solution. 

8. Shake hearts at 1000rpm in a heated 37oblock for 10 min. 

9. Discard only the first supernatant after 10 minutes. 
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10. Add more dissociating solution and repeat step 8.  

11. Collect the following supernatant and add to one well in a 6-well plate 

containing warm medium and return to 37o incubator. Allow big pieces of 

heart sink to the bottom of the 1.5ml tube before collecting supernatants.  

12. Repeat step 7 and 8 and collect supernatants until hearts are dissociated as in 

step 11. 

13. Once all dissociated cells are collected let these stand in a 37°C incubator for 

a further 2 hours to allow endocardial and epicardial cells to stick to the 

plastic. 

14. After 2h collect the medium containing cardiomyocytes, pipette up and down 

gently and transfer to another well. 

15. Count the number cells per millilitre and add 50000 cells per well in a 24-

well plate containing coverslips from step 3. 

16. Incubate overnight at 37°C. 

 

2.7. Transwell migration assay of immortalized epicardial cells 

 

Day1 

- Change cell to serum free medium 

Day 2 

Transwell assay: 

1. Cover transwell membranes with 0.1% gelatine solution and incubate for 1 

hour at 37oC. 

2. Trypsinize cultured cells, pellet and dilute in serum free medium to 200 000 

cells/ml. 
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3. Add 400µl of immortalized epicardial cells to the top of the transwell. 

4. To the bottom 1ml of medium are added as follows: 

Negative control = serum free medium 

Positive control = 10% FCS medium + 10ng/ml Vegf 

CXCL10 = 10% FCS medium + 10ng/ml Vegf + 200ng/ml CXCL10 

Day 3 

5. Fix membranes with 4% PFA for 10 minutes, wash with PBS and stain with 

DAPI containing mounting medium. 

6. Cut out transwell membrane, place on a glass slide and cover with a glass 

coverslip. 

7. Count number of cells per slide under the microscope. At least 3 different 

replicates were used for each biological replicate. 

 

2.8. Crosslinked ChIP of immortalized epicardial cells 

 

This protocol is modified from Stock et al(Stock et al., 2007). 

 

Crosslink ChIP solutions: 

Fix:   1% Formaldehyde (FA) in PBS 

Glycine stop:  0.125M Glycine in PBS (50 ml PBS +0.5g Glycine (75.07 

g/mol)). Make fresh. 

Swelling Buffer: 25mM HEPES pH7.9 

1.5 mM MgCl2 

10mM KCl 
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0.1% NP40 

0.2mM PMSF 

1 mM DTT 

Protease Inhibitor cocktail 

Sonication Buffer: 50mM HEPES pH7.9 

140mMNaCl 

1mM EDTA 

1% Triton X100 

0.25% Na deoxycholate 

0.1% SDS 

0.2mM PMSF 

1mM DTT 

Protease Inhibitor Cocktail 

Elution Buffer: 0.1 M NaHCO3 

1 % SDS 

Block solution: 1x PBS   

0.5% BSA  

Store at -20°C. 

Urea Buffer:  2M NaCl and 5M Urea 

Wash Sonication buffer:      

50 mM Hepes pH 7.9             

140 mM NaCl              
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1mM EDTA                 

1% Triton X-100          

0.1% Na-deoxycholate     

0.1% SDS                 

 Wash buffer A: (Same as sonication buffer but contains 500 mM NaCl): 

50 mMHepes pH 7.9             

500 mM NaCl              

1mM EDTA                 

1% Triton X-100          

0.1% Na-deoxycholate     

0.1% SDS                 

Wash buffer B: 20 mM Tris pH 8.0        

1 mM EDTA                

250 mM LiCl              

0.5% NP-40               

0.5% Na-deoxycholate     

 TE buffer:   1mM EDTA 

10mM Tris pH 8.0 

Buffers were stored in cold room. Add PMSF, DTT and protease cocktail fresh 

before use. 

1.  Seed cells in 4xT75s and allow them to reach 70% confluence.  

2a). Morning: Prepare fresh Glycine Buffer and 1% formaldehyde in PBS. 
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2b) Trypsinize and collect cells in a falcon tube with 10x media. Centrifuge at 

 1000 rpm for 4 minutes at room temperature.  

 Aspirate off media and immediately resuspend in fresh 5ml 1% 

 formaldehyde and incubate in the hood for 30 min. Swirl tube.  

3. Stop by adding 12.5 ml 0.125M Glycine. Centrifuge at 1000 rpm for 4 

 minutes at 4°C. 

4. Wash 1x with ice cold PBS. 

5. Add 10 ml Swelling Buffer to lyse the cells and transfer to a douncer and 

leave for10 min at 4°C.  Isolate nuclei by douncing 25 strokes with a tight 

pestle.  Transfer to a falcon and centrifuge at 2,500 rpm for 5 min at 4°C. 

6a). Resuspend nuclei in 0.5ml of Sonication Buffer per 2x107cells. 

Measure Chromatic Concentration: 

- Dilute a small aliquot of chromatin 5µl in 495µlUrea buffer 

-Measure A260.Blank using 5µl Sonication Buffer plus 495µlUrea Buffer 

-Express chromatin concentration by amount of DNA they contain (1 A260 

value equals 50 ng/µl). 

- Concentration x 100 (dilution factor) x 1000 (total volume). 

6b). Resuspend nuclei in Sonication Buffer to1.8µg/µl chromatin. Aliquot

 0.5ml aliquots in eppendorfs. 

7.  Sonication: Use a Diagenode Bioruptor with an ice water bath. Change ice 

 every 10 minutes. 

 Max power, 30 seconds on, 30 seconds off for 1 hour. 

8.  Centrifuge at 13,000 rpm for 15 minutes at 4°C and transfer chromatin to new 

 tubes. 

Check efficiency of sonication 
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9. Remove 20µl for agarose analysis. Add 0.2µl 5M NaCl (for a final 200 mM 

concentration). Decrosslink for 6h at 65°C, 1 hour with 1µl RNaseA (10 

mg/ml) at 37°C. In the last hour add 40µg Proteinase K. (Alternatively, do 

ProteinaseK and then add RNaseA directly into tubes for loading the gel). 

10. Dilute 5 and 15µldecrosslinked DNA into 20µl TE (total) and add 4 µl 

Orange G. Also load 20µl undiluted DNA with Orange G (you will have an 

SDS effect). Load on a 1% Agarose gel.  

Pre-clearing and Immunoprecipitation 

11. Prewash Protein A beads (Millipore) twice in Block solution. Make up 1:1 

slurry (Equal volume beads and Block solution); this mix can be stored in 

fridge for short periods (1 month). 

12. Remove Input aliquots (5% Input). 

Prepare 450-500µg chromatin (for 10µg transcription factor antibody) and 

add 60µl 1:1 ProteinA slurry.  

 Incubate for 2 hours on a rotating wheel at 4°C. 

13.  Prepare 60 µl (1:1) ProteinA slurry, add 10 µl (10m/ml) BSA, 10µg anti-Wt1 

antibody (C19, Santa Cruz) or10µg anti-rabbit IgG and 400 µl precleared 

chromatin. Rotate overnight at 4°C. 

Washes 

Rotate for 10 minutes at 4ºC; centrifuge (2 min, 2,000rpm in table-top 

centrifuge at 4°C). Keep supernatant; also ensure to have 20 µl extra input. 

14. 1x with sonication buffer 

 1x with wash buffer A 

 1x with wash buffer B 

15. TE: 1ml wash at RT and transfer to new tube (not necessary to rotate).  
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Elution  

16. Prepare fresh Elution Buffer. 

17. Add 100µl of Elution solution, which is heated up to 37 °C to the beads. 

Vortex briefly and incubate for 15min on a rotating wheel at room 

temperature. Centrifuge and collect supernatant in a new tube.  

18.  Repeat elution with 50µl of Elution solution and pool the two elutions. 

Elutions can be stored at –20°C. 

DNA purification 

19. To 150µl eluted material add 6µl 5M NaCl (final concentration 200 mM) and 

1µl RNaseA (10 mg/ml). Decrosslink for 4 hrs at 65 °C. 

20. Adjust pH of elutions (150µl total volume) by adding 8µl 2M Tris HCl pH 

6.8 (this changes the pH from 12 to approximately 8) and add 40µg of 

proteinase K and incubate for >1h at 55C.  

For 10% Input, add 50 µl Elution buffer and 40µg of proteinase K. 

20. Purify DNA using Qiagen QIAquick PCR purification columns (Catalogue 

number 28104) according to manufacturer’s protocol. 

21. Add 750 µl PBI (supplied in Qiagen kit) and apply 600µl sample to the 

column. Incubate 1 minute and centrifuge at maximum speed for 1 minute. 

Discard flow through, apply the rest of the material and repeat procedure. 

22. Wash twice with 750 µl Buffer PE. 

23. After last wash, remove flow through and centrifuge again for 1 minute to dry 

column. 

24. Transfer columns to newly-labelled tubes and elute with 25µl 10 mM Tris pH 

8.5. Leave for 1 minute and centrifuge for 1 minute at max speed. 

Repeat procedure above with 25 µl 10 mM Tris pH 8.5. 
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Measure DNA concentration using Nanodrop. Input may be around 100-200 

ng/µl and only a few ng/µl from each sample may be detected 

 

Table 2. 3. Primers used for PCR reaction of Irf7 promoter and negative site 

Irf  

promoter GCTGGGGTTAGGGCTAATGT 

 TGCAATAGCTGACTGCTCCA 

Irf7 

negative GAGGGTGCCAGTGCTTTTAT 

 GAGCCTGGAAGACTGAATCTG 

 

2.9. Ex-vivo kidney culture and antibody staining of nephrons 

 

Ex-vivo kidney cultures were carried out using nephrogenic mesenchymes dissected 

from E11.5 CD1 embryos. 

1. Place mesenchyme on transwell membranes and add DMEM culture medium 

containing 10% FCS, 1% Penicillin/Streptomycin in the bottom of the well. 

2. Treat kidneys with chemokine, with indicated concentrations, for 3 days.  

3. Cut the transwell filter around kidneys and place the filter containing the 

kidney in a 24-well dish. 

4. Fix in ice cold methanol for 10minutes at room temperature. 

5. Remove methanol and wash in PBS. 

6. Add PBS/BSA/Azide (0.1% BSA and 0.1% sodium azide in PBS) and block 

overnight at 4°C. 

7. Make up anti Laminin and anti Calbindin antibody dilutions in 

PBS/BSA/Azide blocking solution, dilutions 1/800 for both antibodies 

(Laminin is from Sigma, cat L9393 and raised in Rabbit, Calbindin D28k CL-
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300 is from Abcam, cat ab9481 and raised in mouse). Add diluted antibody to 

the filters containing the kidneys overnight at 4°C. 

8. The following day, wash six times in PBST (500ml PBS + 500µl 10% Triton) 

for 1 hour each time at room temperature. Do not shake as kidneys may fall 

off filter. 

9. Dilute secondary antibody in PBS/BSA/Azide blocking solution and leave 

overnight at 4°C. 

Alexa Fluor 594 Donkey anti-rabbit IgG (Red) – 1/400 

Alexa Fluor 488 Donkey anti-mouse IgG (FITC) – 1/400 

10. The following day wash six times in PBST for 1 hour each time at room 

temperature; again do not shake as kidneys may fall off. 

11. Mount in vectashield + DAPI or Vectashield. 

 

2.10. Apoptosis assay of cardiomyocyte enriched primary culture 

 

Annexin V staining for FACS analysis (BDBiosciences) was used to assay apoptosis 

of the cardiomyocyte enriched primary culture described above. 

The following controls were used: 

- Unstained cells 

- Cells stained with Annexin V-FITC alone 

- Cells stained with Propidium iodide alone 

- Cells treated with Staurosporin (1µg/ml for 3 hours) as a positive control of 

apoptosis (Sigma catalogue number S6942, stock solution concentration 

100µg/214µl) 

Staining: 
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1. Wash cells twice with cold PBS and then resuspend cells in 1X Binding 

Buffer (provided in the kit) at a concentration of ~1 x 106 cells/ml. 

2. Transfer 100 µl of the solution to a 5 ml culture tube. 

3. Add 5µl Annexin V-FITC and 2µlof Propidium Iodide (provided in the kit). 

4. Gently mix the cells and incubate for 15 minutes at room temperature in the 

dark. 

5. Add 400µl of 1X Binding Buffer to each tube. Analyze by flow cytometry 

within 1 hour. 

 

2.11. Paraffin embedding of mice embryos. 

 

Mouse embryos were embedded as detailed in the protocol below. Timing of the 

steps varied depending on the developmental stage of the embryo. 

1. Embryos were dissected and washed in PBS. (E15.5 embryos were cut in the 

head, neck and thorax to allow PFA to penetrate). 

2. Remove PBS. 

3. 4% paraformaldehyde (PFA) was added to the embryo for 4 hours for E11.5, 

6 hours for E13.5 and 8 hours for E15.5 embryos at room temperature or 

overnight at 4ºC on a shaking plate. 

4. Embryos were thoroughly washed with PBS for 20 minutes (40 minutes for 

E15.5 embryos). 

5. 50% ethanol was added to the embryos, 25 minutes for E11.5, 30 minutes for 

E13.5 and 45 minutes for E15.5 embryos at room temperature. 

6. Ethanol was removed and 70% ethanol was added to the embryos, 25 minutes 

for E11.5, 30 minutes for E13.5 and 45 minutes for E15.5 embryos at room 

temperature. 

7. Ethanol was removed and 80% ethanol was added to the embryos, 25 minutes 

for E11.5, 30 minutes for E13.5 and 45 minutes for E15.5 embryos at room 

temperature. 
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8. Ethanol was removed and 90% ethanol was added to the embryos, 25 minutes 

for E11.5, 30 minutes for E13.5 and 45 minutes for E15.5 embryos at room 

temperature. 

9. Ethanol was removed and 96% ethanol was added to the embryos, 25 minutes 

for E11.5, 30 minutes for E13.5 and 45 minutes for E15.5 embryos at room 

temperature. 

10. Ethanol was removed and 100% ethanol was added to the embryos, 15 

minutes for E11.5, 20 minutes for E13.5 and 30 minutes for E15.5 embryos at 

room temperature. Repeat this step. 

11. Ethanol was removed and embryos were washed with Butanol twice for 30 

minutes each time. 

12. Butanol was completely removed and embryos placed in a glass container 

and Paraffin added, then inserted into a 65ºC oven. 3 x 30 minutes for E11.5 

embryos, 1 hour and 2 x 30 minutes for E13.5 embryos and 2 hours and 2 x 1 

hour for E15.5 embryos. 

13. Embryos were allowed to set in paraffin at 4ºC overnight, and 7µm sections 

were cut using a microtome. Sections were placed on a 47ºC water bath and 

collected on SuperFrost Plus microscope glass slides (VWR international). 

14. Leave slides on a hot plate for 2 hours. 

 

2.12. Immunohistochemistry of paraffin embedded sections for Wt1 and GFP 

expression 

 

Paraffin embedded embryos were sectioned and placed on microscope glass slides as 

detailed above. 

Make up the following solutions: 

- 1X TEG buffer: 1.211g TRIS, 0.19g EGTA in 1 litre of distilled water. 

- Wash 1: 1g BSA and 0.05g Saponin in 100ml PBS. 
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- Wash 2: 0.1g BSA and 0.05g Saponin in 100ml PBS. 

- Dilution of antibody solution: 0.1g BSA, 300µl Triton X-100 in 100ml PBS. 

Procedure: 

1. Place slides in xylene 3 x 10 minutes. 

2. Place slides in Ethanol 3 x 10 minutes. 

3. Place slides in 95% Ethanol for 5 minutes. 

4. Place slides in 90% Ethanol for 5 minutes. 

5. Place slides in 70% Ethanol for 5 minutes. 

6. Place slides in 50% Ethanol for 5 minutes. 

7. Place slides in 30% Ethanol for 5 minutes. 

8. Place slides in water 2 x 5 minutes. 

9. Place slides in a microwavable pressure cooker with TEG buffer making sure 

buffer covers the slides. 

10. Pressure cook in a microwave for 10 minutes. 

11. Cool on a rocking table with the lid closed for 45 minutes. 

12. Wash slides with PBS and draw a circle around sections using a Liquid 

blocker super PAP wax pen. 

13. Immediately add Wash 1, 3 x 10 minutes 

14. Add primary antibody diluted in Dilution of Antibody solution. C19 (Santa 

Cruz) diluted 1/200 and anti-GFP (Abcam) 1/200. 

15. Place slides in a humidity chamber overnight at 4ºC. 

16. Leave sections at room temperature for 1 hour. 

17. Wash x3 for 10 minutes with Wash 2. 

18. Dilute fluorescently labelled secondary antibodies (Invitrogen) with Dilution 

of Antibody solution. Add secondary antibody and incubate for 1 hour. 

19. Wash slides with PBS. 

20. Counterstain with Vectashield mounting medium containing DAPI. 

21. Cover with glass coverslip and view under microscope. 

2.13. Tamoxifen treatment of immortalized epicardial cells and ex-vivo hearts. 
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Our tamoxifen inducible immortalized epicardial cell line was allowed to grow to 

around 30% confluence in T25 flasks and 5ml of medium was added (DMEM 

containing pyruvate with 10% FCS and 1% Penicillin/Streptomycin). Samples were 

incubated at 33ºC. Tamoxifen (diluted in Ethanol) was added to the medium to a 

final concentration of 100nM at day 0, at day 3 the same amount of tamoxifen was 

added again. 500µl of the conditioned media samples were taken every day and 

stored at -20ºC until required. 

For ex-vivo experiments 0.8% agar solution was made up using sterile PBS and this 

solution was heated. 50µl of the dissolved agar in hot liquid solution was added to a 

96-well plate and allowed to set at room temperature inside a hood. Ventricles were 

dissected from E11.5 tamoxifen inducible Cre Wt1loxP/loxP mice. Tails were taken for 

genotyping as detailed above. Ventricles were washed in cold PBS and added to the 

middle wells of the 96-well plate containing set agar. PBS was removed and 150µl of 

medium was added containing 100nM Tamoxifen to all ventricles (DMEM medium 

containing pyruvate with added 10% FCS and 1% penicillin/streptomycin). PBS was 

added to the surrounding wells to avoid evaporation. Samples were incubated at 

37ºC. The same amount of tamoxifen was added to each well on day 3. Conditioned 

media were collected on day 6 and stored at -20ºC until required. 

 

2.14. Cxcl10 and Ccl5 ELISAs 

 

Conditioned media samples taken from immortalise epicardial cells and ex-vivo 

hearts, as detailed above, were used for Cxcl10 and Ccl5 ELISAs.  

Solutions required: 

- PBS 

- Wash buffer: 0.05% Tween®20 in PBS 

- Reagent diluents: 1% BSA in PBS and filtered through a 0.2µm filter. 

- TMB ELISA substrate was purchased from Thermo Scientific. 
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- Stop Solution: Concentrated HCl diluted 1/10 in distilled water. 

Mouse Cxcl10 and Ccl5 ELISA kits were purchased from R&D Systems. Mouse 

Cxcl10 ELISA DuoSet Catalogue number DY466. Recombinant murine Cxcl10 was 

used as a standard and this was purchased from Peprotech, Catalogue number 250-

16. Capture and detection antibodies and Streptavidin-HRP were provided in the 

mouse Cxcl10 ELISA kit. No changes were made to the protocol provided by R&D 

Systems in the mouse Cxcl10 ELISA kit. 

Mouse Ccl5 ELISA DuoSet Catalogue number DY478. Recombinant murine Ccl5 

was used as a standard and this was purchased from Peprotech, Catalogue number 

250-07. Capture and detection antibodies and Streptavidin-HRP were provided in the 

mouse Ccl5 ELISA kit. No changes were made to the protocol provided by R&D 

Systems in the mouse Ccl5 ELISA kit. 

 

2.14. Cytokine ELISA array 

 

Conditioned media samples taken from ex-vivo hearts, as detailed above, were used 

for a cytokine ELISA array analysis. Mouse Cytokine ELISA Array was purchased 

from R&D Systems, catalogue number ARY 006. 

Solutions required: 

- PBS 

- Aprotinin (Sigma Catalogue number A6279) 

- Leupeptin (Sigma Catalogue number L8511) 

- Pepstatin (Sigma Catalogue number P4265) 

- Igepal® CA-630 (Sigma Catalogue number I3021) 

All other materials were provided in the kit. No changes were made to the protocol 

provided in Mouse cytokine ELISA array kit. 
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2.15. Colorimetric BrdU assay of proliferation for cardiomyocyte enriched primary 

culture 

 

Bromodeoxyuridine (BrdU) colorimetric assay was purchased from Calbiochem® 

catalogue number QIA58.  

Cardiomyocyte enriched primary culture was isolated as detailed above. 10,000 of 

these cells were seeded per well in a 96-well plate and allowed to attach to the plate 

overnight. Culture medium was added (DMEM containing pyruvate with added 10% 

FCS and 1% Penicillin/Streptomycin) with added chemokines or conditioned 

medium as indicated in the results section. Primary cultures were treated for 3 days 

and the following protocol was carried out. 

1. Prepare working stock of BrdU label (provided in the kit) by diluting BrdU 

label 1:2000 into culture medium. 

2. Pipette 20µl of this working stock BrdU lbel solution into each well. 

3. Allow BrdU to incubate for 3 hours. 3 controls were also used: 1 well 

containing no cells and BrdU label, 1 well containing cells but no BrdU label 

and 1 containing cells treated BrdU label and 1µg/ml of Staurosporin 

(Invitrogen). 

4. Remove contents over sink and blot on paper towels.  

5. Add 200µl of the fixative/denaturing solution to each well. 

6. Incubate for 30 minutes at room temperature.  

7. Remove contents over the sink and tap plate on paper towels. Plate may be 

store for 1 week at 4ºC. 

8. Dilute the anti-BrdU antibody (provided in the kit) 1:100 in the antibody 

dilution buffer (provided in the kit). 

9. Prepare a 1X Wash buffer (provided in the kit) with deionised water and mix 

well. 

10. Wash 3 times with 1X Wash buffer and then blot the plate on paper towels. 
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11. Reconstitute Peroxidase Goat anti-mouse IgG HRP Conjugate (provided in 

the kit) in PBS and dilute in conjugate diluent (provided in the kit) 1:1000 

(dilution is lot specific). Syringe filter through a 0.2µm filter.  

12. Pipette 50µl of conjugate solution into each well and incubate for 30 minutes 

at room temperature.  

13. Wash 3 times with 1X Wash buffer and then blot the plate on paper towels. 

14. Fill the plate with deionised water, remove contents over the sink and blot on 

paper towels.  

15. Add 50µl substrate solution (provided in the kit) to each well in the dark at 

room temperature for 15 minutes. 

16. Add 50µl stop solution (provided in the kit) to each well in the same order as 

in the previous step. 

17. Measure absorbance using a spectrophotometric plate reader at dual 

wavelengths (450 and 540nm) within 30 minutes of adding stop solution. 

 

2.16. Measurement of cardiomyocyte proliferation by immunohistochemistry. 

 

Solutions required:  

- 4% Paraformaldehyde. 

- 100% ice cold methanol. 

- PBS/BSA/Azide (0.1% BSA and 0.1% sodium azide in PBS). 

Procedure: 

1. Before the experiment began, autoclaved glass cover slips were inserted into 

the wells of a 24-well plate.  

2. To the wells a sterile 0.1% gelatine solution was added, incubated at 37ºC for 

1 hour and allowed to dry for 30 minutes at room temperature inside a hood.  

3. Cardiomyocyte primary culture cells were isolated as detailed above and 

50,000 cells were seeded per well in a 24-well plate. 
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4. Primary culture was treated for 3 days as indicated in the results section. 

5. Cells were washed with PBS. 

6. PBS was removed and 4% paraformaldehyde was added to each well for 10 

minutes. 

7. 4% PFA was removed and ice cold Methanol was added for 2 minutes. 

8. BSA/Azide was added and incubated overnight at 4ºC. 

9. Primary antibody was diluted in BSA/Azide. MF20 (Developmental studies 

hybridoma bank) was diluted 1/20 and phospho-H3 (Abcam catalogue 

number ab5176) was diluted 1/1000.  

10. Primary antibody was left to incubate overnight at 4ºC. 

11. Wells were washed with BSA/Azide for 1 hour. 

12. Fluorescence conjugated secondary antibody was diluted 1:800 in BSA/Azide 

for 1 hour. 

13. Wells were washed with PBS and cover slips taken out. Mounting medium 

containing DAPI was then used to counterstain. Place cover slip over a 

microscope glass slide with the cells facing the slide. 

14. Allow to dry for 10 minutes and view under fluorescence microscope. 

 

2.16. Irf7 immunohistochemistry of immortalized epicardial cells 

 

Solutions required:  

- 4% Paraformaldehyde. 

- 100% ice cold methanol. 

- PBS/BSA/Azide (0.1% BSA and 0.1% sodium azide in PBS). 

- 0.1% Triton: 0.5% BSA and 0.1% Triton-X100 in PBS 

Procedure: 

1. Immortalized epicardial cells were added to 24-well plate containing 

autoclaved glass cover slips. 
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2. Cells were treated as indicated in the results section. 

3. Cells were washed with PBS. 

4. PBS was removed and 4% paraformaldehyde was added to each well for 

10 minutes. 

5. 4% PFA was removed and ice cold Methanol was added for 10 minutes. 

6. BSA/Azide was added and incubated overnight at 4ºC. 

7. Cells were treated with 0.1% Triton solution for 30 minutes. 

8. Irf7 (Santa Cruz sc-9083) was diluted 1:50 in 0.1% Triton solution.  

9. Incubate overnight at 4ºC. 

10. Wells were washed with 0.1% Triton solution for 1 hour. 

11. Fluorescence conjugated secondary antibody was diluted 1:800 in 0.1% 

Triton solution for 1 hour. 

12. Wells were washed with PBS and cover slips taken out. Mounting 

medium containing DAPI was then used to counterstain. Place cover slip 

over a microscope glass slide with the cells facing the slide. 

13. Allow to dry for 10 minutes and view under fluorescence microscope. 

 

2.17. ABC signal amplification of Irf7 immuno-peroxidase staining of in-vivo 

sections. 

 

Paraffin embedded embryos were sectioned and placed on microscope glass slides as 

detailed above. The VECTASTAIN® ABC kit (Standard), catalogue number PK-

4000, was used to amplify the immunohistochemical signal of the anti-Irf7 antibody. 

Solutions required: 

- 0.1M Citrate buffer: 14.7g Tri-sodium citrate (dehydrate) and 250µl Tween-

20 in 500ml distilled water. 

- Peroxidase block: 5ml 30% H2O2 in 500ml methanol. 

- 50mM NH4Cl in PBS 
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- Wash 1: 1g BSA and 0.05g Saponin in 100ml PBS. 

- Wash 2: 0.1g BSA and 0.05g Saponin in 100ml PBS. 

- Dilution of antibody solution: 0.1g BSA, 300µl Triton X-100 in 100ml PBS. 

Procedure: 

1. Place slides in xylene 3 x 10 minutes. 

2. Place slides in Ethanol 3 x 10 minutes. 

3. Place slides in container with peroxidise block. Block endogenous peroxidise 

for 30 minutes. 

4. Place slides in 95% Ethanol for 5 minutes. 

5. Place slides in 90% Ethanol for 5 minutes. 

6. Place slides in 70% Ethanol for 5 minutes. 

7. Place slides in 50% Ethanol for 5 minutes. 

8. Place slides in 30% Ethanol for 5 minutes. 

9. Place slides in water 2 x 5 minutes. 

10. Place slide in pressure cooker containing Citrate buffer. Boil at full power for 

10 minutes. Let pressure cooker cool down for 10 minutes and open lid. 

11. Place slides in container with 50mM NH4Cl in PBS for 30 minutes. 

12. Circle sections with PAP wax pen and add Wash 1 to the sections 3 times for 

10 minutes each time. 

13. Add primary antibody diluted in Dilution of Antibody solution. Irf7 (Santa 

Cruz sc-9083) diluted 1/50. 

14. Place slides in a humidity chamber and incubate overnight at 4ºC. 

15. Leave sections at room temperature for 1 hour. 

16. Wash x3 for 10 minutes with Wash 2. 

17. Incubate sections for 1 hour with diluted 1:250 biotinylated secondary 

antibody solution (provided in kit). 

18. Wash slides with PBS for 5 minutes. 

19. Incubate sections for 30 minutes with VECTASTAIN® ABC Reagent 

(provided in kit). 

20. Wash slides with PBS for 5 minutes. 
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21. Dissolve DAB tablet in 10ml distilled water and add 10µl 30% H2O2 just 

before use. Incubate with DAB in fume hood at room temperature until 

desired stain intensity. 

22. Wash slides with PBS for 5 minutes. 

23. Wash slide in distilled water. 

24. Counterstain with Haematoxylin Mayer. 

25. Place slide in running tap water. 

26. Place slides in 70% Ethanol for 5 minutes. 

27. Place slides in 90% Ethanol for 5 minutes. 

28. Place slides in 99% Ethanol for 5 minutes. 

29. Place slides in Isopropanol for 5 minutes. 

30. Place slides in Xylene for 5 minutes 3 times. 

31. Add mounting medium and glass coverslip. Allow to dry and view under 

microscope. 

 

2.18. Irf7 promoter construct 

 

The generation of the Irf7 promoter construct was carried out by Dr Lettice. Briefly, 

the Irf7 promoter sequence containing putative Wt1 binding sites was selected as 

indicated in the results sections. Primers were selected to amplify a 1Kb region 

overlapping the first exon and upstream of Irf7, and primers were designed with an 

extra HindIII and XhoI restriction sites for the 5’ and 3’ end of the promoter 

sequence respectively. A PCR reaction was carried out using a KOD Hot Start high 

fidelity polymerase (Invitrogen) and the samples separated by agarose gel 

electrophoresis. The resulting 1Kb amplified fragment was extracted from the 

agarose gel using QIAquick Gel Extraction Kit (QIAGEN), and the eluted sample 

was cut with the enzymes HindIII and XhoI overnight at 37ºC. ThepGL4.10 vector 

was also cut with HindIII and XhoI enzymes. The promoter fragment and vector 

were extracted by phenol:chloroform extraction and the purified DNA resuspended 

in PCR graded distilled water. Control and ligation reactions were set up using the 
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Rapid DNA ligation kit (Roche) without changes to the suggested protocol. Ligated 

sample was added to 50µl of competent E. coli cells (Invitrogen), these were left on 

ice for 15 minutes, heat shocked at 42ºC for 30 seconds and left on ice for 3 minutes. 

1ml of LB medium (provided in the kit) was added and shaken at 37ºC for 1 hour 

before plating onto agar plates containing ampicillin. Colonies were selected by PCR 

reactions carried out to confirm the presence of the selected fragment in the vector. 

The pGL4.10 vector has a luciferase gene that is transcribed under the control of the 

inserted fragment. 

 

2.19. Irf7 promoter luciferase assay in immortalized epicardial cells 

 

The luciferase promoter fragment was cloned into a luciferase containing vector that 

is under the control of the cloned fragment as indicated above. Immortalized 

epicardial cells were allowed to reach 30-50% confluence in a 24-well plate to carry 

out experiment. 

Procedure: 

1. Calculate a mixture that contains 100ng of Irf7 luciferase vector and 20ng of 

Renilla vector in 50µl of DMEM medium without serum and antibiotics. 

2. Calculate mixture in order to carry out 3 replicates per condition, 150µl per 

condition. 

3. Add each mixture to a 0.5ml eppendorf tube. 

4. Add the corresponding quantities of DNA to each tube making sure the total 

amount of DNA remains the same for all conditions. A neomycin resistance 

containing vector was used as a control and to keep the amount of DNA in all 

conditions constant, and a vector containing the –KTS Wt1 isoform 

(previously generated in the lab) was used to analyse the effect of Wt1 on the 

Irf7 promoter. 
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5. Set up another 0.5ml eppendorf tube for each condition and add 150µl of 

DMEM medium without serum and antibiotics. Add 5.4µl of Lipofectamine-

2000 (Invitrogen) to each one of this set of tubes. 

6. Mix DNA-containing and Lipofectamine-containing tubes together by pipette 

up and down 3 times only for each condition in order. 

7. Incubate for 30 minutes at room temperature. 

8. Remove the cell media and add 1ml of DMEM without antibiotics and 2% 

serum to each well. 

9. Add 100µl of the mixture containing DNA and lipofectamine-2000 per well. 

10. Incubate the cells at 33ºC for 5 hours. 

11. Remove media and add DMEM with 10% FCS and 1% 

Penicillin/Streptomycin. 

12. Incubate overnight. 

13. Makeup luciferase reagent from Dual-Glo Luciferase kit (Promega). 

14. Remove media and add 100µl luciferase reagent per well and place on a 

shaking plate for 30 minutes. 

15. Take 80µl cell lysate and add to 96-well luminometer plate and cover with 

foil. 

16. Read luminescence. 

17. Make up renilla reagent (provided in the kit). 

18. Add 40µl per well and incubate for 10 minutes inside the luminometer. 

19. To calculate reading divide luciferase reading by renilla reading. 

 

2.20. Confocal microscopy of Wt1GFP/+ mouse hearts 

 

Procedure: 

1. Wt1GFP/+ mouse hearts were dissected from E11.5 and E13.5 mouse embryos. 

GFP expression was confirmed under a fluorescent microscope. 

2. Dissected hearts washed thoroughly with PBS and placed on ice in PBS. 
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3. 1% agarose and 1% BSA in PBS solution was heated in the microwave. 

4. Melted solution was allowed to cool down for 5 minutes at room temperature 

5. Dissected heart was placed in a small petri dish and melted agarose solution 

was poured on the petri dish making sure to cover the heart. 

6. Use needles to place the heart in the desired position and allow agarose 

solution to set for half an hour at room temperature. 

7. Place heart in agarose inside confocal microscope. Confocal microscope used 

was a Nikon A1R confocal with microscope Nikon TiE and the analysis was 

carried out using NIS-Elements. 

 

2.21. Statistical analysis 

 

Student’s unpaired and two tailed t-test statistical method was used to determine if 

two data sets are statistically significant. A significant value was considered as such 

when values fall below a p-value of 0.05. 
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Identification of chemokines regulated by Wt1 
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3.1. Introduction 

 

In order to identify new targets regulated by Wt1 during epicardial development and 

how these influence heart morphogenesis I performed a microarray-based expression 

analysis of the transcriptional changes associated with the deletion of Wt1 in a 

tamoxifen inducible Wt1 knock-out immortalized epicardial cells produced in the lab. 

I focused on gene targets that could probably explain the lack of cardiac vasculature 

and thinning of the myocardium seen in our in-vivo epicardial specific Wt1 knock-

out mouse model. The biggest number of changes observed were related to an 

interferon response, and among these the most significant changes were Cxcl10, 

which is known to regulate angiogenesis, and Ccl5, known to be involved in 

proliferation of other cell types an both chemokines are also known to be expressed 

following damage in the heart (Affò & Bataller, 2011; Berres et al., 2010; 

Braunersreuther et al., 2010; Nikolaos G Frangogiannis & Entman, 2005; R M 

Strieter et al., 1995).  

The expression of these chemokines was validated in tamoxifen-inducible Wt1 

knock-out immortalized epicardial cells and ex-vivo; and further analysis of their 

physiological roles revealed that Cxcl10 has an effect on epicardial cell migration 

and Ccl5 an effect on proliferation of cardiomyocytes.  

Cxcl10 and Ccl5 are also up-regulated following heart damage and the novel 

functions for these chemokines in the heart can be of great importance for the 

development of therapies against fibrosis and cardiomyocyte loss during damage in 

the adult heart. 
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3.2 The analysis of tamoxifen-inducible Wt1 knock-out immortalized epicardial cells, 

Cre+ Wt1loxP/gfp  

 

A tamoxifen-inducible Wt1 knock-out immortalized epicardial cell line was 

generated previously in the lab from hearts of E11.5 CreER+/Wt1loxP/gfp /Immorto+/- 

mice. These cells display a cobblestone morphology highlighted by the presence of 

ZO-1 at the cellular junctions that is typical of epicardial cells (figure 3.1. d). These 

cells are able to robustly express GFP and Wt1 (figure 3.1 a-c). Wt1-GFP positive 

cells were seen located in the epicardium by confocal microscopy of Wt1-GFP 

knock-in hearts. Bright Wt1-GFP positive cells were observed in the epicardium, 

figure 3.1 a. 

 

Figure 3.1. Epicardial cell line model developed in the lab.  

a) Confocal microscope section through the heart of an E11.5 Wt1-GFP knock-in heart showing 

bright GFP expression in the surrounding layer of the heart known as the epicardium, b) GFP 

fluorescence can be observed in these cells under a fluorescent microscope, c) An anti-Wt1 

antibody (C19) was used to stain Wt1 protein expression which can be observed in the nucleus, 



 

d) A cobblestone morphology which is highlighted by ZO

epicardial cells, nuclei DAPI staining is shown in blue.

The tamoxifen inducible 

sites that flank the first exon of 

tamoxifen. A quantitative real

significantly down-regulated by 89% 

positive cells (CreER+

levels of Wt1 in Cre

3.2. 

Figure 3.2. Down-regulation of 

epicardial cells. 

Down-regulation of Wt1

Cre+ Wt1lox/GFP, that were produced from 

positive and Cre negative cells were treated with 100

used as a control. N=3, t

Epicardial cells treated with tamoxifen for 6 

collected and samples were used for RNA extraction

and their transcriptome analysed by Illumina mouse chip microarray analysis. 

Fernando Martinez Estrada 

less than 0.05 according to a student’s t

included. The top changes were chosen for verification and analysis. 

target genes were found to significantly change in expressio

morphology which is highlighted by ZO-1 antibody staining are

, nuclei DAPI staining is shown in blue.  

The tamoxifen inducible Wt1 knock-out immortalized epicardial cell line 

flank the first exon of Wt1 which is deleted upon the addition of 

tamoxifen. A quantitative real-time PCR analysis confirms Wt1

regulated by 89% following a 6 days tamoxifen
+/Wt1loxP/gfp /Immorto+/-), whereas there is no change in expression 

Cre negative epicardial cells (CreER-/Wt1loxP/gfp 

regulation of Wt1 in tamoxifen inducible Wt1 knock

Wt1 in tamoxifen inducible Wt1 knock-out immortalized epicardial cells, 

, that were produced from E11.5 Wt1loxP/gfp/Immorto +/- 

negative cells were treated with 100nM of tamoxifen for 6 days. Et

used as a control. N=3, t-test p<0.001.  

Epicardial cells treated with tamoxifen for 6 days in the experiment above were 

collected and samples were used for RNA extraction, followed by

and their transcriptome analysed by Illumina mouse chip microarray analysis. 

Fernando Martinez Estrada carried out the analysis of these studies and p

less than 0.05 according to a student’s t-test and greater than one fold difference were 

included. The top changes were chosen for verification and analysis. 

target genes were found to significantly change in expression. The most significant 
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knock-out immortalized 

out immortalized epicardial cells, 
 mice. Epicardial Cre 
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days in the experiment above were 
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and their transcriptome analysed by Illumina mouse chip microarray analysis. Dr 
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changes in expression were found to be related to an immune response as indicated 

in figure 3.3. 

Figure 3.3.  Tamoxifen induced 

expression pattern enriched in immune

carried out by Dr Fernando Martinez

with 95% confidence interval were included in the analysis.

 

The transcriptome expression

cells compared with ethanol

immune-response genes in epicardial 

were in particular significantly up

may be specific or related to an interferon response. CXC and CC chemokines are 

indicated below in a heat map of microarray results, figure 

changes in expression were found to be related to an immune response as indicated 

.  Tamoxifen induced Wt1 knock-out and transcriptome analysis reveals a gene 

expression pattern enriched in immune-regulatory genes in our in-vitro model. 

carried out by Dr Fernando Martinez-Estrada, genes that changed in expression over 1 fold and 

idence interval were included in the analysis. 

expression changes observed in tamoxifen treated 

compared with ethanol treated control cells revealed an up

response genes in epicardial Wt1 knock-out cells. CXC and CC chemokines 

were in particular significantly up-regulated which could indicate these chemokines 

may be specific or related to an interferon response. CXC and CC chemokines are 

indicated below in a heat map of microarray results, figure 3.4. 
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Figure 3.4. Graphic of CXC and CC chemokine targets related to an interferon responsive which 

were significantly up-regulated according to my microarray analysis. This analysis was carried 

out by Dr Fernando Martinez-Estrada. 

 

 

The top targets were validated by qRT-PCR and a table of results obtained are 

summarized below in table 3.1. 
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 Low                  High 
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Table 3.1. Validation of most significant changes found by microarray analysis of the tamoxifen-

inducible Wt1 knock-out epicardial cell line.  

The most significant changes with p-values < 0.05 according to a students’ t-test analysis and 

greater than 1 fold difference were chosen for verification by qRT-PCR. Targets shown in red 

were found to be up-regulated in the presence of tamoxifen and in green are shown changes that 

were down-regulated upon tamoxifen induction. Confirmed changes were considered significant 

in Cre positive cells with a student’s t-test value<0.05 and which had a non-significant change in 

Cre negative cells. Values of qRT-PCR analyses are shown in appendix figure 3. 

GENE  RT-PCR RESULT 

Cxcl10  CONFIRMED 

Ccl5  CONFIRMED 

Irf7   CONFIRMED 

Sp100   FALSE POSITIVE 

Ddit3  CONFIRMED 

Fasn   FALSE POSITIVE 

Osbpl1a  FALSE POSITIVE 

B3gnt5   CONFIRMED 

Rgs17   CONFIRMED 

Nr2f1   CONFIRMED 

 

The top targets were validated by qRT-PCR which indicated that Cxcl10 and Ccl5 

mRNA expression were significantly up-regulated in-vitro. Cxcl10 and Ccl5 levels 

were also measured at the protein level by ELISA using the conditioned media from 

our in-vitro model which also revealed a significant up-regulation of Cxcl10 and 

Ccl5 at the protein level. 

Chemokine protein levels were also examined ex-vivo by dissecting E11.5 hearts 

from Wt1loxP/loxP tamoxifen inducible CRE positive and CRE negative mice and 

culturing these hearts for 6 days in low adhesion conditions where the hearts 

remained rounded in shape and in the presence of tamoxifen. The conditioned media 
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from these hearts was collected and protein levels of Cxcl10 and Ccl5 measured by 

ELISA. The results revealed that both Cxcl10 and Ccl5 were also up-regulated at the 

protein level in CRE positive hearts, which is consistent with results by qRT-PCR, 

figure 3.5.  

 

 

Figure 3.5. a) Validation of the putative Wt1 chemokine target Cxcl10 by qRT-PCR and ELISA. 

Quantification of the chemokine Ccl5, found in our tamoxifen-inducible Wt1 knock-out 

epicardial cell line transcriptome analysis by quantitative real-time PCR and ELISA, and also 

ex-vivo using the ventricles from our tamoxifen-inducible Wt1 knock-out mice. Asterix indicates 

t-test <0.05, n=3.  
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Figure 3.5. b) Validation of the putative Wt1 target Ccl5 by qRT-PCR and ELISA 

Quantification of a) Cxcl10 and b) Ccl5, found in our tamoxifen-inducible Wt1 knock-out 

epicardial cell line transcriptome analysis by quantitative real-time PCR and ELISA, and also 

ex-vivo using the ventricles from our tamoxifen-inducible Wt1 knock-out mice. Asterix indicates 

t-test <0.05, n=3, apart from the ex-vivo heart ELISA where n=2 

The up-regulation of Cxcl10 and Ccl5 expression were of particular interest since the 

literature reveals that Cxcl10 inhibits angiogenesis and Ccl5 has been associated with 

a number of physilogical responses that include proliferation in a number of cell 

types. Therefore, their expression could help to explain the phenotype observed in 

our epicardial specific Gata5-Cre Wt1loxP/gfp knock-out mice. In this model knock-out 
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mice present thinning of the myocardium, lack of coronary vasculature, oedema and 

pericardial haemorrhaging and mice die around E16.5 due to heart failure (Martínez-

Estrada et al., 2010). 

 

Chapter 3.3. The role of Cxcl10 in epicardial cell migration 

 

Cxcl10 has been shown to be able to inhibit angiogenesis even in the presence of pro 

angiogenic cytokines (Robert M Strieter, Burdick, Gomperts, Belperio, & Keane, 

2005). 

Furthermore it has also been established that Cxcl10 is able to dissociate newly 

formed blood vessels (Bodnar, Yates, Rodgers, Du, & Wells, 2009) and that Cxcl10 

can be expressed by heart cells as demonstrated by Cxcl10 up-regulation in the heart 

following myocardial infarction (N G Frangogiannis et al., 2001). Therefore, the up-

regulation of Cxcl10 could help to explain the lack of cardiac vasculature observed in 

our epicardial specific knock-out mice.  

It has recently been established that in order for epicardial cells to become 

cardiovascular progenitors they must undergo EMT (Martínez-Estrada et al., 2010). 

Adult Cxcl10 knock-out mice show an increase in fibrosis following myocardial 

infarction which indicates that Cxcl10 has a cardio protective role and its expression 

can inhibit fibrosis. EMT is also involved in the formation of fibroblasts during 

organ fibrosis in adult tissues. 

To establish if Cxcl10 has a role in spontaneous EMT, epicardial cells were treated 

with Cxcl10 for 24 hours. EMT markers were measured by qRT-PCR and their 

expression indicates a certain degree of spontaneous EMT taking place; however the 

expression of none of the EMT markers used changed significantly which indicates 

the possibility that Cxcl10 may not change the expression of the modulators of EMT 

analyzed here, figure 3.6. 



 

Figure 3.6. Expression of EMT markers in immortalized epicardial cells treated with CXCL10.

Cells were treated with 200ng/ml 

observed. 

A number of mouse models where

our lab. These also revealed through a transcriptome

regulated in Wt1 knock

Nestin Cre Wt1loxP/loxP

to validate this result, figure 3.7

. Expression of EMT markers in immortalized epicardial cells treated with CXCL10.

200ng/ml CXCL10 for 24 hours. No statistically significant changes were 

mouse models where Wt1 is knocked-out in the kidneys are

also revealed through a transcriptome analysis that 

knock-out kidneys.  Kidney samples from one of these models,
loxP knock-out mouse model provided by Dr Ozdemir,

to validate this result, figure 3.7 
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. Expression of EMT markers in immortalized epicardial cells treated with CXCL10. 

for 24 hours. No statistically significant changes were 

in the kidneys are present in 

analysis that Cxcl10 was up-

one of these models, 

provided by Dr Ozdemir, were used 

 



 

Figure 3.7. Validation of  kidney transcriptome analysis of 

mouse model from E18.5 kidneys by qRT

To understand the role of

investigated the reverse process, MET, that takes place in the kidney during 

development. In the kidney the nephrogenic mesenchyme undergoes MET to 

generate nephrons, therefore I 

nephrons produced in an 

The number of nephrons 

medium containing increasing amounts of 

included in the medium

an anti-calbindin antibody, which stains kidney tubules, and an anti

which stains nephrons, figure 3.

200ng/ml of CXCL10

a) 

b) 

Validation of  kidney transcriptome analysis of Nestin Cre 

from E18.5 kidneys by qRT-PCR for Wt1 (a) and Cxcl10 (b) samples, n=2.

the role of Cxcl10 and whether it could inhibit EMT in the heart I 

investigated the reverse process, MET, that takes place in the kidney during 

. In the kidney the nephrogenic mesenchyme undergoes MET to 

generate nephrons, therefore I was able to measure MET by counting the number of 

nephrons produced in an ex-vivo kidney culture system developed in the lab.

The number of nephrons was measured from E11.5 kidneys cultured for 3 days 

increasing amounts of CXCL10 protein. A control protein 

included in the medium in the mock experiment. Cultured kidneys were treated with 

calbindin antibody, which stains kidney tubules, and an anti

which stains nephrons, figure 3.8 a. The data reveal that kindeys cultured with 

CXCL10 had a significant increase in the number of nephrons, figure 
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Figure 3.8. Cxcl10 may have a role in the regulation of MET in the kidney. 

E11.5 kidneys cultured 

stained for Calbindin and Laminin

counted. 200ng of CXCL10

During epicardial EMT cells become motile and are able to migrate into and within 

the myocardium. In the heart cardiovascular progenitor cells from the epicardium 

undergo EMT and migrate into the myocardium to become part of the 

vasculature. This migratory phenotype is a requirement during vasculogenesis for the 

positioning of epicardial precursor to the site where the primary vascular plexus is 

formed. A previous study used a transwell assay to determine that 

a) 

b) 

es a possible role for CXCL10 in estimulating

mesenchyme to undergo MET and formation of nephrons. These data indicates 
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Cxcl10 may inhibit of opposite EMT process in the heart.
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stained for Calbindin and Laminin after 3 days of treatment and the number of nephrons were 

CXCL10 significantly increased the number of nephrons, n=4, t
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the myocardium. In the heart cardiovascular progenitor cells from the epicardium 
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. This migratory phenotype is a requirement during vasculogenesis for the 
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and formation of nephrons. These data indicates 

could be associated in stimulating MET in the kidney and leaves open the 

of opposite EMT process in the heart. 

 

 

may have a role in the regulation of MET in the kidney.  

were treated with increasing amounts of CXCL10 protein and 

after 3 days of treatment and the number of nephrons were 

significantly increased the number of nephrons, n=4, t-test<0.01. 

EMT cells become motile and are able to migrate into and within 

the myocardium. In the heart cardiovascular progenitor cells from the epicardium 

undergo EMT and migrate into the myocardium to become part of the cardiac 

. This migratory phenotype is a requirement during vasculogenesis for the 

positioning of epicardial precursor to the site where the primary vascular plexus is 

formed. A previous study used a transwell assay to determine that Cxcl10 is able to 
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membrane chamber. The results revealed that 
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presence of a high conc
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Figure 3.9. Recombinant mouse CXCL10

Immortalized epicardial cells were added to a transwell assay and exposed to medium without 

serum (negative control), medium with 20% foetal calf serum (FCS) and 

(positive control for migration

test<0.01.  

The inhibition of migration observed was not due to a change in proliferation or 

apoptosis of immortalized epicardial cells, figure 

Proliferation was assayed by using a colorimetric assay to measure the incor

of BrdU in the presence or absence of 

Apoptosis was assayed by quantifying the percentage of Annexin V positive cells by 

FACS analysis. 

igration of cardiac fibroblasts (Marcin Bujak et al., 2009)

determine this effect in epicardial cells. 

of immortalized epicardial cells was assayed using a transwell 

membrane chamber. The results revealed that recombinant mouse CXCL10

to significantly inhibit cell migration of immortalized epicardial cells even in the 

concentration of FCS and VEGF which promote migration, figure 

. Recombinant mouse CXCL10 can inhibit epicardial cell migration. 

Immortalized epicardial cells were added to a transwell assay and exposed to medium without 

serum (negative control), medium with 20% foetal calf serum (FCS) and 

for migration ) and medium with FCS and VEGF + 200ng/ml 

The inhibition of migration observed was not due to a change in proliferation or 

apoptosis of immortalized epicardial cells, figure 3.10 a and b respectively. 

Proliferation was assayed by using a colorimetric assay to measure the incor

of BrdU in the presence or absence of recombinant mouse CXCL10 protein

Apoptosis was assayed by quantifying the percentage of Annexin V positive cells by 
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The inhibition of migration observed was not due to a change in proliferation or 
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Figure 3.10. Recombinant mouse 

changes in proliferation (a) or apoptosis (b). 
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after 24 hour treatment 
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Entman, 2005; R M Strieter et al., 1995)

vasculature (Martínez
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. Recombinant mouse CXCL10 inhibition of epicardial cell migration is not due to 

changes in proliferation (a) or apoptosis (b).  

Proliferation was assayed by BrdU incorporation and colourimetric measurement 

by determining the percentage of Annexin V positively stained immortalized epicardial 

 with recombinant mouse CXCL10 protein. 

The most commonly known role for Cxcl10 is that of an angiostatic chemokine 

which is able to dissociate newly formed blood vessels (Nikolaos G Frangogiannis & 

M Strieter et al., 1995). In Wt1 knock-out hearts there is a lack of 

nez-Estrada et al., 2010), and Cxcl10 expression is significantly 

in tamoxifen-inducible Wt1 knock-out epicardial cells

regulated (figure 3.5); Cxcl10 could therefore have a direct 
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is that of an angiostatic chemokine 

(Nikolaos G Frangogiannis & 

out hearts there is a lack of 

expression is significantly 

out epicardial cells and ex-vivo 

have a direct role in 
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the regulation of angiogenesis during development when Wt1 is knocked out and this 

may help explain the lack cardiac vasculature observed in our epicardial specific Wt1 

knock-out mouse model. 

It was determined above that Cxcl10 is also up-regulated in Wt1 knock-out kidneys; 

however the effect on the kidney vasculature was unknown. Preliminary data 

indicates that kidneys from our Wt1 knock-out mouse model, Nestin Cre Wt1loxP/loxP 

mice, show a decrease in the number of kidney blood vessels, as indicated by α-

smooth muscle actin (α-SMA) positive staining of blood vessels in these kidneys at 

E18.5, figure 3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3.11. Cxcl10 up-regulation could inhibit blood vessel formation in 

from E18.5 Nestin CreWt1

Staining of kidney sections 

decrease in the number of blood vessels in

A-SMA+ vessels are quantified in (c). 

a) 

b) 

c) 

 

 

 

 

 

regulation could inhibit blood vessel formation in Wt1

Nestin CreWt1loxP/loxP mice.  

Staining of kidney sections using the blood vessel marker α-smooth muscle actin shows a 

decrease in the number of blood vessels in the kidneys of Wt1 Nestin Cre positive mice (a and b). 

+ vessels are quantified in (c).  

α-SMA 

α-SMA 
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Wt1 knock-out kidneys 

smooth muscle actin shows a 

positive mice (a and b). 
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These results indicate that apart from the most commonly known role of Cxcl10 as 

an angiostatic chemokine, Cxcl10 can also inhibit the migration of epicardial cells in-

vitro and since migration is essential for vasculogenesis these results could further 

explain the role of Cxcl10 in vessel formation. Furthermore, Cxcl10 is up-regulated 

following tamoxifen induced Wt1 knock-out in our in-vitro and ex-vivo model. This 

suggests that Wt1 could regulate the expression of Cxcl10 by inhibiting its expression 

during development in the epicardium and allowing normal vessel formation in 

developing hearts. The results found in the kidney is further evidence that knocking-

out Wt1 leads to an up-regulation of Cxcl10 and a decrease in the number of blood 

vessels in-vivo. 

 

3.4. The role of Ccl5 in cardiomyocyte proliferation 

 

As shown previously, Ccl5 is up-regulated upon the deletion of Wt1 at the mRNA 

and protein level in tamoxifen-inducible Wt1 knock-out epicardial cells and also ex-

vivo at the protein level, figure 3.6. In the heart Ccl5 has been shown to be present at 

a significantly elevated level following myocardial infarction and ischemia 

reperfusion (Braunersreuther et al., 2010; Parissis et al., 2002), furthermore it has 

also been reported that by inhibiting Ccl5 activity with a Ccl5 antagonist, this exerts 

a cardio protective effect by reducing myocardial reperfusion injury and promoting 

the salvaging of cardiomyocytes by reducing apoptosis, oxidative stress and 

leukocyte infiltration (Braunersreuther et al., 2010). This suggests that a high Ccl5 

concentration may have a detrimental role for cardiomyocytes. This observation was 

of particular interest since a parallel scenario of the detrimental role of Ccl5 could be 

drawn with our epicardium specific Wt1 knock-out mouse model where we also 

observe a thin myocardium and furthermore we could determine the role of Ccl5 in 

reducing the number of cardiomyocytes. 

I investigated the role of Ccl5 in reducing the number of cardiomyocytes by studying 

its effect on cardiomyocyte proliferation. I modified a system from Rodgers et al (L. 

S. Rodgers, Schnurr, Broka, & Camenisch, 2009) to generate a primary culture 
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Figure 3.12. Cardiomyocyte enriched primary culture. 

Briefly, E11.5 hearts were dissociated into single cells and placed in a dish 

medium with 10% FCS and incubated at 37

incubated for a further 2 hours and non

containing DMEM + 10% FCS medium and allowed to attach to the dish for

Cells were stained with anti

and with anti-phospho H3 antibody which is used as a proliferation marker, in red (b). 

Quantification of beating and MF

I added the conditioned medium from our 

epicardial cell line, which contains 

cardiomyocyte enriched primary culture 

a) 

c) 

in cardiomyocytes. Around 84% in this primary culture are positive

cardiomyocyte marker MF20 after 24 hours of incubation, furthermore these 

positive cells are able to proliferate as indicated by the presence of positive cells 

mitotic marker phospho-histone H3, figure 3.12. 

 

. Cardiomyocyte enriched primary culture.  

Briefly, E11.5 hearts were dissociated into single cells and placed in a dish 

medium with 10% FCS and incubated at 37oC. Dissociated cells from whole hearts were 

incubated for a further 2 hours and non-attached cells were transferred to a new dish 

containing DMEM + 10% FCS medium and allowed to attach to the dish for

Cells were stained with anti-MF20 antibody which is used as a cardiomyocyte marker, in green, 

phospho H3 antibody which is used as a proliferation marker, in red (b). 

uantification of beating and MF20+ cells after a 24 hour incubation are shown in (c), n=3. 

I added the conditioned medium from our tamoxifen-inducible

which contains Cxcl10 and Ccl5, to investigate the effect 

cardiomyocyte enriched primary culture of these and possibly other chemokines and 

b) 
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in cardiomyocytes. Around 84% in this primary culture are positive for the 

20 after 24 hours of incubation, furthermore these MF20 

positive cells are able to proliferate as indicated by the presence of positive cells for 

 

Briefly, E11.5 hearts were dissociated into single cells and placed in a dish containing DMEM 

C. Dissociated cells from whole hearts were 

attached cells were transferred to a new dish 

containing DMEM + 10% FCS medium and allowed to attach to the dish for 24h as seen in (a). 

antibody which is used as a cardiomyocyte marker, in green, 

phospho H3 antibody which is used as a proliferation marker, in red (b). 

our incubation are shown in (c), n=3.  

inducible Wt1 knock-out 

, to investigate the effect on the 

of these and possibly other chemokines and 



 

secreted factors present in the conditioned medium. 

were collected from a T25 culture flask containing confluent cells.

Using a BrdU colorimetric assay for proliferation I was able to es

conditioned medium from 

with tamoxifen is able to inhibit the proliferation of the

primary culture by 60% when the conditioned medium is diluted in a ratio of

with control culture medium. The proliferation inhibition effect has a dose dependant 

response since proliferation increases to normal control levels as the conditioned 

medium is further diluted, figure 

Figure 3.13. Epicardial conditioned medium from tamoxifen

cells decreases the proliferation of cardiomyocyte enriched primary culture. 

Proliferation was measured by BrdU staining using a colorimetric as

medium, diluted as indicated, decreased the primary culture proliferation in a dose response 

manner, different pool of hearts and different conditioned media were used for every 

experiment, n=3, t-test<0.05.

The inhibitory effect on proliferation by the epicardial conditioned medium on

cardiomyocyte enriched primary culture

antibody against CCL5 mouse protein

the conditioned medium has a dose depend

secreted factors present in the conditioned medium. 3mls of conditioned medium 

were collected from a T25 culture flask containing confluent cells.

Using a BrdU colorimetric assay for proliferation I was able to es

conditioned medium from tamoxifen-inducible Cre positive epicardial cells

is able to inhibit the proliferation of the cardiomyocyte enriched 

primary culture by 60% when the conditioned medium is diluted in a ratio of

with control culture medium. The proliferation inhibition effect has a dose dependant 

response since proliferation increases to normal control levels as the conditioned 

medium is further diluted, figure 3.13. 

. Epicardial conditioned medium from tamoxifen-inducible Wt1 

decreases the proliferation of cardiomyocyte enriched primary culture. 

Proliferation was measured by BrdU staining using a colorimetric assay. Epicardial conditioned 

medium, diluted as indicated, decreased the primary culture proliferation in a dose response 

manner, different pool of hearts and different conditioned media were used for every 

test<0.05. 

t on proliferation by the epicardial conditioned medium on

cardiomyocyte enriched primary culture can be rescued by adding a blocking 

CCL5 mouse protein. Adding an anti-CCL5 blocking antibody to 

the conditioned medium has a dose dependant response up to a concentration of 
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of conditioned medium 

were collected from a T25 culture flask containing confluent cells. 

Using a BrdU colorimetric assay for proliferation I was able to establish that the 

epicardial cells treated 

cardiomyocyte enriched 

primary culture by 60% when the conditioned medium is diluted in a ratio of 1:6 

with control culture medium. The proliferation inhibition effect has a dose dependant 

response since proliferation increases to normal control levels as the conditioned 
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medium, diluted as indicated, decreased the primary culture proliferation in a dose response 

manner, different pool of hearts and different conditioned media were used for every 
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2.5µg/ml, at which point proliferation increases significantly by 20% compared to 

conditioned medium alone

Figure 3.14. Anti-CCL5 blocking antibody reduces the effect of epicardial conditioned medium 

on the proliferation of cardiomyocytes. 

Epicardial conditioned medium (CM

carried out using different conditioned media and different cardiomyocyte enriched primary 

cultures from pooled hearts, n=4.

Recombinant mouse CCL5

for 3 days. Cells were stained for the cardiomyocyte marker 

marker phospho-H3 and cells that were positive for both markers were counted. 

There is a significant decrease by 21% in the number of proli

with 200ng/ml of recombinant mouse CCL5

 Control
                                     

2.5µg/ml, at which point proliferation increases significantly by 20% compared to 

conditioned medium alone, figure 3.14. 

CCL5 blocking antibody reduces the effect of epicardial conditioned medium 

on the proliferation of cardiomyocytes.  

conditioned medium (CM) was diluted 1:10 in control medium. Experiments were 

carried out using different conditioned media and different cardiomyocyte enriched primary 

cultures from pooled hearts, n=4. 

mouse CCL5 was added to the cardiomyocyte enriched primary culture 

for 3 days. Cells were stained for the cardiomyocyte marker MF20 and the mitotic 

H3 and cells that were positive for both markers were counted. 

There is a significant decrease by 21% in the number of proliferating cardiomyocytes 

recombinant mouse CCL5, figure 3.15.  
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Figure 3.15. Recombinant mouse CCL5 inhibits the proliferation of cardiomyocytes

cardiomyocyte enriched primary culture

Cardiomyocyte enriched primary cultures were incubated with 20ng/ml and 200ng/ml of 

for 3 days. Average number of double positive MF20+ and phospho

well plate are shown. The higher 

proliferating cardiomyocytes,

is <0.04, n= 4 different pool of hearts.

The effect of recombinant

cardiomyocyte population was also determined by the double staining and counting 

of MF20 negative and pH3 positive cells in the same experiments. It was found that 

there is no significant effect on proliferation on 

mouse CCL5, figure 3.1

Figure 3.16. Recombinant mouse CCL5 does not have an effect on the proliferation of MF20 

negative cells in a cardiomyocyte enriched primary culture. 

Average number of MF20

 

. Recombinant mouse CCL5 inhibits the proliferation of cardiomyocytes

cardiomyocyte enriched primary culture.  

Cardiomyocyte enriched primary cultures were incubated with 20ng/ml and 200ng/ml of 

Average number of double positive MF20+ and phospho-H3+ cells per well in a 24

The higher CCL5 concentration significantly reduced the number of 

proliferating cardiomyocytes, 200ng/ml of control protein was used in control experiment,

is <0.04, n= 4 different pool of hearts. 

The effect of recombinant mouse CCL5 on the proliferation of the no

cardiomyocyte population was also determined by the double staining and counting 

negative and pH3 positive cells in the same experiments. It was found that 

there is no significant effect on proliferation on MF20 negative cells by recombinant 

3.16. 

 

. Recombinant mouse CCL5 does not have an effect on the proliferation of MF20 

negative cells in a cardiomyocyte enriched primary culture.  

Average number of MF20-/phospho-H3+ cells per well in a 24-well plate are shown.
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. Recombinant mouse CCL5 inhibits the proliferation of cardiomyocytes in a 

Cardiomyocyte enriched primary cultures were incubated with 20ng/ml and 200ng/ml of CCL5 

H3+ cells per well in a 24-

concentration significantly reduced the number of 

200ng/ml of control protein was used in control experiment, t-test 

on the proliferation of the non-

cardiomyocyte population was also determined by the double staining and counting 

negative and pH3 positive cells in the same experiments. It was found that 

negative cells by recombinant 

. Recombinant mouse CCL5 does not have an effect on the proliferation of MF20 

well plate are shown. n=4. 



 

3.5. Analysis of Cxcl10 and Ccl5 receptors

 

In order to find out 

epicardial or non epicardial cells I carried out an analysis of their respective receptors 

in epicardial and non

vitro. 

Wt1-GFP knock-in hearts were 

 

Figure 3.17. Dissociation of epicardial GFP positive cells from 

time PCR analysis.  

A pool of Wt1 GFP knock

removed every 10 minutes and the solution replaced until complete dissociation of the hearts. 

FACS sorted GFP positive cells were collected and RNA extracted for, DNase treatment and 

cDNA synthesis for qRT

It has been widely reported that 

and angiostatic roles through binding to the chemokine

expression of Cxcr3 

qRT-PCR analysis of 

the epicardial GFP positive or GFP negative population of cells compared to positive 

control. 

There are about 50 dif

described to date (Bennett, Fox, & Signoret, 2011)

chemokines and their receptors has been attributed to an apparent redundancy in the 

number of chemokines, some of 

3.5. Analysis of Cxcl10 and Ccl5 receptors 

In order to find out how chemokines Cxcl10 and Ccl5 can elicit a response in 

epicardial or non epicardial cells I carried out an analysis of their respective receptors 

in epicardial and non-epicardial cells in-vivo in the heart and in epicardial cells 

in hearts were dissociated and cells sorted by FACS

. Dissociation of epicardial GFP positive cells from Wt1-GFP knock

GFP knock-in ventricles were gently digested into single cells. Digested cells were 

removed every 10 minutes and the solution replaced until complete dissociation of the hearts. 

FACS sorted GFP positive cells were collected and RNA extracted for, DNase treatment and 

DNA synthesis for qRT-PCR analysis. Please see methods for details. 

It has been widely reported that Cxcl9, Cxcl10 and Cxcl11 elicit their chemotactic 

and angiostatic roles through binding to the chemokine receptor 

Cxcr3 in immortalized epicardial cells (figure 3.18). Furthermore

PCR analysis of Wt1 GFP knock-in sorted cells shows no Cxcr3

the epicardial GFP positive or GFP negative population of cells compared to positive 

There are about 50 different chemokines and a total of 19 chemokine receptors 

(Bennett, Fox, & Signoret, 2011). The discrepancy in the number of 

chemokines and their receptors has been attributed to an apparent redundancy in the 

number of chemokines, some of which are able to bind and share the same receptor; 
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however, it has recently been shown that different chemokines that interact with the 

same receptor elicit different specific responses which puts into question the amount 

of receptor redundancy and the po

described chemokine receptors. 

Cxcl10 and its receptors are a good example since it has recently been reported that 

Cxcl10 is also able to interact with 

Schulthess et al., 2009)

both of these receptors are expres

Figure 3.18. The Cxcl10 

cells.  Gapdh was used as an endogenous control, n=3. 

Tlr4 and Syndecan-4

negative cell populations. Both receptors were expressed in the 

population, which is enriched with epicardial cells, and GFP negative population

however, there was a higher expression observed in the 

compared to the epicardial population, figure 3.19

however, it has recently been shown that different chemokines that interact with the 

same receptor elicit different specific responses which puts into question the amount 

of receptor redundancy and the possibility of chemokines binding to as yet un

described chemokine receptors.  

and its receptors are a good example since it has recently been reported that 

able to interact with Syndecan-4 and Tlr4 (Dianhua Jiang et al., 2010; 

Schulthess et al., 2009). A qRT-PCR analysis of immortalized epicardial cells

eptors are expressed, figure 3.18. 

 receptor Trl4 and Syndecan-4 are expressed in immortalized 

cells.  Gapdh was used as an endogenous control, n=3.  

4 were analysed in-vivo in epicardial GFP positive and GFP 

negative cell populations. Both receptors were expressed in the 

population, which is enriched with epicardial cells, and GFP negative population

however, there was a higher expression observed in the GFP ne

icardial population, figure 3.19. 
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Figure 3.19. In-vivo expression of the 

Wt1 GFP knock-in ventricles from E12.5 and E14.5 were used to analyse 

expression respectively, n=3

 

The expression of Tlr4

autonomous role in cell migration by 

receptors found in the 

may also have a role in the myocardium however thi

investigated. 

The expression of the most commonly known receptor for 

analysed by qRT-PCR. 

immortalized epicardial cells

negative cells in-vivo

to a spleen positive control for 

 
Negative       Positive 
 

expression of the Cxcl10 receptors Tlr4 and Syndecan-4

in ventricles from E12.5 and E14.5 were used to analyse 

, n=3.  

Tlr4 and Syndecan-4 in epicardial cells correlates with a cell 

autonomous role in cell migration by Cxcl10. The higher expression of 

receptors found in the GFP negative population may indicate that its ligand, 

may also have a role in the myocardium however this aspect stills needs to be 

The expression of the most commonly known receptor for Ccl5

PCR. Ccr5 expression was not found in epicardial cells, neither 

immortalized epicardial cells or in-vivo; however, it is expressed in 

vivo. The level of Ccr5 expression is low however it is comparable 

to a spleen positive control for Ccr5, figure 3.20. 

    GFP             GFP                                   GFP             GFP
Negative       Positive        Negative       Positive
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4.  

in ventricles from E12.5 and E14.5 were used to analyse Tlr4 and Syndecan-4 

in epicardial cells correlates with a cell 

. The higher expression of Cxcl10 

may indicate that its ligand, Cxcl10, 

s aspect stills needs to be 

Ccl5, Ccr5, was also 

expression was not found in epicardial cells, neither in 

it is expressed in Wt1-GFP 

expression is low however it is comparable 

GFP             GFP 
Negative       Positive 



 

Figure 3.20. Ccr5 is expressed in the GFP positive population

knock-in mice.  

Ventricles from E12.5 Wt1

of myocardial cells, among others,

positive control of Ccr5 

 

The expression of Ccr5

the newly found role of 

 

3.6. Analysis of the epicardial conditioned medium

 

Blocking the activity of 

rescues the proliferation of cardiomyocytes by 20%,

not completely abolish the inhibition of proliferation by the 

conditioned media on the

Cxcl10 does not have an effect on the proliferation of the cardiomyocyte enriched 

culture. It may be conceivable that other chemokines also inhibit the proliferation of 

cardiomyocytes. 

is expressed in the GFP positive population of GFP sorted cells from 

Wt1-GFP knock-in hearts were used. GFP negative cells that 

cells, among others, shows expression of Ccr5. Mouse spleen was used as a 

expression,  a pool of hearts was used n=3. 

Ccr5 in the myocardial population of the heart is consistent with 

the newly found role of Ccl5 in myocardial proliferation described above.

3.6. Analysis of the epicardial conditioned medium 

Blocking the activity of recombinant mouse CCL5 with an anti

rescues the proliferation of cardiomyocytes by 20%, as seen above,

not completely abolish the inhibition of proliferation by the 

a on the cardiomyocyte primary culture. It was determined that 

does not have an effect on the proliferation of the cardiomyocyte enriched 

culture. It may be conceivable that other chemokines also inhibit the proliferation of 
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of GFP sorted cells from Wt1gfp/+ 

in hearts were used. GFP negative cells that is made up 

ouse spleen was used as a 

in the myocardial population of the heart is consistent with 

in myocardial proliferation described above. 

with an anti-CCL5 antibody 

as seen above, however it does 

not completely abolish the inhibition of proliferation by the in-vitro epicardial 

cardiomyocyte primary culture. It was determined that 

does not have an effect on the proliferation of the cardiomyocyte enriched 

culture. It may be conceivable that other chemokines also inhibit the proliferation of 
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I carried out an ELISA cytokine profiling of the conditioned media from tamoxifen 

inducible Wt1 knock-out immortalized epicardial cells to find out whether other 

cytokines are present and may be possible candidates for the regulation of 

cardiomyocyte proliferation, and if there are more cytokines present whether these 

could be regulated by Wt1. There were four cytokines in particular that were present 

at a higher concentration than most: Ccl5/Rantes, Ccl2/JE/Mcp1, Cxcl10/IP-10 and 

Timp-1. Three of these are chemokines: Ccl5, Ccl2 and Cxcl10; these were also 

identified by my initial microarray transcriptome analysis of tamoxifen inducible 

Wt1 knock-out immortalized epicardial cells, see figure 3.4. This ELISA cytokine 

profiling indicates the up-regulation of Cxcl10 and Ccl5, and additionally Ccl2, 

figure 3.21. 

 

 

 

 



 

Figure 3.21. Conditioned media cytokine profiling.  

Cytokine ELISA array profiling of media from Cre tamoxifen inducible 

n=1. Error bars indicate differences between technical replicates.

tamoxifen inducible immortalized epicardial cells in the presence of tamoxifen and EtOH as a control, 

Error bars indicate differences between technical replicates. 
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epicardial cells in the presence of tamoxifen and EtOH as a control, 
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The precise role of Ccl2 in the heart still needs to be discerned and future 

experiments will aim to validate the Ccl2 up-regulation in tamoxifen inducible Wt1 

knock-out immortalized epicardial cells and in-vivo. Altogether, these data indicate 

that a group of physiologically relevant chemokines are up-regulated in epicardial 

cells when Wt1 is knocked-out, which suggests these are under the transcriptional 

regulation of Wt1 although whether this regulation takes place directly will need to 

be discerned. Initial bioinformatical analyses did not find conserved putative Wt1 

binding sites immediately upstream of Cxcl10 and Ccl5.  

 

3.7. Discussion 

 

By using tamoxifen-inducible Wt1 knock-out immortalized epicardial cells to 

identify novel targets of Wt1, I identified a possible regulation by Wt1 of chemokines 

that are secreted by epicardial cells into their medium.  

Chemokines have recently gained attention due to their multifaceted roles outside the 

immunological system and in physiological roles in different tissues. The analysis of 

these chemokines in epicardial cells and cardiomyocytes has revealed that Cxcl10 

and Ccl5 have novel physiological roles. Cxcl10 has previously been reported to be 

expressed in heart damage and is able to inhibit fibrosis through the inhibition of 

fibroblast migration. Here I have shown that Cxcl10 is able to inhibit epicardial cell 

migration and this may be one of the aspects that Cxcl10 is able to regulate in order 

to carry out its function as an inhibitor of angiogenesis, a process that requires cell 

migration. Future investigations involving epicardial cells and the formation of 

nephrons in our kidney ex-vivo culture system may reveal further a possible role for 

Cxcl10 in EMT and MET respectively. 

I developed a cardiomyocyte enriched primary culture to study the role of factors 

secreted from epicardial cells, such as chemokines, on these cells. I have found that 

Ccl5 is able to inhibit the proliferation of cardiomyocytes. In adult heart damage 
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Ccl5 inhibition has been reported to have a myocardial protective effect and this 

observation has been thought to be associated with reduced leukocyte infiltration 

(Montecucco et al., 2011). Data shown here indicate that Ccl5 in the adult heart 

could also be involved in the inhibition of cardiomyocyte proliferation following 

heart damage. 

These data also indicates that Wt1 may be responsible for inhibiting a chemokine 

response during development, and it has been shown previously that the up-

regulation of this response in the adult heart has very detrimental consequences.  
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Wt1 regulates Interferon Regulatory Factor 7 (Irf7) 

in the epicardium 
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4.1. Introduction 

 

Irf7 is one of the nine members of the Interferon Regulatory factor family. Although 

this transcription factor family was originally identified in the context of the type I 

interferon responses, subsequent studies have revealed much broader functions 

performed by Irf  members including proliferation, differentiation and organ 

development (Iida et al., 1997; Ingraham et al., 2006; S.-H. Jo et al., 2010; R. J. 

Richardson et al., 2006).  

Irf7 is able to regulate the expression of Cxcl10 and Ccl5 (Génin, Algarté, Roof, Lin, 

& Hiscott, 2000; Khorooshi & Owens, 2010). The transcriptome microarray analysis 

of our tamoxifen inducible Wt1 Cre cell line revealed an up-regulation of Irf7 in Wt1 

knock-out epicardial cells. An immunohistochemical analysis in-vivo also indicates 

that Irf7 is up-regulated in the epicardium of Wt1 knock-out hearts. 

The bioinformatic analysis of a 2kb promoter region of Irf7 demonstrated the 

presence of conserved promoter regions where I found putative Wt1 binding sites. 

Chromatin IP experiments demonstrated direct binding of Wt1 in immortalized 

epicardial cells to the promoter region of Irf7. The role of Wt1 on Irf7 promoter 

repression was assayed by a luciferase expressing vector under the control of the 

cloned Irf7 promoter. This assay confirms the inhibitory role of Wt1 on Irf7 promoter 

activity. The ability of Wt1 to inhibit Cxcl10 and Ccl5 could therefore be explained 

by the direct binding of Wt1 on Irf7, which controls chemokine expression. 

 

4.2. Validation of Irf7 as a possible Wt1 target in tamoxifen-inducible Wt1 knock-out 

immortalized epicardial cells 

 

In our tamoxifen-inducible Wt1 knock-out immortalized epicardial cell line, 

tamoxifen inducible Cre Wt1loxP/gfp epicardial cells, Wt1 deletion up-regulates Cxcl10 

and Ccl5 expression. Their transcriptional regulator during interferon responses, Irf7, 



 

was also identified in my transcriptome analysis

out epicardial cells, chapter 3 table 3.1

expression and up-regulation

regulation of Irf7 in 

observed in Cre negative cells.

Figure 4.1. Irf7 is up-regulated in tamoxifen

cells, Cre+ Wt1lox/gfp.  

Wt1GFP/Co Cre positive and 

samples analysed by quantitative real time PCR, an equivalent amount of 

control. Asterisk indicates a 

Additionally, Irf7 was up

induction, which is a greater up

qRT-PCR. At this stage 

at 6 days of tamoxifen induction. This indicates that 

rapid in response to Wt1

was also identified in my transcriptome analysis of tamoxifen-inducible 

out epicardial cells, chapter 3 table 3.1. These cells were also used to validate 

regulation, figure 4.1. There was a significant 

in Cre positive Wt1 knock-out cells whereas no change was 

negative cells. 

regulated in tamoxifen-inducible Wt1 knock-out immortalized epicardial 

positive and Cre negative cells were treated with 100nM tamoxifen for 6 days and 

quantitative real time PCR, an equivalent amount of 

control. Asterisk indicates a significant change in Cre positive cells, t-test<0.003

was up-regulated by 4 fold at 3 days following tamoxifen 

ich is a greater up-regulation compared to 6 days as determined by 

PCR. At this stage Wt1 is also down-regulated but much less significantly than 

at 6 days of tamoxifen induction. This indicates that Irf7 up-regulation is much more 

Wt1 down-regulation, figure 4.2. 

* 

109 

inducible Wt1 knock-

used to validate Irf7 

, figure 4.1. There was a significant 2.5 fold up-

out cells whereas no change was 

 

out immortalized epicardial 

s were treated with 100nM tamoxifen for 6 days and 

quantitative real time PCR, an equivalent amount of Ethanol was used as a 

test<0.003, n=3.  

regulated by 4 fold at 3 days following tamoxifen 

regulation compared to 6 days as determined by 

regulated but much less significantly than 

regulation is much more 



 

Figure 4.2. Irf7 is up-regulated in tamoxifen

cells, Cre+ Wt1loxP/gfp, treated for 3 days with tamoxifen

Analysis of the levels of expression of 

day treatment with 100nM tamoxifen 

epicardial cells, an equivalent amount of 

n=3, for Wt1 and Irf7 respectively.

The expression of Cxcl10

the addition of tamoxifen to the cell media, figure 4.3. This graph shows that a 

Cxcl10 up-regulation at the protein level is much significant at later stages than at 3 

days, which indicates that 

regulated in tamoxifen-inducible Wt1 knock-out immortalized epicardial 

, treated for 3 days with tamoxifen 

Analysis of the levels of expression of Irf7 and Wt1 by quantitative real time PCR following a 3 

with 100nM tamoxifen of tamoxifen-inducible Wt1 knock

an equivalent amount of Ethanol was used as a control. T

respectively. 

Cxcl10 in the conditioned medium was followed during time from 

the addition of tamoxifen to the cell media, figure 4.3. This graph shows that a 

regulation at the protein level is much significant at later stages than at 3 

days, which indicates that Irf7 rapid up-regulation precedes chemokine expression.

* 

* 
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out immortalized epicardial 

by quantitative real time PCR following a 3 

knock-out immortalized 

was used as a control. T-test <0.05 and <0.01, 

in the conditioned medium was followed during time from 

the addition of tamoxifen to the cell media, figure 4.3. This graph shows that a 

regulation at the protein level is much significant at later stages than at 3 

regulation precedes chemokine expression. 



 

Figure 4.3. Time course of CXCL10 protein levels analysed by ELISA using the conditioned 

media from my tamoxifen

Control Cre negative cells were used and results shown with a blue line and 

red, n=3.  

Irf7 expression at the protein level was also determined by immunohistochemical 

staining using an anti

Irf7 staining is located at the nucleus, DAPI nuclear specific counter staining was 

also used.  

 

 

 

 

 

 

 

. Time course of CXCL10 protein levels analysed by ELISA using the conditioned 

media from my tamoxifen-inducible Wt1 knock-out immortalized epicardial cell line

negative cells were used and results shown with a blue line and 

expression at the protein level was also determined by immunohistochemical 

staining using an anti-IRF7 antibody, figure 4.4. The images below indicate that most 

staining is located at the nucleus, DAPI nuclear specific counter staining was 
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. Time course of CXCL10 protein levels analysed by ELISA using the conditioned 

out immortalized epicardial cell line model.  

negative cells were used and results shown with a blue line and Cre positive cells in 

expression at the protein level was also determined by immunohistochemical 

antibody, figure 4.4. The images below indicate that most 

staining is located at the nucleus, DAPI nuclear specific counter staining was 



 

   

Figure 4.4. IRF7 immunohistochemical analysis of tamoxifen

immortalized epicardial cells. 

Cells were treated with 

channels are merged on the right and 

 

4.3. Analysis of Irf7 promoter and 

 

Bioinformatical analyses were carried out to study the 

analysis of the University of California, Santa Cruz (

comparison of histone modifications from all different human cell 

this database reveals a common and characteristic open chromatin signature found in 

promoter sequences, which consist of a positive region for the H3K4 tri methylation 

and H3K27 acetylation markers. This region overlaps with the majority of promoter 

binding sites for diffe

Encyclopedia of DNA Elements (

be overlapping the first exon and upstream of the majority of 

overlapping most of the first exon of

EtOH 

IRF7   DAPI    

. IRF7 immunohistochemical analysis of tamoxifen-inducible 

epicardial cells.  

Cells were treated with 100nM tamoxifen for 3 days. Irf7 (left panels), DAPI (middle panels) 

channels are merged on the right and Irf7 is shown in green and DAPI in blue.

promoter and Wt1 binding sites 

Bioinformatical analyses were carried out to study the Irf7 promoter sequence. An 

University of California, Santa Cruz (UCSC

comparison of histone modifications from all different human cell 

eals a common and characteristic open chromatin signature found in 

promoter sequences, which consist of a positive region for the H3K4 tri methylation 

and H3K27 acetylation markers. This region overlaps with the majority of promoter 

binding sites for different transcription factors determined by ChIP sequencing by the 

Encyclopedia of DNA Elements (ENCODE) consortium. This region was found to 

be overlapping the first exon and upstream of the majority of 

overlapping most of the first exon of the longest Irf7 isoform, figure 4.5.
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inducible Wt1 knock-out 

(left panels), DAPI (middle panels) 

is shown in green and DAPI in blue. 

promoter sequence. An 

UCSC) database and 

comparison of histone modifications from all different human cell lines analysed in 

eals a common and characteristic open chromatin signature found in 

promoter sequences, which consist of a positive region for the H3K4 tri methylation 

and H3K27 acetylation markers. This region overlaps with the majority of promoter 

rent transcription factors determined by ChIP sequencing by the 

consortium. This region was found to 

be overlapping the first exon and upstream of the majority of Irf7 isoforms and 

isoform, figure 4.5. 
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Figure 4.5. UCSC analysis of conserved binding sites in the Irf7 promoter in the Human 

sequence.  

The Irf7 sequence and isoforms are shown at the top (red box), where the Irf7 sequence is 

transcribed from right to left. Histone mark modifi cations related to active gene promoters 

from many different cell lines studied are shown (green box). Sequences that bind to 

transcription factors as indicated by ChIP-seq ENCODE analyses and that overlap with 

conserved histone modifications of active promoters found in human cell lines are also shown 

(blue box). 

The above analysis was also carried out in the mouse Irf7 sequence; however the 

mouse sequence has fewer annotations in comparison to the human. Nevertheless, a 

positive region for H3K4 tri methylation marker was also found overlapping with the 
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positive H3K4 tri methylated H3K27 acetylated chromatin promoter region found in 

the human sequence, figure 4.6. 

 

Figure 4.6. UCSC analysis of conserved binding sites in the Irf7 promoter in the mouse 

sequence.  

The Irf7 reference sequence is shown at the top (red box) and the sequence is transcribed from 

right to left. Histone H3K4me3 modifications related to an active gene promoters in cell lines 

studied are shown (green box), which overlaps to the conserved active promoter sequence 

observed in the human sequence. 

Putative Wt1 binding sites were detected in a 1Kb region upstream of Irf7. These 

binding sites were located within the region identified as positive for the histone 

modification markers found in the promoter sequence, which furthermore overlaps 

other transcription binding sites and is conserved between species. This 1kb region 

was cloned inside a pGL4.10 luciferase vector, where luciferase activity is controlled 

by the Irf7 promoter sequence, figure 4.7. 
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Figure 4.7. Cloned conserved Irf7 promoter sequence.  

This sequence is indicated in red within the purple box, within this region includes putative Wt1 

binding sites. Candidate Wt1 binding sites are indicated with green arrows. Irf7 isoforms are 

shown at the bottom. 

 

4.4. Cloning and analysis of Irf7 promoter 

 

The cloned Irf7 promoter sequence was transfected into immortalized epicardial cells 

with increasing amounts of a –KTS Wt1 expressing vector, the isoform of Wt1 that is 

known to bind to DNA. Total amount of DNA transfected was kept constant with a 

control Neo expressing vector that had a neutral effect. Renilla vector was also 

transfected as an endogenous control for transfection efficiency. Figure 4.8 

demonstrates that increasing amounts of –KTS Wt1 has an inhibitory effect on the 

cloned Irf7 promoter that regulates luciferase activity. 



 

Figure 4.8. Luciferase promoter assay indicates 

dependant manner, n=4.

 

4.5 Analysis of direct binding of 

 

An anti-Wt1 antibody was used for ChIP immuno

immortalized epicardial cells

antibody was used as a negative 

selected that cover putative 

predicted binding site

below to be enriched in samples treated with anti

IgG treated samples. Figure 4.9.shows the results of two experiments.

 

. Luciferase promoter assay indicates Wt1 inhibits Irf7 promoter activity in a dose 

dependant manner, n=4. 

4.5 Analysis of direct binding of Wt1 to the  Irf7 promoter by ChIP

tibody was used for ChIP immunoprecipitation of DNA from 

immortalized epicardial cells sonicated to around 200-500bp fragments. An anti

as a negative control of immunoprecipitation and primers were 

selected that cover putative Wt1 binding sites on the cloned Irf

predicted binding site closest to Irf7, located around -70bp upstream of 

below to be enriched in samples treated with anti-Wt1 antibodies compared to anti

treated samples. Figure 4.9.shows the results of two experiments.
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promoter activity in a dose 

promoter by ChIP 

precipitation of DNA from 

500bp fragments. An anti-IgG 

precipitation and primers were 

Irf7 promoter. The 

70bp upstream of Irf7, is shown 

antibodies compared to anti-

treated samples. Figure 4.9.shows the results of two experiments. 



 

Figure 4.9. ChIP assays demonstrate 

Two separate ChIP experiments indicate 

binding site in the promoter region of 

for the assay and an equivalent 

promoter negative site (yellow) 

sequence. 

 

4.6. In-vivo Irf7 expression in epicardial specific 

 

I used our epicardial specific 

expression of Irf7 in epicardial cells

and Cre positive mouse hearts were sectioned and immunohistochemistry analysis 

was carried out using an anti

Avidin-Biotin complex system conjugated with peroxidase. Epicardial cells in 

sections from Cre positi

regulation in epicardial cells from this mouse model was demonstrated previously 

(Martínez-Estrada et al., 2010)

 

 

. ChIP assays demonstrate Wt1 is able to bind directly to Irf7.  

Two separate ChIP experiments indicate Wt1 is able to bind directly to 

binding site in the promoter region of Irf7 (green). Anti-Wt1 antibody from SantaCruz was used 

for the assay and an equivalent amount of IgG was used as an antibody negative control. A 

(yellow) was also used which is located outside the cloned 

expression in epicardial specific Wt1 knock-out cells

I used our epicardial specific Gata5-Cre Wt1loxP/gfp mouse model to identify 

in epicardial cells in-vivo. Paraffin embedded mouse 

positive mouse hearts were sectioned and immunohistochemistry analysis 

was carried out using an anti-IRF7 antibody. Antibody signal was amplified with an 

Biotin complex system conjugated with peroxidase. Epicardial cells in 

positive hearts were positively stained, figure 4.10. 

in epicardial cells from this mouse model was demonstrated previously 

Estrada et al., 2010) and in the following chapter. 
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is able to bind directly to Irf7 at predicted Wt1 

antibody from SantaCruz was used 

amount of IgG was used as an antibody negative control. A 

was also used which is located outside the cloned Irf7 promoter 

out cells 

mouse model to identify 

. Paraffin embedded mouse Cre negative 

positive mouse hearts were sectioned and immunohistochemistry analysis 

antibody. Antibody signal was amplified with an 

Biotin complex system conjugated with peroxidase. Epicardial cells in 

ve hearts were positively stained, figure 4.10. Wt1 down-

in epicardial cells from this mouse model was demonstrated previously 
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Figure 4.10. Irf7 in-vivo immunohistochemistry of E15.5 hearts. 

Irf7 immunohistochemistry of our epicardial specific Gata5-Cre Wt1loxP/gfp Cre positive and Cre negative hearts indicate positive staining in epicardial cells 

from Cre positive hearts. Irf7 positive cells can be observed in several places around the heart in the epicardium as indicated by black arrows in upper panels 

at X10 magnification. Epicardial cell positive staining (black arrow) in Cre positive compared to Cre negative hearts can be better observed in lower panels at 

higher X20 magnification. 
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4.7. Discussion 

 

The up-regulation of the chemokines Cxcl10 and Ccl5 in tamoxifen-inducible Wt1 

knock-out immortalized epicardial cells, described in the previous chapter, indicated 

that these chemokines could be regulated by Wt1. Bioinformatical analyses of the 

promoter sequences of Cxcl10 and Ccl5 did not identify putative Wt1 binding sites. 

The transcriptome analysis of tamoxifen inducible Wt1 knock-out immortalized 

epicardial cells also revealed that Irf7 is up-regulated.  

Irf7 is a known regulator of Cxcl10 and Ccl5 during immune responses (Génin et al., 

2000; Khorooshi & Owens, 2010). I validated and investigated the expression of Irf7 

in tamoxifen-inducible Wt1 knock-out immortalized epicardial cells and I found that 

Irf7 precedes a chemokine up-regulation which suggests a regulatory role of Irf7 on 

chemokine expression in epicardial cells. Irf7 promoter analysis identified a 

conserved region that contained putative Wt1 binding sites. Promoter activity 

analyses confirmed that Wt1 is able to inhibit Irf7 transcription in immortalized 

epicardial cells; furthermore Wt1 is able to bind directly to the Irf7 promoter as 

determined by ChIP assays. These data indicate that Wt1 is able to directly regulate 

the expression of Irf7, which in turn is able to regulate chemokine expression such as 

Cxcl10 and Ccl5.  

The inhibitory role of Irf7 by Wt1 and its role in chemokine expression in epicardial 

cells is a novel finding that opens a new understanding of the relationship between 

transcription factors involved in organ and tissue development and immune 

responses. These data also indicate a possible new avenue of investigation for the 

attenuation of the aberrant effects of chemokine expression in adult hearts following 

damage. Previous studies have concentrated on inhibiting individual chemokines 

with small cardio protective effects (Marcin Bujak et al., 2009; Montecucco et al., 

2011), however the finding of Irf7 as a regulator of chemokines could signify its 

direct targeting has a cumulative effect by inhibiting several chemokines at once, 

however it still needs to be demonstrated that Irf7 is directly regulating Cxcl10 and 

Ccl5, and future Irf7 siRNA studies will determine if this is the case.  
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Future studies will attempt to focus in understanding the role of Wt1 and chemokine 

expression in the adult damaged heart; furthermore, it will also be important to 

understand the contribution of Irf7 to the ectopic chemokine expression and its role 

in the phenotype observed in our epicardial specific Gata5-Cre Wt1loxP/gfp mouse 

model. 
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Chapter 5 

 

 

 

 

 

 

 

Analysis of Wt1-GFP populations during 

midgestational heart development 
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5.1 Introduction 

 

Around stage E10.5 in mice the heart has acquired a four chambered structure; it is at 

this stage that the epicardium sorrounds the heart and provides a source of 

progenitors that will greatly contribute to the cellular structure of the mature heart 

(M. Buckingham et al., 2005; A Wessels & Pérez-Pomares, 2004). During 

development epicardial cells posses a stem cell like potential and are able to undergo 

epicardial EMT, which allows the addition of EPDCs to several heart lineages such 

as the coronary vasculature, endothelial cells and fibroblasts. Through lineage tracing 

it has also been shown epicardial cells can contribute to the cardiomyocyte lineage 

(B. Zhou et al., 2008). 

In this chapter I will attempt to characterize epicardial cells, which have a central 

role in the development of the heart, and the role of Wt1 in these cells. I describe the 

isolation of GFP positive cells from Wt1-GFP knock-in mice by FACS sorting using 

a gentle enzymatic dissociation of cells. As shown below, FACS analysis revealed 

the presence of two distinct populations: one bright Wt1 GFP population (Wt1GFP++) 

and a GFP low (Wt1GFP+) population of Wt1-GFP positive cells. Quantitative real-

time analysis revealed that the Wt1GFP++ population has a much greater enrichment of 

epicardial specific genes, and the presence of bright Wt1-GFP cells in the epicardium 

was confirmed by confocal microscopy and immunohistochemistry. Furthermore the 

levels of expression of epicardial specific genes in Wt1GFP++ cells are very dynamic 

during epicardial development. 

A more detailed genome-wide analysis of the gene expression levels in Wt1GFP++ and 

Wt1GFP+ cells during midgestational development from E11.5 up to E16.5 revealed 

that indeed both populations are dynamic in the expression of a wide range of genes. 

The changes in expression can be classified into an early, transient and late epicardial 

development programs.  

A further genome wide analysis carried out comparing Wt1GFP++ cells from our 

epicardial specific Wt1 knock-out mouse model, Gata5-Cre Wt1loxP/gfp, revealed 
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previously undescribed putative targets or downstream pathways of Wt1. 

Furthermore, by comparing these genes with the database of epicardial 

developmental programs reveals that Wt1 may have a central role in the regulation of 

the early epicardial programs. These findings open the avenue for new investigative 

routes which may have a direct impact on regenerative approaches to heart disease. 

 

5.2. Analysis of two different Wt1-GFP populations in the hearts of Wt1-GFP knock-

in mice 

 

Previously we have analysed the developing heart by immunohistochemical analysis 

using antibodies against GFP and WT1 to identify their expression in fixed tissues. 

Staining with these antibodies further show a clear GFP and WT1 positive 

population of cells in the surrounding epicardium, figure 5.1.  

 

Figure 5.1. Immunohistochemical analyses of GFP and Wt1 in Wt1 GFP knock-in mouse hearts. 

 Positive cells against anti-GFP and anti-WT1 antibodies are located and overlap in the 
epicardium layer surrounding the developing heart. 

GFP 

DAPI 

WT1 

DAPI 



 

We also wanted to analyse GFP expression in freshly isolated 

hearts. Confocal microscopy of 

cells located in the epicardium surrounding the heart at different stages of 

development, figure 5.

This observation is consistent with previous reports in which 

epicardial specific marker as described by immunohistochemical analyses

Estrada et al., 2010; B. Zhou et al., 2008; von Gise et al., 2011)

Figure 5.2. Confocal microscopy of 

Wt1-GFP knock-in mouse hearts at E11.5 and E13.5 were isolated and immediately transferred 
to warm agarose containing PBS and nutrients, and allowed to set. GFP expression was 
observed under the confocal mic
Wt1-GFP knock-in mouse heart is shown in a) and E13.5 in b).

 

5.2.1 FACS Analysis of 

 

I isolated Wt1-GFP cells from the ventricles of 

gentle dissociating solution. Single cell dissociation was confirmed under the 

microscope and these cells were analysed by FACS which revealed there are two 

populations of GFP cells, one bright and one GFP low (

respectively), compared to a 

these populations can be better observed by FACS analysis using 

We also wanted to analyse GFP expression in freshly isolated 

Confocal microscopy of these hearts reveals a clear bright GFP population of

cells located in the epicardium surrounding the heart at different stages of 

development, figure 5.2.  

This observation is consistent with previous reports in which 

epicardial specific marker as described by immunohistochemical analyses

Estrada et al., 2010; B. Zhou et al., 2008; von Gise et al., 2011). 

. Confocal microscopy of Wt1-GFP knock-in mice.  

in mouse hearts at E11.5 and E13.5 were isolated and immediately transferred 
to warm agarose containing PBS and nutrients, and allowed to set. GFP expression was 
observed under the confocal microscope compared to a littermate GFP negative heart.

mouse heart is shown in a) and E13.5 in b). 

Analysis of Wt1-GFP populations 

GFP cells from the ventricles of Wt1-GFP knock

dissociating solution. Single cell dissociation was confirmed under the 

microscope and these cells were analysed by FACS which revealed there are two 

populations of GFP cells, one bright and one GFP low (Wt1

compared to a li ttermate GFP negative control. As shown i

these populations can be better observed by FACS analysis using 
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We also wanted to analyse GFP expression in freshly isolated Wt1-GFP knock-in 

reveals a clear bright GFP population of 

cells located in the epicardium surrounding the heart at different stages of 

This observation is consistent with previous reports in which Wt1 is used as an 

epicardial specific marker as described by immunohistochemical analyses (Martínez-

 

in mouse hearts at E11.5 and E13.5 were isolated and immediately transferred 
to warm agarose containing PBS and nutrients, and allowed to set. GFP expression was 

roscope compared to a littermate GFP negative heart. An E11.5 

GFP knock-in mice using a 

dissociating solution. Single cell dissociation was confirmed under the 

microscope and these cells were analysed by FACS which revealed there are two 

Wt1GFP++ and Wt1GFP+ 

ttermate GFP negative control. As shown in figure 5.3, 

these populations can be better observed by FACS analysis using plots of side scatter 
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(SSC-A) in the Y axis versus GFP signal (3-488-525/50-A) in the X axis, where the 

distribution of cells is shown in a geographical type view circled as they accumulate 

within a particular population. Wt1GFP++ cells are indicated in green and Wt1GFP+ in 

blue, and in purple the location of cells established as GFP negative from the sorting 

of a GFP negative littermate control. 

 

Figure 5.3. Two GFP populations present in Wt1-GFP knock-in mouse hearts.  

5.3.1 Analysis of GFP negative hearts by FACS. Ventricles were collected from E11.5 embryos 

a) Graph of number of cells versus GFP signal is shown, b) analysis of of cells in graph a in a 

plot of side scatter (SSC-A) against GFP signal, c) number and percentage of cells in each gate. 

Wt1GFP++ cells are shown in green in gate P6, Wt1GFP+ in blue in gate P7, and GFP negative cells 

in purple in gate P8. Around 8000 cells are shown. Outlying cells are included. 
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5.3.2 Analysis of E11.5 GFP heart ventricles by FACS. a) graph of the number of cells against 

GFP signal. GFP populations can be better observed in a graph of SSC-A versus GFP signal in 

b), and c) number and percentage of cells in each gate are shown. Around 20000 cells are shown. 

Outlying cells are included. 

 

5.3.3 Analysis of E13.5 GFP heart ventricles by FACS. a) graph of the number of cells against 

GFP signal. GFP populations can be better observed in a graph of SSC-A versus GFP signal in 

b), and c) number and percentage of cells in each gate are shown. Around 20000 cells are shown. 

Outlying cells are included. 

 

The same single cell isolation method was used for analysing cells from developing 

mouse lungs at stage E14.5. FACS analysis reveals one clear bright Wt1-GFP 

population of cells compared to a littermate matched GFP negative mouse lung, 
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figure 5.4. This indicates that the two distinct GFP populations of cells are unlikely 

to be an artefact produced by the isolation method. 

 

Figure 5.4. A single Wt1-GFP population is seen in Wt1-GFP knock-in mouse lungs.  

Analysis of E14.5 GFP lungs by FACS. a) graph of the number of cells against GFP signal. GFP 

populations can be better observed in a graph of SSC-A versus GFP signal in b), and c) number 

and percentage of cells in each gate are shown. Around 20000 cells are shown. Outlying cells are 

included 

5.2.2 Quantitative real time PCR analysis of epicardial specific markers, Wt1 and 

Raldh2, in Wt1 GFP populations 

 

Wt1GFP++and Wt1GFP+ cells from stages E11.5 to E14.5 Wt1-GFP knock-in mouse 

ventricles were isolated by FACS and collected in RNAlater buffer (Invitrogen) for 

RNA extraction, DNase treatment, cDNA synthesis and quantitative real-time PCR 

for the epicardial specific markers Wt1 and Raldh2. These two markers have been 

shown to be expressed mainly in the epicardium and essential for epicardial 

development and function, and Wt1 has also been shown to be able to directly 

regulate Raldh2 expression in the epicardium (Juan Antonio Guadix et al., 2011; 

Martínez-Estrada et al., 2010). The quantitative qRT-PCR analyses were carried out 

using an endogenous Gapdh control (Roche) which was used to work out relative 

gene expression changes. The results indicate a much greater enrichment in 



 

expression of the epicardial specific markers 

compared to low expression in 

highly enriched for 

derived from the epicardium and have lost much of their ability to express 

GFP. A big difference in expression between these two populations of cells is 

consistent at different stages of development from E11.5 to E14.5, figures 5.5 an

5.6. 

These analyses further revealed that both epicardial specific markers are dynamic 

from E11.5 to E14.5 in 

decreases gradually to 27% of expression at E14.5 compared to E11.5 (figure 5.5). 

Figure 5.5. Wt1 expression in 

Wt1-GFP knock-in mice. 

Two quantitative real time PCR measurements were carried out per reaction, one for 

the other for Gapdh (Roche), which was used as a control. The change in expression for 

calculated by dividing Wt1

dissected and used for each time point from E11.5 to E14.5. 

Raldh2 is expressed in the epicardium and 

target of Wt1 in the epicardium

similarly very dynamic in 

quantitative real-time PCR, figure 5.6. Its expression increases 

expression of the epicardial specific markers Wt1 and Raldh2

ow expression in Wt1GFP+ cells. This indicates that 

highly enriched for epicardial cells and EPDCs whereas Wt1

derived from the epicardium and have lost much of their ability to express 

GFP. A big difference in expression between these two populations of cells is 

consistent at different stages of development from E11.5 to E14.5, figures 5.5 an

These analyses further revealed that both epicardial specific markers are dynamic 

from E11.5 to E14.5 in Wt1GFP++cells. Wt1 expression is at its peak at E11.5 and 

decreases gradually to 27% of expression at E14.5 compared to E11.5 (figure 5.5). 

expression in Wt1GFP++ and Wt1GFP+ FACS sorted cells from the ventricles of 

in mice.  

Two quantitative real time PCR measurements were carried out per reaction, one for 

(Roche), which was used as a control. The change in expression for 

Wt1 expression by Gapdh. The ventricles of at least three

dissected and used for each time point from E11.5 to E14.5.  

is expressed in the epicardium and EPDCs, and it is also a known direct 

in the epicardium (Juan Antonio Guadix et al., 2011)

similarly very dynamic in Wt1GFP++cells from E11.5 to E14.5 as indicated by 

time PCR, figure 5.6. Its expression increases from E11.5 to its peak 
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Raldh2 in Wt1GFP++cells 

indicates that Wt1GFP++cells are 

Wt1GFP+ cells may be 

derived from the epicardium and have lost much of their ability to express Wt1 and 

GFP. A big difference in expression between these two populations of cells is 

consistent at different stages of development from E11.5 to E14.5, figures 5.5 and 

These analyses further revealed that both epicardial specific markers are dynamic 

expression is at its peak at E11.5 and 

decreases gradually to 27% of expression at E14.5 compared to E11.5 (figure 5.5).  

 

FACS sorted cells from the ventricles of 

Two quantitative real time PCR measurements were carried out per reaction, one for Wt1 and 

(Roche), which was used as a control. The change in expression for Wt1 was 

of at least three littermates were 

is also a known direct 

(Juan Antonio Guadix et al., 2011). Its expression is 

cells from E11.5 to E14.5 as indicated by 

from E11.5 to its peak 



 

at E12.5 and then decreases gradually in the same way to 

Wt1 is direct regulator of 

that seen from E12.5 to E14.5. The much greater enrichment in exp

epicardial specific marker is further evidence that 

origin and are highly enriched in epicardial cells.

Figure 5.6. Raldh2 expression in 

Wt1-GFP knock-in mice. 

Relative expression was calculated by dividing 

of Gapdh within the same reaction (Roch

dissected and used for each time point from E11.5 to E14.5. 

 

5.2.3 Identification of epicardial programs in 

 

The expression of epicardial specific markers in 

a clear bright Wt1-GFP positive population was located in the epicardium during 

development as indicated by confocal microscopy and immunohistochemical 

analyses indicate this FACS sorted population is highly enriched in epicardial cells 

and furthermore the finding that this

motivated me to carry out a genome wide gene expression analysis of the changes 

at E12.5 and then decreases gradually in the same way to Wt1 until E14.5, and since 

is direct regulator of Raldh2 similar patterns of expression may be expected as 

that seen from E12.5 to E14.5. The much greater enrichment in exp

epicardial specific marker is further evidence that Wt1GFP++ cells have an epicardial 

origin and are highly enriched in epicardial cells. 

expression in Wt1GFP++ and Wt1GFP+ FACS sorted cells from the ventricles of 

in mice.  

Relative expression was calculated by dividing Raldh2 expression by the endogenous expression 

within the same reaction (Roche). The ventricles of at least three

dissected and used for each time point from E11.5 to E14.5.  

5.2.3 Identification of epicardial programs in Wt1GFP++cells 

The expression of epicardial specific markers in Wt1GFP++cells, the confirmation that 

GFP positive population was located in the epicardium during 

development as indicated by confocal microscopy and immunohistochemical 

analyses indicate this FACS sorted population is highly enriched in epicardial cells 

and furthermore the finding that this population is dynamic during development 

motivated me to carry out a genome wide gene expression analysis of the changes 
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until E14.5, and since 

similar patterns of expression may be expected as 

that seen from E12.5 to E14.5. The much greater enrichment in expression of this 

cells have an epicardial 

 

FACS sorted cells from the ventricles of 

expression by the endogenous expression 

e). The ventricles of at least three littermates were 

cells, the confirmation that 

GFP positive population was located in the epicardium during 

development as indicated by confocal microscopy and immunohistochemical 

analyses indicate this FACS sorted population is highly enriched in epicardial cells 

population is dynamic during development 

motivated me to carry out a genome wide gene expression analysis of the changes 
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that take place. This analysis was carried out with the aim of finding out a possible 

epicardial developmental program and to examine the possible role that Wt1 plays in 

this program. 

Wt1GFP++ cells were isolated from pools of ventricles from Wt1-GFP mice from 

E11.5, which is the stage just after the epicardial layer has covered the heart, and 5 

further stages up to E16.5 when epicardial EMT has taken place and the cardiac 

vasculature has been formed. Briefly, these cells were collected in RNAlater buffer 

(Invitrogen), their RNA was extracted, DNase treated and their quality checked for 

RNA integrity. RNA amplification and biotin labelling for microarray analysis were 

carried out with three replicates for each time point.  

The normalised gene expression data was analysed by Principal Components 

Analysis (PCA), which is a statistical technique for finding patterns in data of high 

dimension and allows us to highlight similarities and differences in the dataset (Abdi, 

H. and Williams, L. J. 2010). 

In the plot indicated below in figure 5.7 of a PCA analysis of the changes in RNA 

expression profile of Wt1GFP++ cells from E11.5 to E16.5, data points for each sample 

are located closer together when they are most similar and further apart the more 

different they are compared to E11.5 expression. In this graph it can be clearly 

observed that there are three different stages of gene expression changes during 

epicardial development in Wt1GFP++ cells from E11.5 to E16.5. 

 

 

 



 

Figure 5.7. Principle component analysis graph of the changes in expression levels in 

cells.  

The closer the data points

changes are the most different from each other at around E11.5, E14.5 and E15.5 denoting an 

epicardial program in Wt1

This genome wide expression analysis shows a large number of genes that change in 

expression during development, figure 5.8. A total of 11844 genes changed 

significantly at least 

significantly in more than 

these 563 genes have been previously associated with the heart and 79 with the 

epicardium which may suggest that there are a large number of gene e

changes previously un

Figure 5.8. Analysis of the number of genes that change in expression during epicardial 

development in Wt1GFP++

. Principle component analysis graph of the changes in expression levels in 

closer the data points the more similar their gene expression levels and vice versa.  The 

changes are the most different from each other at around E11.5, E14.5 and E15.5 denoting an 

Wt1GFP++ cells that consists of three stages in gene expression changes.

This genome wide expression analysis shows a large number of genes that change in 

expression during development, figure 5.8. A total of 11844 genes changed 

significantly at least at one stage compared to E11.5, of these 1157 changed 

more than two stage from E11.5 to E16.5 compared to E11.5 and of 

these 563 genes have been previously associated with the heart and 79 with the 

epicardium which may suggest that there are a large number of gene e

undescribed that take place during epicardial development.

 

. Analysis of the number of genes that change in expression during epicardial 
GFP++ cells.  
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. Principle component analysis graph of the changes in expression levels in Wt1GFP++ 

the more similar their gene expression levels and vice versa.  The 

changes are the most different from each other at around E11.5, E14.5 and E15.5 denoting an 

expression changes. 

This genome wide expression analysis shows a large number of genes that change in 

expression during development, figure 5.8. A total of 11844 genes changed 

compared to E11.5, of these 1157 changed 

from E11.5 to E16.5 compared to E11.5 and of 

these 563 genes have been previously associated with the heart and 79 with the 

epicardium which may suggest that there are a large number of gene expression 

described that take place during epicardial development. 

. Analysis of the number of genes that change in expression during epicardial 

6.5 
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There are over 45,000 transcripts tested in our microarray analysis, of these 11844 changed 

significantly during midgestational development from E11.5 to E16.5, of these 1157 changed in 

more than two stages compared to E11.5, of these 563 have previously been associated with the 

heart and 79 with the epicardium.  

 

The 1157 significant gene expression changes that take place in at least two different 

stages compared to E11.5 during the analysis above can be clustered into four 

different behavioural patterns. In figure 5.9 there are four panels numbered from 1 to 

4 and next to it the number of genes that are included into these clustered patterns. 

Panel 1 indicates genes that have early expression and then these genes reach a 

plateau, panel 2 indicates genes that have a low early expression and then reach a 

plateau, panel 3 indicates genes that are transiently up-regulated around E14.5 and 

panel 4 indicates genes that increase in expression later at E15.5.  
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Figure 5.9. Clustering of the behaviour of genes during epicardial midgestational development 

from E11.5 to E16.5 in Wt1GFP++ cells.  

The 4 panels above indicate heat maps of gene expression. Expression changes are compared to 

normalized E11.5 expression. Red colours indicate high relative expression and black colour low 

relative gene expression whereas green median gene expression. There are 4 cluster of 

behaviours indicated in panels 1 to 4. 1147 significant transcript expression changes are shown, 

which change in at least two stages from stages E11.5 to E16.5. Panel 1 indicate 333 transcript 

changes from high early expression to median late, Panel 2 shows 401 changes from low early 

expression to median late, Panel 3 shows 185 transient changes around E14.5 and Panel 4 shows 

238 transcript changes from median early to high late.  

 

The four different clusters of behaviours that can be classified into 3 programs, an 

early program in which gene expression can be high or low around E11.5, a transient 

program where gene expression is up-regulated around E14.5 and a late program in 

which gene expression is up-regulated a later stage around E15.5, figure 5.10.  
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Figure 5. 10. Epicardial programs during midgestational epicardial development in Wt1GFP++ 

cells.  

In these heat maps each line in the panels shows the expression of a gene from E11.5 on the left 

to E16.5 on the right of each panel. A dark colour indicates low expression, red indicates high 

expression and green indicates an intermediate expression relative to E11.5. Genes in the early 

program have low or high expression around E11.5, genes in the transient program have high 

expression around E14.5 and the late program cosists of genes that have high expression around 

E16.5. 

 

5.2.4 Comparison of microarray results with previous qRT-PCR analysis of Raldh2, 

Snai1, Hes1 and Vimentin in Wt1GFP++cells during development 
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The changes in gene expression of Raldh2, Snai1 and Hes1, which have been 

previously shown to be important for the development of the epicardium, were 

compared between the genome wide time course analysis and quantitative real-time 

PCR expression analysis for validation. Wt1 was not chosen since a probe for this 

gene was not present in the array. Raldh2 shows a discrepancy at E11.5, my 

microarray time course indicates a peak of expression at E11.5 whereas by 

quantitative RT-PCR of Raldh2 peak of expression is seen at E12.5, this discrepancy 

may be due to slightly different stages of mouse embryos around E11.5 chosen 

which may have a significant change in gene expression, however from E12.5 the 

gradual decrease in expression is consistent in both methods. Snai1 and Hes1 

expression in both methods have an almost identical trend with peaks at E13.5, figure 

5.11. 
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Figure 5 11. Gene expression changes of Raldh2, Snai1, Hes1 and Vimentin in Wt1GFP++ cells.  

Genes such as Raldh2, Snai1 and Hes1 have been previously shown to be vital for epicardial 

function and development. Vimentin is a mesenchymal marker which indicates the presence of 

possibly mesenchymal cells or EPDCs in the Wt1GFP++ population. The overall trends of these 

genes are similar in the time course array analysis and quantitative real-time PCR validation in 

the stages analysed between E11.5 and E14.5. Time course array values are normalized 

arbitrary values. Quantitative RT-PCR analysis values are shown as gene of interest/Gapdh fold 

changes and a minimum of 3 ventricles were used for each time point. 

 

5.2.5 Isolation of Wt1GFP++cells from an epicardial specific Wt1 knock-out model 
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Wt1GFP++ cells were isolated from our epicardial specific Gata5-Cre Wt1loxP/gfp Wt1 

knock-out mouse model at E13.5 by FACS, figure 5.12. A highly significant 

reduction in the number of cells by 58% is observed exclusively in Cre positive 

Wt1GFP++ cells. At stage E13.5 is the earliest stage where a limited but sufficient 

number of cells can be collected from Wt1 knock-out Wt1GFP++ cells for microarray 

analysis, figure 5.13. 

 

Figure 5.12. Isolation of GFP cells from our epicardial specific Wt1 knock-out mouse model.  

Wt1GFP++cells (green), Wt1GFP+cells (blue) and GFP negative cells (violet) were collected from the 

dissected ventricles from our epicardial specific Gata5-Cre Wt1loxP/gfp Wt1 knock-out mouse 

model at E13.5 by FACS. Isolated cells from GFP negative ventricles is shown in (a), Gata5-Cre 

negative Wt1GFP+/loxP mice ventricles in (b) and Gata5-Cre positive Wt1GFP+/loxP mice ventricles in 

(c).  

 Cre+ 



 

The isolation of Wt1

Wt1loxP/gfp mice ventricles indicated a very significant reduction in the number of cells 

in Wt1 knock-out cells 

and GFP negative cells had no significant change in the number of cells.

Figure 5.13. Wt1 knock-

The number of cells is significantly reduced in 

mouse model. T-test<0.0007, control n=6, knock

Wt1GFP+cells are > 0.05 and non

 

5.2.6 Genome-wide analysis of E13.5 

knock-out model 

 

Wt1GFP++cells collected from our epicardial specific 

negative Wt1GFP+/loxP

synthesis and qRT-PCR analysis 

verified Wt1 down-regulation with an 84% decrease in 

positive cells compared to 

Wt1GFP++ cells by FACS from our epicardial specific 

mice ventricles indicated a very significant reduction in the number of cells 

out cells in this population alone, figure 5.13, whereas 

and GFP negative cells had no significant change in the number of cells.

-down in our epicardial specific Wt1 knock-out mouse model 

The number of cells is significantly reduced in Cre+ Wt1GFP++cells from the 

0.0007, control n=6, knock-out n=5. T-test in GFP negative and 

cells are > 0.05 and non-significant. 

wide analysis of E13.5 Wt1GFP++ cells from an epicardial specific 

cells collected from our epicardial specific Gata5-Cre
loxP E13.5 mice ventricles were used for RNA isolation, cDNA 

PCR analysis of Wt1 to verify its down-regulation. This analysis 

regulation with an 84% decrease in Wt1 

positive cells compared to Cre negative cells, figure 5.14. 
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cells by FACS from our epicardial specific Gata5-Cre 

mice ventricles indicated a very significant reduction in the number of cells 

in this population alone, figure 5.13, whereas Wt1GFP+ cells 

and GFP negative cells had no significant change in the number of cells. 

 

out mouse model at E13.5.  

cells from the Gata5-Cre Wt1loxP/gfp 

test in GFP negative and 

cells from an epicardial specific Wt1 

Cre positive and Cre 

RNA isolation, cDNA 

regulation. This analysis 

 expression in Cre 

*** 



 

Figure 5.14. Wt1 is down

Wt1GFP++cells at E13.5. 

Wt1GFP++cells from our epicardial specific 

Wt1GFP+/loxP E13.5 mice ventricles were also collected in RNAlater buffer 

(Invitrogen), their RNA was extracted, DNase treated and t

RNA was then used for cRNA amplification 

checked for transcriptome microarray analysis

120 genes that had a significant change in expression over 

Wt1GFP++ Wt1 knock-

 

5.2.6 Comparison of datasets from E13.5 

Wt1 knock-out model with epicardial programs

 

The list of around 120 genes from E13.5 

table 2) was compared to the dataset of 1150 genes that were clustered into 3 

different programs: an early, a transient and a late program

appendix table 1). This analysis revealed that there are 47 gen

between these two datasets; furthermore these genes were clustered as part of the 

early program due to their 

 

is down-regulated in our epicardial specific Wt1 knock

cells from our epicardial specific Gata5-Cre positive and 

E13.5 mice ventricles were also collected in RNAlater buffer 

(Invitrogen), their RNA was extracted, DNase treated and their quality checked

RNA was then used for cRNA amplification which was then biotinylated and quality 

checked for transcriptome microarray analysis. This microarray analysis revealed 

120 genes that had a significant change in expression over two fold in 

-out cells compared to Wt1GFP++ Cre negative cells.

5.2.6 Comparison of datasets from E13.5 Wt1GFP++cells from an epicardial specific 

out model with epicardial programs 

The list of around 120 genes from E13.5 Wt1GFP++ Wt1 knock-out cells 

was compared to the dataset of 1150 genes that were clustered into 3 

different programs: an early, a transient and a late program (for the full list see 

. This analysis revealed that there are 47 gen

between these two datasets; furthermore these genes were clustered as part of the 

early program due to their early low or high expression around E11.5, figure 5.15.
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knock-out mouse model in 

positive and Cre negative 

E13.5 mice ventricles were also collected in RNAlater buffer 

heir quality checked. 

which was then biotinylated and quality 

. This microarray analysis revealed 

fold in Cre positive 

negative cells. 

cells from an epicardial specific 

out cells (see appendix 

was compared to the dataset of 1150 genes that were clustered into 3 

(for the full list see 

. This analysis revealed that there are 47 genes that are shared 

between these two datasets; furthermore these genes were clustered as part of the 

low or high expression around E11.5, figure 5.15. 
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Figure 5.15. Schematic of transcriptome microarray analyses. 

Sorted Wt1GFP++cells from E13.5 Wt1 knock-out and control cells were collected for 

transcriptome microarray analysis which revealed 120 genes that changed significantly, with a p 

value < 0.05, by more than 2 fold. These genes were compared with the 1150 genes that are part 

of the early, transient and late programs described above. There were 47 genes that were 

present in both databases and these genes are found in the early program group. 

The 47 genes that change in expression in Wt1GFP++ cells in our in-vivo epicardial 

specific Wt1 knock-out model and that around E11.5 have an early low expressing or 

high expressing pattern of gene expression (early programs) during epicardial 

development, are shown below by Ingenuity Pathway Analysis (IPA) (figure 5.16). 

This pathway analysis is used to provide a view of molecular interactions, such as 

direct regulation or association between different genes. IPA analysis indicates that 

Wt1 has previously been shown to be able to directly regulate EGFR, which indicates 

that there are still a large number of genes previously not described as being 

regulated by Wt1 in the epicardium, figure 5.16.  



 

Figure 5.16. Putative network of 47 genes regulated by 

(IPA).  

Genes shown here in red were found to be up

regulated. Lines indicate direct regulation, interaction or reported association between the genes in the network.

. Putative network of 47 genes regulated by Wt1 and related to an early epicardial program according to the Ingenuity Pathway Analysis 

Genes shown here in red were found to be up-regulated in Wt1GFP++ cells from in-vivo Wt1 knock-out model, whereas those in green were found to be down 

regulated. Lines indicate direct regulation, interaction or reported association between the genes in the network. 
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and related to an early epicardial program according to the Ingenuity Pathway Analysis 

out model, whereas those in green were found to be down 
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Over 100 genes changed their levels of expression in Wt1GFP++ cells in our in-vivo 

epicardial specific Wt1 knock-out model at E13.5. I carried out two of the most 

widely used gene ontology analyses. The first one was carried out using the Gene 

Ontology Enrichment Analysis and Visualization Tool (GOrilla), and applying a 

Bonferroni correction, which is a more strict statistical analysis that shows results 

that are most significant. This analysis indicates that the most significant changes in 

Wt1 knock-out cells are related to growth factor stimulus response, tissue and 

anatomical structure morphogenesis, regulation of Vegf receptor signalling and 

development, figure 5.17. 

 
Figure 5.17. Gene Ontology Enrichment Analysis and Visualization Tool (GOrilla) following a 

Bonferroni correction. 
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Another gene ontology analysis was carried out using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID). This analysis grouped together 

genes into different family terms, and below are shown the most significant changes 

with similar p values to the GOrilla analysis, table 5.1 (See appendix table 3 for the 

complete list). Similarly to the GOrilla analysis, most significant terms are related to: 

tissue and structure morphogenesis (such as extracellular matrix, collagen, focal 

adhesion), regulation of signalling (secreted, signal and signal peptide) and 

development (blood vessel, vascular and epithelial development).  

Table 5.1. Most significant terms by GOrilla gene ontology analysis. 

Term number of genes P Value 

extracellular matrix 13 1.58E-09 

proteinaceous extracellular matrix 14 2.36E-08 

extracellular matrix 14 3.76E-08 

Secreted 26 7.96E-08 

collagen 8 3.36E-07 

signal 37 7.12E-07 

extracellular region part 18 2.91E-06 

extracellular region 27 3.13E-06 

signal peptide 37 3.86E-06 

Collagen triple helix repeat 7 4.98E-06 

Focal adhesion 9 2.85E-05 

blood vessel development 9 4.28E-05 

vasculature development 9 5.09E-05 

disulfide bond 29 6.93E-05 

epithelium development 9 8.96E-05 

 

Analysis of the Wt1GFP++ population expression profiles indicates it is not only highly 

enriched in Wt1 and Raldh2 but also Snai1 and Snai2 which are involved in tissue 

development and EMT, Vimentin which is expressed in mesenchymal cells, Vascular 

specific genes such as Pecam-1 and Cdh5 and epithelial genes such as Krt 7, Krt8 

and Krt18, see appendix figure 2.1. These genes have different expression patterns: 

for instance Wt1, Raldh2, Snai1, Snai2 and Vimentin have a peak of expression 
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around E11.5 to E13.5, while Pecam-1 and Cdh5 increase their expression levels 

steadily to a peak at E16.5. The keratins 7, 8 and 18 have two peaks around E11.5 

and E16.5, whilst expression is lowest at E14.5, which could indicate that the 

Wt1GFP++ population needs to temporarily lose its epithelialisation around E14.5, 

perhaps to allow an epicardial EMT to take place, and then gradually regain keratin 

epithelial markers. These data need to be verified, how this process takes place or 

whether this is related to an EMT process still needs to be understood. 

The Wt1GFP+ population has a different pattern of expression to the brighter 

population. This population is negative or has low expression for the genes 

mentioned above in the Wt1GFP++ population. The Wt1GFP+ population is highly 

enriched in genes that are commonly used to identify cardiomyocytes or that are 

important for myocardial development such as Nkx2.5, Acta1, Actc1, Actn2, Myh6, 

Myh7, Myl1, Myl4, Myocd, Pln and Tpm2, see appendix figure 2.2. 

 

5.3 Discussion 

 

The gentle dissociation of ventricles technique into single cells that I developed in 

the lab revealed two very different populations of Wt1-GFP positive cells in the heart 

during development that have not been described before. This technique does not use 

enzymes that are mildly auto-fluorescent, such as collagenase II, and it may be the 

reason these populations have not been detected before in embryonic hearts (Zhou 

2008). My technique was also used for the dissociation into single cells of lungs from 

Wt1-GFP knock-in mice, which revealed a single bright population of cells and 

indicates that this method of cell isolation is unlikely to be responsible for an 

artefactal detection of two GFP populations in these mice in the developing heart. 

The bright Wt1GFP++ population of cells can be clearly seen in the sections from 

confocal microscopy, surrounding the heart and located in the epicardial layer. By 

immunohistochemical analysis of GFP and Wt1,  bright Wt1-GFP cells can be seen 

overlapping in the epicardium; however the immunohistochemical analysis of GFP 
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expression required me to attempt several different anti-GFP antibodies that were not 

very sensitive, and the GFP antibody staining required a harsher antigen retrieval 

technique that could impede the detection of low GFP expressing cells. Nevertheless 

a bright GFP staining can be clearly seen in the epicardium and FACS analysis is a 

very sensitive technique that is able to demarcate two different populations of GFP 

cells, one bright and one dim. 

In the Wt1GFP++ population of cells there is also a much greater enrichment in the 

expression of epicardial specific markers, Wt1 and Raldh2, as shown by qRT-PCR 

compared to Wt1-GFP low expressing cells, Wt1GFP+ cells. The stages analysed were 

from E11.5 to E14.5 and at some stages there is over a hundred fold enrichment in 

the expression of these markers in Wt1GFP++cells. It was previously shown that Wt1 is 

able to directly regulate the expression of Raldh2 in the epicardium (Juan Antonio 

Guadix et al., 2011), and the patterns of expression of Wt1 and Raldh2 are very 

similar to E12.5 in Wt1GFP++ cells as might be expected if Raldh2 expression was 

directly regulated by Wt1 in the epicardium. Furthermore, these expression patterns 

indicate that Wt1GFP++ cells are very dynamic and change their gene expression 

during development of the heart. 

Evidence from confocal microscopy, immunohistochemical analyses and the 

enrichment of epicardial specific markers in Wt1GFP++ cells, indicated that these are 

highly enriched in epicardial cells. I decided to further investigate the gene 

expression changes that take place in this population of cells during development.  

I used a genome wide transcriptome microarray approach to analyse these cells at the 

gene expression level from E11.5 to E16.5, which are the stages from the early 

formation of the epicardium up to the stage where epicardial cells have undergone 

EMT and contributed to several cell lineages such as the cardiac vasculature which is 

already formed by E16.5. 

The results from this analysis revealed that indeed the gene expression changes that 

take place in Wt1GFP++ cells is remarkably dynamic over a large number of genes. 

There were 1157 genes that significantly change their expression levels in more than 

two development stages analysed from E11.5 to E16.5 compared to E11.5, of these 
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51% have not been previously described in the heart. This could indicate that this 

dataset is an important source of new information about the changes in gene 

expression that take place during epicardial development. The expression patterns of 

genes that have previously been shown to be important in epicardial development, 

such as Raldh2, Snai1 and Hes1, have very similar expression patterns in both the 

microarray analysis and by qRT-PCR, which indicates that the gene expression 

changes observed in our microarray analyses are reliable.  

The behavioural patterns in expression of 1157 gene transcripts described above 

reveals that they can be classified into three distinct patterns that could indicate the 

existence of three epicardial programs: An early program that has high expression or 

low expression of genes around E11.5 that then reach a plateau, a transient program 

that increases expression only around E14.5, and a late program that increases in 

expression around E15.5.  

Our main focus is to study epicardial cells, for this reason we analysed Wt1GFP++ cells 

from the ventricles of our epicardial specific Gata5-Cre Wt1loxP/gfp E13.5 mice by a 

transcriptome microarray analysis. This revealed 120 significant genes that change in 

expression at least two fold and are putative targets or in downstream pathways of 

Wt1. These genes were compared to the genes grouped in the three epicardial 

programs and revealed that 47 putative Wt1 targets belong to the early program. This 

reveals the possibility that Wt1 is at the centre of the regulation of an early epicardial 

program during heart development, furthermore these analyses have revealed many 

potential novel direct targets of Wt1.  

Further work needs to be carried out to validate these changes in-vivo and understand 

the relationships between the genes in the early epicardial program with epicardial 

function, such as the release of growth factors, and the phenotypes observed in the 

epicardial specific Gata5-Cre Wt1loxP/gfp mouse that includes the significant reduction 

in the number of Wt1GFP++ cells as well the lack of cardiac vasculature and thinning 

of the myocardium.  
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6.1. Introduction 

 

Several approaches, which include in-vitro and in-vivo systems,  have been used to 

identify novel downstream targets of Wt1, a gene that is inherently complex due to its 

high number of isoforms and wide variety of functions (Peter Hohenstein & Hastie, 

2006). Many of its functions are organ dependant and can be different from 

developmental stages in the embryo compared to the adult (Chau et al., 2011). Wt1 

also plays both a tumour suppressor and oncogenic role, since it is inactivated in 

Wilms’ tumours and over-expressed in a number of cancers (Peter Hohenstein & 

Hastie, 2006).  

In the adult heart following tissue damage Wt1 is expressed de-novo in coronary 

vasculature and epicardium, which indicates a role for Wt1 in mammalian heart 

repair (Smart et al., 2011; K.-D. Wagner et al., 2002). 

Wt1 knock-out mice have demonstrated that Wt1 is vital in the formation of 

mesodermal derived tissues and the development of several organs such as the 

adrenal glands, gonads, kidney, pancreas and spleen, and also in the formation of the 

epicardium and certain neuronal progenitors (Peter Hohenstein & Hastie, 2006). Wt1 

knock-out mice die early due to heart failure (J. A. Kreidberg et al., 1993; Martínez-

Estrada et al., 2010). To study the essential role of Wt1 in the epicardium and heart 

development, an epicardial specific Wt1 knock-out mouse was produced in our lab 

(Martínez-Estrada et al., 2010), which dies around E16.5 due to heart failure and 

presents a severe phenotype that includes loss of cardiac vasculature and thinning of 

the myocardium. This mouse model reaffirmed the essential role that Wt1 plays in 

the formation and function of the epicardium, and furthermore that Wt1 plays an 

important role in regulating epicardial EMT through the direct control of genes that 

are crucial in EMT, such as Snai1 and E-cadherin (Martínez-Estrada et al., 2010). It 

has also been shown that Wt1 regulates the retinoic acid signalling pathway which is 

involved in the migration, proliferation and differentiation of epicardial cells and 

EPDCs (Juan Antonio Guadix et al., 2011). It has also been suggested that Wt1 

regulates epicardial EMT through the regulation of retinoic acid signalling as well as 

β-catenin (von Gise et al., 2011). 
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The epicardium also expresses factors that are necessary in the development and 

growth of the myocardium (Juan Antonio Guadix et al., 2011; Mellgren et al., 2008; 

Olivey & Svensson, 2010). It has been demonstrated that Wt1 is expressed in the 

epicardium during heart development and it is necessary for the epicardial integrity 

and its ability to produce progenitors (Kwee et al., 1995; Martínez-Estrada et al., 

2010; A. W. Moore et al., 1999; J Männer, 1993). I believe that the study of Wt1 in 

epicardial cells is key for the understanding at the molecular level of the roles that 

the epicardium plays in heart development, such as: providing a source of progenitor 

cells, controlling the formation of several heart lineages and in regulating the 

secretion of paracrine signals that are needed in growth and differentiation of the 

myocardium. 

In my thesis I have focused on using two different approaches to identifying novel 

targets of Wt1 during the development of the epicardium: One approach through the 

use of tamoxifen-inducible Wt1-knock-out immortalized epicardial cells, and a 

second approach by genome wide expression analysis of freshly isolated epicardial 

control and Wt1 knock-out cells from our in-vivo model. 

 

6.1. Tamoxifen-inducible Wt1-knock-out immortalized epicardial cells 

 

The immortalized epicardial cell line was developed in the lab from the ventricles of 

tamoxifen inducible Cre Wt1loxP/gfp immorto mice. These cells have typical epithelial 

cobblestone morphology, express epithelial markers Wt1 and GFP. Upon the addition 

of tamoxifen, the first exon of Wt1, which is flanked by loxP sites, is deleted. The 

deletion of the first exon abolishes the expression of the majority of Wt1 isoforms 

including the splice variants that include or exclude three amino acids (±KTS) 

between the third and fourth zinc finger domains.  

The splice variants ±KTS are vital since these are the only isoforms described so far 

that when deleted individually can cause severe abnormalities and the death of the 

embryo during the later stages of embryogenesis or at the early neonatal stage. 

However, these mice do not present abnormal development of the heart which 
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indicates these isoforms have overlapping functions during heart and epicardial 

development (Peter Hohenstein & Hastie, 2006). 

Treatment of our immortalized epicardial cell line for 6 days with tamoxifen resulted 

in a very significant decrease in the expression of Wt1. A transcriptome microarray 

analysis and ontological clustering of gene expression changes revealed that the 

largest cluster of changes are related to an interferon response. Furthermore, some of 

the most significant changes were also related to an interferon response and included 

the chemokines Cxcl10 and Ccl5, and also the Interferon regulatory factor Irf7. 

Chemokines have recently been shown to be involved in a wide variety of roles that 

range from their original identified function in the chemotactic attraction of 

lymphocytes to the regulation of cell migration, proliferation, angiogenesis 

regulation and a putative role in cancer (Marcin Bujak et al., 2009; Moser & 

Loetscher, 2001; Stumm & Höllt, 2007; Zlotnik, Burkhardt, & Homey, 2011). 

Interferon regulatory factors (Irfs) have also been shown to have a wide variety of 

roles. Irfs initially were found to have a role in the activation and initiation of an 

interferon response but recently their members have been shown to be involved in 

proliferation, cell differentiation, in the case of Irf6 in skin, limb and craniofacial 

development (Ingraham et al., 2006), whereas the activation and over-expression of 

Irf7 in immortalized fibroblast cells can inhibit their proliferation and induce their 

senescence (Q. Li et al., 2008).  

Irfs are also involved in cancer. Irf4 and Irf8 are thought to have roles as possible 

tumour suppressors, whereas Irf2 may have an oncogenic role (H. Harada et al., 

1993; S.-H. Jo et al., 2010). 

This identification of novel chemokines secreted by epicardial cells could indicate 

that these cells may possess a paracrine as well as an autocrine role in the heart, and 

also could be able to regulate the physiological function of cells outside the 

epicardium such as cardiomyocytes. 

The changes in expression identified in our immortalized epicardial cell line model 

were validated at the mRNA and protein level (ELISA) for Cxcl10 and Ccl5, and at 

the mRNA level and protein level (Immunohistochemical analysis) in the case of 
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Irf7. Also, these chemokines were up-regulated ex-vivo in tamoxifen inducible Cre 

Wt1loxP/gfp mouse ventricles and an initial immunohistochemical analysis of Irf7 in the 

epicardial specific Wt1 knock-out mouse also shows its up-regulation. 

The roles of the chemokines Cxcl10 and Ccl5 are discussed below as well as the role 

of Irf7 which may regulate both of these chemokines in the epicardium. 

 

6.2. The role of Cxcl10 

 

Cxcl10 has a role in the inhibition of angiogenesis as shown by a retinal angiogenesis 

assay (Robert M Strieter et al., 2005). In this study Cxcl10 was able to inhibit 

angiogenesis even in the presence of angiogenic chemokines such Cxcl8 and bFgf, 

which indicates that it can have a powerful physiological role. It was also reported 

that Cxcl10 in the adult heart has an anti-fibrotic effect following cardiac infarction 

(Marcin Bujak et al., 2009), countering the fibrotic reparative response that replaces 

damaged cells with fibroblasts that migrate into the damaged site from several 

sources around the heart that including the epicardium. This fibrotic reparative 

response or fibrosis eventually results in the loss of function at the repaired site and 

consequently a progressively debilitating effect in the heart.  

The anti-fibrotic effect of Cxcl10 was previously reported not to be caused by a 

change in fibroblast proliferation or apoptosis but it was shown to have an inhibitory 

effect on fibroblast migration even in the presence of pro-migratory bFgf in a 

transwell chamber assay (Marcin Bujak et al., 2009).  

I carried out a similar approach to elucidate whether Cxcl10 can have the same effect 

in epicardial cells during development by using our immortalized epicardial cell line 

model in a transwell chamber assay. This assay revealed that Cxcl10 was able to 

inhibit epicardial cell migration even in the presence of the pro-migratory Vegf.  

Fibrosis in response to heart tissue damage is a process that requires fibroblasts that 

can be derived from a number of sources; these include: pre-existing fibroblasts, 

endothelial cells, bone marrow derived circulating progenitors and epicardial cells 
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through EMT (P.-Y. Chu et al., 2010; Krenning, Zeisberg, & Kalluri, 2010; Russell 

et al., 2011). Here I have shown that Cxcl10 is able to inhibit the migration of 

immortalized epicardial cells obtained from the developing epicardium. I wanted to 

investigate whether Cxcl10 could also inhibit spontaneous EMT that takes place in 

our immortalized epicardial cell model. The treatment of immortalized epicardial 

cells with Cxcl10 did not elicit a change in the expression of several markers of 

EMT. Future experiments will aim to establish whether Cxcl10 is able to inhibit an 

induced EMT in epicardial cells where a recombinant protein is added to 

immortalized epicardial cells, such as Tgf-β, to induce EMT. 

Dr Ozdemir in our lab carried out an in-vivo microarray analysis of kidney specific 

Wt1 knock-out mouse models of kidney development. The analysis of these kidneys 

by transcriptome analysis revealed a significant up-regulation of Cxcl10 and Irf7 in 

all kidney specific Wt1 knock-out mouse models (data not shown). I was able to 

confirm these results from samples of one of the kidney models, Nestin Cre 

Wt1loxP/loxP mouse kidneys provided by Dr Ozdemir.  

The finding that Cxcl10 was also up-regulated in Wt1 knock-out kidneys opened the 

possibility for analysing the role of Cxcl10 in MET, the reverse process of EMT. In 

the kidney MET is essential for the formation of nephrons from the metanephric 

mesenchyme. I found there was a significant increase in the number of nephrons at a 

particular concentration of Cxcl10 in our ex-vivo kidney culture. Future analysis of 

the role of Cxcl10 in nephron formation in the presence of anti-Cxcl10 blocking 

antibodies will need to be carried out. Nevertheless, the finding that Cxcl10 can 

increases the number of nephrons opens the possibility that Cxcl10 may have a role 

in promoting MET needed in the kidney during nephron formation and conversely it 

may also have a role in the inhibition of EMT that is needed in the formation of 

fibroblasts from the epicardium in the adult heart. Future experiments will need to 

determine whether Cxcl10 ectopic expression in the embryonic epicardium could 

inhibit an induced epicardial EMT in our immortalized epicardial cell model.  

The role of Cxcl10 in regulating blood vessel formation has been established (Bodnar 

et al., 2009; Robert M Strieter et al., 2005), here it has been shown that Cxcl10 is 

able to inhibit epicardial cell migration in our immortalized epicardial cell line 
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model, and this migration of epicardial cells is an important process for the formation 

of the coronary vasculature. It has been established in several studies that Cxcl10 is 

able to inhibit the formation of blood vessels from pre-existing ones (Bodnar et al., 

2009; Robert M Strieter et al., 2005), a process known as angiogenesis; however it is 

still unclear whether it could also inhibit vasculogenesis, which entails de-novo 

formation of vasculature. 

In the epicardial specific Wt1 knock-out mouse heart there is a lack of vasculature 

and in the kidney specific Nestin Cre Wt1 knock-out kidneys, from Nestin Cre+ 

Wt1loxP/loxP mice, early indications by immunohistochemical analysis points towards a 

reduction in the number of blood vessels.  

These data indicates that Wt1 down-regulation and ectopic Cxcl10 expression could 

inhibit epicardial cell migration, which is a necessary step towards vasculature 

formation, and so the inhibition of vascular progenitors might be one of the 

mechanisms used by Cxcl10 to inhibit vascular formation in the heart and in the 

kidney. 

 

6.3. The role of Ccl5 

 

Ccl5 was confirmed to be up-regulated at the mRNA and protein level (ELISA) in 

tamoxifen-inducible Wt1 knock-out immortalized epicardial cells and ex-vivo at the 

protein level in ventricles from a tamoxifen inducible Cre Wt1loxP/gfp mouse model. 

This indicates that Ccl5 expression could be inhibited by Wt1. 

In the adult heart, myocardial infarction and ischemia reperfusion injury induces the 

expression of Ccl5 (Braunersreuther et al., 2010; Montecucco et al., 2011). These 

studies used anti-Ccl5 blocking antibodies and a Ccl5 antagonist to show that Ccl5 is 

associated with an increased infarcted zone size post-infarction and an increase in 

myocardial damage following ischemia reperfusion injury, which indicates that the 

inhibition of Ccl5 has a cardio-protective effect in myocardial tissue. This effect has 

been suggested to be due to reduced leukocyte infiltration. 
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Here, I wanted to investigate the possibility that ectopic Ccl5 expression could have 

a direct physiological role in cardiomyocytes. For this purpose, I isolated embryonic 

cardiomyocytes by modifying a protocol by Rodgers et al (L. S. Rodgers et al., 

2009). I was able to isolate a primary culture that was highly enriched in 

cardiomyocytes, where over 80% of cells were positive for the cardiomyocyte 

marker MF20. 

I investigated the effect of the conditioned medium from tamoxifen-inducible Wt1-

knock-out immortalized epicardial cells, Wt1loxP/gfp Cre+ epicardial cells. These cells 

were treated with tamoxifen and the medium added to the cardiomyocyte enriched 

primary culture. This experiment indicated that the conditioned medium has a 

significant inhibition in the proliferation of the cardiomyocyte enriched primary 

culture in a dose dependent manner, which indicates that secreted factors from the 

tamoxifen-inducible Wt1 knock-out immortalized epicardial cells could have 

paracrine effects in the myocardium. Furthermore, recombinant Ccl5 was also added 

to the primary culture and the number of proliferating cardiomyocytes were counted 

by immunohistochemical analysis using antibodies against the cardiomyocyte marker 

MF20 and the mitotic marker Phospho-Histone H3. This experiment revealed that 

Ccl5 is able to significantly inhibit the proliferation of cardiomyocytes by 21%, 

whereas non-cardiomyocyte cells in this culture had no significant change. The 

concentration at which this effect takes place is high compared to physiological 

levels described in mice. However, the physiological levels reported previously have 

only been investigated in sera from circulating blood and have not been described at 

a local level, within tissues and damaged sites (Montecucco et al., 2011). 

The addition of an anti-Ccl5 blocking antibody in the epicardial conditioned media 

was able to partly inhibit the effect on cardiomyocyte proliferation significantly and 

in a dose dependant manner. Although this rescue was partial it shows that Ccl5 has 

a significant contribution in inhibiting cardiomyocyte proliferation. This result also 

indicates that there are other secreted factors in the conditioned medium that 

contribute to the inhibition of cardiomyocyte proliferation.  

A chemokine ELISA array analysis carried out to identify the chemokines that are 

secreted by immortalized epicardial cells shows that there are four major chemokines 
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that are secreted in this medium in greater quantities: Ccl5, Ccl2, Cxcl10 and Timp-

1. I have also shown that Cxcl10 does not have an effect on proliferation of 

cardiomyocytes. Ccl2 was also up-regulated in my transcriptome microarray analysis 

of immortalized epicardial cells, however this result requires validation. 

Nevertheless, conceivably another chemokine such as Ccl2, or other secreted factors, 

could also play a role in regulating physiological responses in cardiomyocytes and 

other heart cell lineages. 

 

6.4. Cxcl10 and Ccl5 chemokine receptors 

 

In humans it has been reported that there are around 50 different chemokines and 20 

different receptors with an apparent redundancy, due to the known binding of 

multiple chemokine receptors to each chemokine and vice versa (Balkwill, 2012; 

Zlotnik et al., 2011). However, this idea has been put into question due to the 

different responses elicited by different chemokines that appear to bind to the same 

chemokine receptor (Bennett et al., 2011).  

Chemokine receptors were firstly encountered in haematopoietic cells but they are 

also found in other cells such as neurons, astrocytes, epithelial cells and endothelial 

cells, which also suggests a role of chemokines outside chemotaxis of leukocytes (A 

D Luster, 1998).  

The receptors of Cxcl10 and Ccl5 were initially described as Cxcr3 and Ccr5 

respectively; however novel receptors for these chemokines are still being described. 

Cxcl10 can bind to: Cxcr3, Tlr4 in the pancreas, Syndecan-4 in pulmonary fibrosis 

and KSHV as part of a viral response (Balkwill, 2012; Dianhua Jiang et al., 2010; 

Schulthess et al., 2009); whereas Ccl5 has been reported to be able to bind to Ccr1, 

Ccr3, Ccr4 and Ccr5 in inflammatory responses, Us28 and Ul12 in viral responses 

and D6 and Duffy as part of a silent decoy response (Balkwill, 2012). 

The commonly described receptors of Cxcl10 and Ccl5, Cxcr3 and Ccr5 

respectively, were not found to be expressed in epicardial cells in our immortalized 
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epicardial cellular model and in epicardial sorted cells from our in-vivo model. 

However, in the case of Cxcl10, its other reported receptors, Tlr4 and Syndecan-4, 

were also found to be expressed both in immortalized epicardial cells and in our Wt1-

GFP sorted cells that contains epicardial cells from our in-vivo model. In-vivo the 

receptors Tlr4 and Syndecan-4 were found in the Wt1-GFP negative population, 

which does not include epicardial cells and is made up of, amongst others, 

myocardial cells. Moreover, their expression levels were found to be higher than the 

epicardial cell containing Wt1-GFP positive population. This suggests the presence 

of a cellular compartment outside of the epicardium that highly expresses receptors 

for Cxcl10, implying that Cxcl10 from epicardial cells acts in a paracrine manner. 

Future experiments will include characterizing the expression of Tlr4 and Syndecan-

4 in myocardial cells and possibly other cellular compartments in the heart. The 

finding of Tlr4 and Syndecan-4 expression in epicardial cells themselves also 

indicates an autocrine response, which is consistent with my finding of an inhibitory 

effect on migration by Cxcl10 on immortalized epicardial cells. 

In the case of Ccl5, although its commonly described receptor Ccr5 is not found in 

epicardial cells either in immortalized epicardial cells or in epicardial cells in-vivo, 

this receptor is found in the non-epicardial Wt1-GFP negative population of cells. 

This indicates Ccl5 secreted by epicardial cells acts in a paracrine manner and is 

consistent with my finding of the effect of Ccl5 on the proliferation of myocardial 

cells. Future experiments will aim to characterize the expression of Ccr5 in 

myocardial cells and of possibly other Ccl5 receptors. 

 

6.5. The role of Irf7 

 

Irf7 is up-regulated in immortalized epicardial cells and early indications by 

immunohistochemical analysis reveal Irf7 is up-regulated in the epicardial specific 

Gata5-Cre Wt1loxP/gfp mouse epicardium. Irf7 up-regulation was also confirmed in-

vivo by qRT-PCR in kidney samples from the kidney specific Nestin Cre Wt1loxP/loxP 
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mice, which could indicate that Wt1 inhibits an Irf7 response in the embryonic 

kidney and heart. 

Irf7 has been described as one of the master regulators of the type 1 interferon 

response, which includes regulation of chemokine expression and so it has been 

previously shown that Irf7 is able to induce the expression of Cxcl10 and Ccl5 

(Génin et al., 2000; Honda et al., 2005; Khorooshi & Owens, 2010). 

Bioinformatical analyses of the Irf7 promoter identified a number of putative Wt1 

binding sites within a conserved region that has a chromatin structure indicative of a 

promoter site. This region which includes the putative Wt1 binding sites was cloned 

into a vector where the Irf7 promoter regulates the expression of luciferase. This 

vector was subsequently used for transfection in epicardial cells in the presence of a 

–KTS Wt1 expressing vector. Total DNA for transfection remained constant. This 

experiment demonstrated that –KTS Wt1 is able to directly inhibit Irf7 luciferase 

activity in a dose dependant manner, and furthermore ChIP assays confirmed that 

Wt1 is able to bind to the putative Irf7 promoter binding site directly. 

This finding could provide a mechanism for the regulation of chemokines in the 

epicardium, and it could be possible that during development Irf7 is down-regulated 

by high Wt1 expression in the epicardium. Thus Wt1 may be inhibiting chemokine 

expression regulated by Irf7. The ectopic expression of these chemokines caused by 

knocking down Wt1 could have adverse effects during heart development by 

inhibiting the migration of epicardial cells, in the case of Cxcl10, and inhibiting the 

proliferation of cardiomyocytes, in the case of Ccl5. This possibility will need to be 

examined in the future and for this purpose an epicardial specific double knock-out 

mouse for Wt1 and Irf7could be generated to establish whether epicardial migration 

or cardiomyocyte proliferation can be rescued in any degree. 

In the adult heart the expression of Ccl5 and Wt1 have been followed in time in two 

separate studies of post myocardial infarction (Montecucco et al., 2011; Smart et al., 

2011). Montecucco et al reported that Ccl5 expression increases in post-myocardial 

infarction in blood serum until day 7 when Ccl5 expression is down-regulated, 

whereas Smart et al reported that Wt1 is significantly activated in the adult 
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epicardium 7 days post-infarction. This could indicate that the role of Wt1 in 

inhibiting a chemokine response is maintained from embryonic development until 

the adult stage in the epicardium, and also that the role of Wt1 in heart repair 

involves the inhibition of chemokines. 

Chemokines have been shown to have an aberrant effect post infarction in the adult 

heart by promoting fibrosis and increasing myocardial damage, however Irf7 

expression may also elicit other effects in the epicardium. Li et al have shown that 

the over-expression of Irf7 in immortalized Li-Fraumeni fibroblasts can reduce their 

proliferative capacity and induce growth senescence (Q. Li et al., 2008). 

Furthermore, in this study it was shown that the spontaneous process of 

immortalization of these cells following the loss of the tumour suppressor p53 

requires changes in 3 pathways: the inactivation of an interferon pathway, where the 

suppression of Irf5 and Irf7 were found to be critical, changes in the cytoskeletal and 

changes in cell cycle pathways. I hypothesize that the inhibition of the interferon 

pathway could be needed to maintain the pluripotency of embryonic epicardial cells 

where the inhibition of Irf7 is required to drive their proliferative potential and avoid 

senescence of epicardial cells or the entry of epicardial cells into a non-proliferative 

quiescent state. Preliminary data has indicated that there could be an inverse 

correlation in the expression of Wt1 and Irf7 during midgestational heart 

development (data not shown). I have shown that Wt1 expression in Wt1GFP++ 

population of cells that contain epicardial cells is highest at E11.5 when their 

proliferation rate is the highest, one would expect Irf7 expression to be at its lowest 

at this point if Wt1 inhibits Irf7 expression. However these data needs to be 

confirmed. 

Irf7 was not detected in our in-vivo transcriptome analysis of Wt1GFP++ Wt1 knock-

out cells. It may be the case that this is due to the fact that immortalized epicardial 

cells originate from mice of a different embryological stage compared to our in-vivo 

models. The array data was carried out from E13.5 material whereas an 

immunohistochemical analysis indicates that Irf7 is up-regulated in-vivo in Wt1 

knock-out epicardial cells from E15.5 material. There are other known targets of Wt1 

that did not change significantly in the transcriptome analysis of Wt1GFP++ Wt1 
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knock-out cells; or had significant changes below 2 fold, such as Snai1 and Raldh2, 

and these targets will also need to be validated. Alternatively, this transcriptome 

analysis may not offer the sensitivity necessary to detect low levels of gene 

expression and therefore these low level changes in gene expression would require 

verification by a more sensitive method, such as qRT-PCR. 

Future experiments will aim to examine the role of Irf7 in the epicardium and 

confirm its ability to regulate the chemokines Cxcl10 and Ccl5. To do this, Irf7 

siRNA knock-out approaches in immortalized epicardial cells will be used to 

demonstrate Cxcl10 and Ccl5 regulation by Irf7 in the epicardium and also 

understand its role in senescence and proliferation. Using Irf7-/- mice crossed with 

epicardial specific Gata5-Cre Wt1loxP/gfp mice will evaluate the contribution of 

chemokines regulated by Irf7 to the lack of cardiac vasculature and myocardial 

thinning phenotype. Irf7-/- mice could also be used in adult myocardial ischemia 

studies to find out whether loss of chemokine expression regulated by Irf7 could 

have a cardio-protective role and ameliorate the fibrotic response, cardiomyocyte 

loss and loss of heart function that takes place following normal myocardial 

infarction or ischemia reperfusion damage. 

 

6.6 Identification of two GFP populations in Wt1GFP/+ mice ventricles 

 

Two distinct populations of GFP cells, one bright and one dim (Wt1GFP++and Wt1GFP+ 

respectively) were identified by FACS analysis of dissociated embryonic ventricular 

cells from Wt1GFP/+ mice. Immunohistochemical analysis of sections from Wt1GFP/+ 

mouse hearts using anti-GFP and anti-WT1 antibodies demonstrate a clear bright 

population located in the epicardium and this population was confirmed by confocal 

microscopy of Wt1GFP/+ embryonic hearts. Wt1GFP++ and Wt1GFP+ cells were FACS 

sorted and analysed for the epicardial markers Wt1 and Raldh2 by qRT-PCR. This 

quantitative assay revealed that Wt1GFP++ cells are highly enriched in the expression 

of epicardial markers, with over 100 fold enrichment during some developmental 

stages compared to Wt1GFP+ cells, and furthermore it indicated that gene expression 
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in Wt1GFP++ cells are dynamic during development. It has been previously 

demonstrated that Wt1 directly regulates Raldh2 expression in the epicardium (Juan 

Antonio Guadix et al., 2011) and accordingly from E12.5 Wt1 and Raldh2 expression 

levels have very similar expression patterns and they decrease in expression during 

the following stages of development analysed. 

The high enrichment of epicardial specific markers and data from 

immunohistochemistry and confocal microscopy indicate that the Wt1GFP++ 

population is highly enriched in epicardial cells. 

The epicardium is known as a multipotent source of heart progenitors during 

development, such as the cardiac vasculature and a small percentage of 

cardiomyocytes (Martínez-Estrada et al., 2010; B. Zhou et al., 2008). However, adult 

epicardial cells in mammals are unable to contribute to an array of heart lineages 

during repair. Instead they contribute with fibroblasts to form scar tissue to replace 

the damaged site. Recent efforts to reverse this unidirectional fibrotic fate during 

heart damage have involved the pre-treatment with thymosin-β4 of mice subjected to 

myocardial infarction. This increases the activation of Wt1 in the adult epicardium 

and this has been associated with epicardial cell progenitors differentiating into 

cardiomyocytes (Smart et al., 2011). Pre-treatment with thymosin-β4 is a very 

inefficient process in the induction of Wt1 activated epicardial cell differentiation 

into cardiomyocytes; nevertheless this opens the possibility that there could be other 

factors that are more effective in stimulating this process in order to replace damaged 

myocardium. 

The ability to isolate Wt1GFP++ epicardial cells by FACS sorting led me to attempt to 

understand the changes that take place in the epicardium from its multipotent state at 

the earliest stage of epicardium formation, when these cells have shrouded the heart 

around stage E11, until it has lost its potential to contribute to different lineages later 

on in development and in the adult heart. This approach could provide new clues 

towards finding a more effective way to stimulate epicardial differentiation into 

cardiomyocytes or finding out what factors are necessary to maintain an epicardial 

progenitor state. 
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I collected Wt1GFP++ cells from E11.5 up to E16.5 ventricles so as to carefully map 

the changes that take place from the early formation of the epicardium until the 

coronary vasculature is already formed. A genome wide transcriptome analysis of 

these cells reveals that there are a great number of significant gene expression 

changes during these stages. Of these 1157 genes change significantly and in more 

than two developmental stages from E11.5 to E16.5 compared to E11.5. Over 500 of 

these genes have previously been reported to be expressed in the heart and over 70 in 

the epicardium. This indicates that there are still a majority of gene expression 

changes during development that have not been identified previously either in the 

heart or the epicardium. 

These 1157 genes that change during development can be clustered into 4 different 

behavioural patterns: genes that are up-regulated around E11.5, down-regulated 

around E11.5, transiently up-regulated around E14.5 and late up-regulated from 

E15.5. These genes can be further grouped into 3 programs: early, transient and late. 

Wt1GFP++ Wt1 knock-out cells from epicardial specific Gata5-Cre Wt1loxP/gfp mice 

ventricles were also collected. A genome wide transcriptome analysis of these cells 

and a comparison with the datasets from the 3 Wt1GFP++ programs, revealed 47 genes 

in common corresponding to the early Wt1GFP++ program. This suggests that Wt1 

plays a vital role during the early development of the epicardium. Potentially, this 

could indicate not only that Wt1 is down regulated in epicardial cells during 

development, but also that epicardial cells gradually lose their pluripotent potential, 

which could be regulated by Wt1. 

Future investigations will aim at validating these novel putative targets of Wt1 in-

vivo and at determining how knocking-out Wt1 in Wt1GFP++ significantly reduces the 

number of Wt1GFP++ cells.  

The in-vivo microarray analysis during heart development and qRT-PCR analysis 

indicates the Wt1GFP++ population is highly enriched in epicardial markers, which 

points towards this population being enriched with epicardial cells. However, this 

population of cells has a pattern of expression of epithelial and mesenchymal 

markers that suggests that Wt1GFP++ cells contain both epicardial cells and EPDCs. 
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The Wt1GFP++ population is positive for mesenchymal markers, such as Snai1, Snai2 

and Vimentin, and some of these markers such as Snai1 and Vimentin increase in 

expression around E13.5 while epithelial markers such as Krt7, Krt8 and Krt18 

decrease around the same stage. 

The Wt1GFP+ population is positive for a number of myocardial markers such as: the 

myosin coding genes Myh6, Myh7, Myl1, Myl4; the myocardin gene Myocd; 

Tropomyosin 2, Tpm2; the actin coding gene Acta1; cardiac muscle actin Actc1; the 

actinin gene Actn2; the cardiac sarcoplasmic reticulum regulator of Ca2+-ATPase; 

and the essential myocardial differentiation gene Nkx2.5, among others. Furthermore, 

Wt1GFP+ cells are negative for endothelial and epithelial markers such as Cdh5, 

Pecam1, keratins (krt7, krt8, krt18) and Snai2, among others, which in contrast are 

highly expressed in Wt1GFP++ cells. These findings from my microarray analysis 

suggests that the Wt1GFP+ population contains cardiomyocytes, and the expression of 

epithelial and mesenchymal markers in the Wt1GFP++ population suggests this 

population contains epicardial cells and EPDCs. Early indications also shows that 

most Wt1GFP+ sorted cells when cultured ex-vivo differentiate into cardiomyocytes in 

contrast to sorted cultured Wt1GFP++ cells, however this result still needs to be 

confirmed. 

Dr Martinez-Estrada reported an early expression of Wt1 in embryoid bodies that 

precedes the formation of the proepicardium (Martínez-Estrada et al., 2010), where 

GFP, Wt1 and cardiac actinin expression were co-expressed in embryoid bodies 

derived from Wt1GFP/+ cells (See Appendix figure 1). This raises the possibility that 

Wt1 can contribute to the formation of cardiomyocytes, which are not derived from 

the proepicardium. Consistent with this observation, in our in-vivo model of an 

epicardium specific Wt1 knock-out, Gata5-Cre Wt1loxP/gfp, only the number of cells in 

the Wt1GFP++ population is affected whereas the Wt1GFP+ is not, which would be 

consistent if the latter population does not derive from Wt1GFP++ progenitors. 

However, the expression of Wt1 in Wt1GFP+ cells is not detected by 

immunohistochemical analyses. This could be due to technical limitations when 

using this technique, whereas my confocal analysis may lack the resolution 

necessary. 
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Future experiments will aim to determine the presence of EPDCs in the Wt1GFP++ 

population, which if found to be true this would indicate that gene profile expression 

in the epicardium and formation of EPDCs are both dynamic processes with 

sequential stages during epicardial and midgestational heart development. Future 

analysis of the Wt1GFP+ population will be necessary to establish their origin and 

cellular fate. 

 

6.7. Overview 

 

In this thesis I have used several approaches to identify novel putative targets of Wt1 

during epicardial development, which include the use of tamoxifen-inducible Wt1 

knock-out immortalized epicardial cells and in-vivo models where I have used 

freshly isolated GFP sorted epicardial cells and freshly isolated GFP sorted epicardial 

Wt1 knock-out cells. 

Tamoxifen-inducible Wt1 knock-out immortalized epicardial cells were used to 

identify Irf7 as a Wt1 target, which could be implicated in the regulation of a 

chemokine response in the epicardium. Here I also show data that indicate that 

Cxcl10 and Ccl5 can regulate migration of epicardial cells and proliferation of 

cardiomyocytes respectively. This offers a new outlook on the relationship between 

development and immunity, where immunological responses have lately been 

demonstrated to play a role in the physiology and development of several cell types 

outside immunity, and can also have physiological roles during damage and repair in 

adult tissues.  

An in-vivo epicardial specific Wt1 knock-out mouse model approach was used to 

identify an array of novel putative targets of Wt1. Parallel to this analysis a 

transcriptome analysis of freshly isolated GFP sorted epicardial enriched population 

of cells reveals that there could be three different epicardial programs taking place 

during epicardial development. Some of the novel putative targets of Wt1 identified 

in-vivo were found to be related to the early epicardial program when these cells 
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have a progenitor like state; this could indicate a possible role for Wt1 in the 

maintenance of a progenitor like state during early epicardial development.  

These findings could also provide an understanding of how Wt1 is able to regulate 

different processes during development in the epicardium in order to generate 

different cell lineages that are vital in the heart, such as cells that form the coronary 

vasculature, fibroblasts and cardiomyocytes. This understanding could be applied in 

adult damaged hearts in order to promote a Wt1 epicardial development program, and 

thus producing the array of cell lineages required to regenerate the heart. The 

stimulation of heart regeneration could be necessary to replace the very inefficient 

repair response that takes place in the damaged adult heart that leads to a fibrotic 

response and the loss of heart function.  
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Appendix figure 1: Alpha-actinin and Wt1 in embryoid bodies 

Immunohistochemical analysis of α-actinin, GFP and Wt1 (C19, Santa Cruz), in Wt1-GFP knock-in wild type embryoid bodies. (Data 

shown with permission from Dr Martinez-Estrada). 
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Appendix table 1. Genes identified as part of three developmental programs from 
the transcriptome analysis of Wt1GFP++ population. 

Genes were identified to be clustered into three programs: An early, transient and a 
late program. Cluster 1 and 2 are part of the early program, cluster 3 of the transient 
and cluster 4 of the late program. 

 

Clusters SYMBOL DEFINITION SYNONYMS 

Cluster 1 1190002N15Rik     

Cluster 1 1190002N15Rik Mus musculus RIKEN cDNA 1190002N15 gene 
(1190002N15Rik), mRNA. 

  

Cluster 1 1190007F08Rik Mus musculus RIKEN cDNA 1190007F08 gene 
(1190007F08Rik), mRNA. XM_921339 XM_921348 
XM_921353 

2700009I11Rik; 
0610011H04Rik 

Cluster 1 2210408F11Rik     

Cluster 1 2210417D09Rik Mus musculus RIKEN cDNA 2210417D09 gene 
(2210417D09Rik), mRNA. 

  

Cluster 1 2410015N17Rik Mus musculus RIKEN cDNA 2410015N17 gene 
(2410015N17Rik), mRNA. 

RS21-C6; AI854235 

Cluster 1 2410076I21Rik PREDICTED: Mus musculus RIKEN cDNA 2410076I21 
gene, transcript variant 1 (2410076I21Rik), mRNA. 

  

Cluster 1 2610024B07Rik     

Cluster 1 2810003C17Rik Mus musculus RIKEN cDNA 2810003C17 gene 
(2810003C17Rik), mRNA. 

C87647; AI043124; 
MGC30545; Iba2 

Cluster 1 2810032E02Rik PREDICTED: Mus musculus RIKEN cDNA 2810032E02 
gene (2810032E02Rik), mRNA. 

  

Cluster 1 2810046M22Rik     

Cluster 1 2900062L11Rik Mus musculus RIKEN cDNA 2900062L11 gene 
(2900062L11Rik), non-coding RNA. 

  

Cluster 1 3526401B18Rik     

Cluster 1 4833424O15Rik Mus musculus RIKEN cDNA 4833424O15 gene 
(4833424O15Rik), mRNA. 

PRG-5; Pap2d 

Cluster 1 4833424O15Rik Mus musculus RIKEN cDNA 4833424O15 gene 
(4833424O15Rik), mRNA. 

PRG-5; Pap2d 

Cluster 1 4930544G21Rik Mus musculus RIKEN cDNA 4930544G21 gene 
(4930544G21Rik), mRNA. 

mKIAA1678; AI852220; 
A930009L15Rik 

Cluster 1 4930583H14Rik Mus musculus RIKEN cDNA 4930583H14 gene 
(4930583H14Rik), mRNA. 

AI195347; Osap 

Cluster 1 5730469M10Rik Mus musculus RIKEN cDNA 5730469M10 gene 
(5730469M10Rik), mRNA. 

AU040822 

Cluster 1 5730469M10Rik Mus musculus RIKEN cDNA 5730469M10 gene 
(5730469M10Rik), mRNA. 

AU040822 

Cluster 1 6330403K07Rik Mus musculus RIKEN cDNA 6330403K07 gene 
(6330403K07Rik), mRNA. 

UGS148; AI415455; RP23-
83I13.10 

Cluster 1 6330404C01Rik     

Cluster 1 6330407J23Rik Mus musculus RIKEN cDNA 6330407J23 gene 
(6330407J23Rik), mRNA. 

  

Cluster 1 6720469N11Rik     

Cluster 1 9030024J15Rik     

Cluster 1 9130213B05Rik Mus musculus RIKEN cDNA 9130213B05 gene 
(9130213B05Rik), mRNA. 

W91666; 2210012L08Rik 

Cluster 1 9130213B05Rik Mus musculus RIKEN cDNA 9130213B05 gene 
(9130213B05Rik), mRNA. 

W91666; 2210012L08Rik 

Cluster 1 9530064J02     

Cluster 1 9630009N10Rik     

Cluster 1 9930012K11Rik Mus musculus RIKEN cDNA 9930012K11 gene 
(9930012K11Rik), mRNA. 

MGC91159; AU016692 

Cluster 1 A530088H08Rik Mus musculus RIKEN cDNA A530088H08 gene 
(A530088H08Rik), mRNA. 
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Cluster 1 A630012P03Rik     

Cluster 1 A730054J21Rik     

Cluster 1 Abat Mus musculus 4-aminobutyrate aminotransferase (Abat), 
nuclear gene encoding mitochondrial protein, mRNA. 

X61497; 9630038C02Rik; 
I54; AI255750; GABA-T 

Cluster 1 Accn2 Mus musculus amiloride-sensitive cation channel 2, 
neuronal (Accn2), mRNA. 

AI843610; ASIC1a; BNaC2; 
B530003N02Rik; ASIC1; 

Cluster 1 Acot1 Mus musculus acyl-CoA thioesterase 1 (Acot1), mRNA. CTE-I; ACH2; Cte1; 
D12Ucla1; CTE-1 

Cluster 1 Actn3 Mus musculus actinin alpha 3 (Actn3), mRNA. MGC132876 

Cluster 1 Acvr2b Mus musculus activin receptor IIB (Acvr2b), mRNA. MGC118477; ActRIIB 

Cluster 1 Adk Mus musculus adenosine kinase (Adk), mRNA. AI255373; Ak; MGC6593; 
5033405D03Rik; AI987814; 

Cluster 1 Adk Mus musculus adenosine kinase (Adk), mRNA. AI255373; Ak; MGC6593; 
5033405D03Rik; AI987814; 

Cluster 1 Agfg2 Mus musculus ArfGAP with FG repeats 2 (Agfg2), 
transcript variant 2, mRNA. 

RABR; MGC7148; 
A630095P14Rik; 

Cluster 1 Ahcy     

Cluster 1 Alcam Mus musculus activated leukocyte cell adhesion molecule 
(Alcam), mRNA. 

AI853494; MuSC; 
MGC27910; BEN; CD166; 

Cluster 1 Aldh1a1 Mus musculus aldehyde dehydrogenase family 1, 
subfamily A1 (Aldh1a1), mRNA. 

Raldh1; E1; Ahd2; Aldh1a2; 
Ahd-2; Aldh1 

Cluster 1 Als2 Mus musculus amyotrophic lateral sclerosis 2 (juvenile) 
homolog (human) (Als2), mRNA. 

MGC27807; mKIAA1563; 
3222402C23Rik; Alsin; 

Cluster 1 Als2 Mus musculus amyotrophic lateral sclerosis 2 (juvenile) 
homolog (human) (Als2), mRNA. 

MGC27807; mKIAA1563; 
3222402C23Rik; Alsin; 

Cluster 1 Ankrd58 Mus musculus ankyrin repeat domain 58 (Ankrd58), 
mRNA. 

MGC130350; 
A630014H24Rik; 

Cluster 1 Ano1 Mus musculus anoctamin 1, calcium activated chloride 
channel (Ano1), mRNA. 

AW559012; AU040576 

Cluster 1 Aplp1     

Cluster 1 Arid3a     

Cluster 1 Arid3b Mus musculus AT rich interactive domain 3B (BRIGHT-
like) (Arid3b), mRNA. 

MGC59291; Bdp; Dri2 

Cluster 1 Asphd2 Mus musculus aspartate beta-hydroxylase domain 
containing 2 (Asphd2), mRNA. 

MGC54823; 
2900006N09Rik; 

Cluster 1 AW548124 Mus musculus expressed sequence AW548124 
(AW548124), mRNA. 

AI115348; X83346; 
MGC99930; ESTM17 

Cluster 1 AW548124 Mus musculus expressed sequence AW548124 
(AW548124), mRNA. 

AI115348; X83346; 
MGC99930; ESTM17 

Cluster 1 B230114H05Rik     

Cluster 1 BC044804     

Cluster 1 Bcas1 Mus musculus breast carcinoma amplified sequence 1 
(Bcas1), mRNA. 

2210416M21Rik; 
AI841227; NABC1; 

Cluster 1 Bex2 Mus musculus brain expressed X-linked 2 (Bex2), 
mRNA. 

AL024066; Bex1 

Cluster 1 Bex2 PREDICTED: Mus musculus brain expressed X-linked 2 
(Bex2), mRNA. 

  

Cluster 1 Bex2 Mus musculus brain expressed X-linked 2 (Bex2), 
mRNA. 

AL024066; Bex1 

Cluster 1 Bex4 Mus musculus brain expressed gene 4 (Bex4), mRNA.   

Cluster 1 Bex4 Mus musculus brain expressed gene 4 (Bex4), mRNA.   

Cluster 1 Bmp4 Mus musculus bone morphogenetic protein 4 (Bmp4), 
mRNA. 

Bmp2b1; Bmp2b-1; Bmp2b 

Cluster 1 Bnc1 Mus musculus basonuclin 1 (Bnc1), mRNA. AI047752; AW546376; Bnc 

Cluster 1 Cacna1h Mus musculus calcium channel, voltage-dependent, T 
type, alpha 1H subunit (Cacna1h), mRNA. 

alpha13.2; MNCb-1209; 
Cav3.2 

Cluster 1 Calb2 Mus musculus calbindin 2 (Calb2), mRNA. CR 

Cluster 1 Capn6 Mus musculus calpain 6 (Capn6), mRNA.   

Cluster 1 Car13 Mus musculus carbonic anhydrase 13 (Car13), mRNA. 2310075C21Rik 

Cluster 1 Cbx3     

Cluster 1 Ccdc92 Mus musculus coiled-coil domain containing 92 
(Ccdc92), mRNA. 

MGC38387; D5Bwg0834e; 
AW050178 
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Cluster 1 Ccnd2     

Cluster 1 Ccnd2 Mus musculus cyclin D2 (Ccnd2), mRNA. AI256817; 2600016F06Rik; 
C86853; BF642806; Vin-1; 

Cluster 1 Cdh3 Mus musculus cadherin 3 (Cdh3), transcript variant 1, 
mRNA. 

P-cadherin; AI385538; 
Cadp; Pcad 

Cluster 1 Cdk4 Mus musculus cyclin-dependent kinase 4 (Cdk4), mRNA. Crk3 

Cluster 1 Cdk4 Mus musculus cyclin-dependent kinase 4 (Cdk4), mRNA. Crk3 

Cluster 1 Cdkn1c Mus musculus cyclin-dependent kinase inhibitor 1C (P57) 
(Cdkn1c), mRNA. 

p57Kip2; AL024410; Kip2; 
p57(kip2); CDKI 

Cluster 1 Chaf1b Mus musculus chromatin assembly factor 1, subunit B 
(p60) (Chaf1b), mRNA. 

CAF1P60; MPHOSPH7; 
2600017H24Rik; CAF1A; 

Cluster 1 Col2a1     

Cluster 1 Col8a1     

Cluster 1 Col8a1 Mus musculus collagen, type VIII, alpha 1 (Col8a1), 
mRNA. 

Col8a-1 

Cluster 1 Cul4b Mus musculus cullin 4B (Cul4b), mRNA. mKIAA0695; 
2700050M05Rik; 

Cluster 1 Cyp2s1 Mus musculus cytochrome P450, family 2, subfamily s, 
polypeptide 1 (Cyp2s1), mRNA. 

C79779; AU041727; 
1200011C15Rik 

Cluster 1 D030013I16Rik Mus musculus RIKEN cDNA D030013I16 gene 
(D030013I16Rik), mRNA. XM_897988 XM_897998 
XM_904163 XM_918687 XM_918696 XM_918713 

  

Cluster 1 D030026A21Rik     

Cluster 1 D12Ertd553e Mus musculus DNA segment, Chr 12, ERATO Doi 553, 
expressed (D12Ertd553e), mRNA. 

2410157M17Rik; 
9630047E15 

Cluster 1 D130078K04Rik     

Cluster 1 D1Ertd471e     

Cluster 1 D330001F17Rik     

Cluster 1 Dbi Mus musculus diazepam binding inhibitor (Dbi), 
transcript variant 2, mRNA. 

ACBD1; Acbp; EP; 
endozepine 

Cluster 1 Dclk3 Mus musculus doublecortin-like kinase 3 (Dclk3), 
mRNA. 

C730036H08; Dcamkl3; 
BC056929 

Cluster 1 Ddah1     

Cluster 1 Ddit4l Mus musculus DNA-damage-inducible transcript 4-like 
(Ddit4l), mRNA. 

RTP801L; 1700108M02Rik; 
1700037B15Rik; Smhs1; 

Cluster 1 Ddr1 Mus musculus discoidin domain receptor family, member 
1 (Ddr1), transcript variant 1, mRNA. 

Cak; PTK3A; CD167a; Nep; 
6030432F18; AI323681 

Cluster 1 Ddx25 Mus musculus DEAD (Asp-Glu-Ala-Asp) box 
polypeptide 25 (Ddx25), mRNA. 

AW047046; GRTH 

Cluster 1 Dkk3 Mus musculus dickkopf homolog 3 (Xenopus laevis) 
(Dkk3), mRNA. 

AW061014; C87148 

Cluster 1 Dkk3 Mus musculus dickkopf homolog 3 (Xenopus laevis) 
(Dkk3), mRNA. 

AW061014; C87148 

Cluster 1 Dpp3 Mus musculus dipeptidylpeptidase 3 (Dpp3), mRNA. C86324; 4930533O14Rik 

Cluster 1 Dpp3 Mus musculus dipeptidylpeptidase 3 (Dpp3), mRNA. C86324; 4930533O14Rik 

Cluster 1 Dsg2     

Cluster 1 Dtx2 Mus musculus deltex 2 homolog (Drosophila) (Dtx2), 
mRNA. 

AU022494; Deltex2; 
AA408415; 

Cluster 1 Dtx2 Mus musculus deltex 2 homolog (Drosophila) (Dtx2), 
mRNA. 

AU022494; Deltex2; 
AA408415; 

Cluster 1 Dusp4 Mus musculus dual specificity phosphatase 4 (Dusp4), 
mRNA. 

AI844617; 
E130306H24Rik; 

Cluster 1 Dusp4     

Cluster 1 E130308A19Rik     

Cluster 1 E130308A19Rik Mus musculus RIKEN cDNA E130308A19 gene 
(E130308A19Rik), transcript variant 2, mRNA. 

MGC47072 

Cluster 1 E2f5 Mus musculus E2F transcription factor 5 (E2f5), mRNA. E2F-5; AU024671 

Cluster 1 E430003D02Rik     

Cluster 1 Ebpl Mus musculus emopamil binding protein-like (Ebpl), 
mRNA. 

EBRP; 5730442K12Rik 

Cluster 1 Edn1 Mus musculus endothelin 1 (Edn1), mRNA. ET-1; preproET 
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Cluster 1 eGFP     

Cluster 1 Egfr Mus musculus epidermal growth factor receptor (Egfr), 
transcript variant 1, mRNA. 

wa-2; Erbb; 9030024J15Rik; 
AI552599; Errp; Wa5; wa2 

Cluster 1 Emb Mus musculus embigin (Emb), mRNA. MGC21425; Gp70; 
AL022799 

Cluster 1 Emilin2     

Cluster 1 Emilin2 Mus musculus elastin microfibril interfacer 2 (Emilin2), 
mRNA. 

FOAP-10 

Cluster 1 Eno1 Mus musculus enolase 1, alpha non-neuron (Eno1), 
mRNA. 

Eno-1; MGC107267; 
MGC103111; 0610008I15; 

Cluster 1 Enpp1 Mus musculus ectonucleotide 
pyrophosphatase/phosphodiesterase 1 (Enpp1), mRNA. 

E-NPP1; Pca; CD203c; 
C76301; ttw; Ly-41; M6S1; 

Cluster 1 Enpp1 Mus musculus ectonucleotide 
pyrophosphatase/phosphodiesterase 1 (Enpp1), mRNA. 

E-NPP1; Pca; CD203c; 
C76301; ttw; Ly-41; M6S1; 

Cluster 1 Enpp6 Mus musculus ectonucleotide 
pyrophosphatase/phosphodiesterase 6 (Enpp6), mRNA. 

B830047L21Rik; 
4833421B01Rik; 

Cluster 1 Epb4.1l5 Mus musculus erythrocyte protein band 4.1-like 5 
(Epb4.1l5), mRNA. 

AL022914; 
1700030C16Rik; BE37; 

Cluster 1 Erdr1 Mus musculus erythroid differentiation regulator 1 
(Erdr1), mRNA. 

edr; MGC5764 

Cluster 1 Fah Mus musculus fumarylacetoacetate hydrolase (Fah), 
mRNA. 

  

Cluster 1 Fbln2 Mus musculus fibulin 2 (Fbln2), transcript variant 2, 
mRNA. 

5730577E14Rik 

Cluster 1 Fbln2 Mus musculus fibulin 2 (Fbln2), transcript variant 2, 
mRNA. 

5730577E14Rik 

Cluster 1 Fbxo27 Mus musculus F-box protein 27 (Fbxo27), mRNA. FBG5; Gm161; 
E130008B10Rik 

Cluster 1 Fer1l3 PREDICTED: Mus musculus fer-1-like 3, myoferlin (C. 
elegans), transcript variant 1 (Fer1l3), mRNA. 

  

Cluster 1 Fgfr2 Mus musculus fibroblast growth factor receptor 2 (Fgfr2), 
transcript variant 2, mRNA. 

Fgfr-7; Bek; KGFRTr; 
AW556123; MGC102519; 

Cluster 1 Fign Mus musculus fidgetin (Fign), mRNA. fidget; fi 

Cluster 1 Flnc Mus musculus filamin C, gamma (Flnc), mRNA. ABPL; ABP-280; 
1110055E19Rik; Fln2 

Cluster 1 Flrt2 Mus musculus fibronectin leucine rich transmembrane 
protein 2 (Flrt2), mRNA. 

KIAA0405 

Cluster 1 Flrt3 Mus musculus fibronectin leucine rich transmembrane 
protein 3 (Flrt3), mRNA. 

5530600M07Rik; 
mKIAA1469; 

Cluster 1 Fmod Mus musculus fibromodulin (Fmod), mRNA. AU041740; SLRR2E; 
AI131919 

Cluster 1 Fn1 Mus musculus fibronectin 1 (Fn1), mRNA. E330027I09; MGC117493; 
Fn; Fn-1 

Cluster 1 Fn1 Mus musculus fibronectin 1 (Fn1), mRNA. E330027I09; MGC117493; 
Fn; Fn-1 

Cluster 1 Fn1 Mus musculus fibronectin 1 (Fn1), mRNA. E330027I09; MGC117493; 
Fn; Fn-1 

Cluster 1 Garnl3 Mus musculus GTPase activating RANGAP domain-like 
3 (Garnl3), mRNA. 

AW120551 

Cluster 1 Gcap27     

Cluster 1 Gcat     

Cluster 1 Gcnt1 Mus musculus glucosaminyl (N-acetyl) transferase 1, core 
2 (Gcnt1), mRNA. 

C2 GlcNAcT; IGnT; 
B130048E03; 

Cluster 1 Gcnt1 Mus musculus glucosaminyl (N-acetyl) transferase 1, core 
2 (Gcnt1), mRNA. 

C2 GlcNAcT; IGnT; 
B130048E03; 

Cluster 1 Gldc Mus musculus glycine decarboxylase (Gldc), mRNA. D030049L12Rik; 
D19Wsu57e 

Cluster 1 Glipr2 Mus musculus GLI pathogenesis-related 2 (Glipr2), 
mRNA. 

5730414A08Rik; GAPR-1; 
C77180 

Cluster 1 Glipr2     

Cluster 1 Gng13 Mus musculus guanine nucleotide binding protein 13, 
gamma (Gng13), mRNA. 

1500031D04Rik; 
Ggamma13; AB030194 

Cluster 1 Golm1 Mus musculus golgi membrane protein 1 (Golm1), 
transcript variant 2, mRNA. 

Golph2; AW125446; 
MGC107447; PSEC0257; 

Cluster 1 Gpd2 Mus musculus glycerol phosphate dehydrogenase 2, 
mitochondrial (Gpd2), nuclear gene encoding 
mitochondrial protein, mRNA. 

AW494132; AA408484; 
TISP38; GPDH; Gpd-m; 

Cluster 1 Gpt2 Mus musculus glutamic pyruvate transaminase (alanine 
aminotransferase) 2 (Gpt2), mRNA. 

AU041193; AU014768; 
C87201; 4631422C05Rik; 

Cluster 1 Grip1 Mus musculus glutamate receptor interacting protein 1 
(Grip1), transcript variant 2, mRNA. 

4931400F03Rik; eb; 
KIAA4223; mKIAA4223 

Cluster 1 Grip1     
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Cluster 1 Grip1 Mus musculus glutamate receptor interacting protein 1 
(Grip1), transcript variant 2, mRNA. 

4931400F03Rik; eb; 
KIAA4223; mKIAA4223 

Cluster 1 Gucy1a3 Mus musculus guanylate cyclase 1, soluble, alpha 3 
(Gucy1a3), mRNA. 

1200016O07Rik 

Cluster 1 Gucy1a3     

Cluster 1 Gucy1a3 Mus musculus guanylate cyclase 1, soluble, alpha 3 
(Gucy1a3), mRNA. 

1200016O07Rik 

Cluster 1 Gucy1a3 Mus musculus guanylate cyclase 1, soluble, alpha 3 
(Gucy1a3), mRNA. 

1200016O07Rik 

Cluster 1 Haghl     

Cluster 1 Hapln1 Mus musculus hyaluronan and proteoglycan link protein 1 
(Hapln1), mRNA. 

BB099155; Crtl1l; Crtl1; LP 

Cluster 1 Hbb-y Mus musculus hemoglobin Y, beta-like embryonic chain 
(Hbb-y), mRNA. 

Ey; Hby 

Cluster 1 Hbb-y Mus musculus hemoglobin Y, beta-like embryonic chain 
(Hbb-y), mRNA. 

Ey; Hby 

Cluster 1 Hgf     

Cluster 1 Hmga1 Mus musculus high mobility group AT-hook 1 (Hmga1), 
transcript variant 1, mRNA. 

Hmgiy; MGC102580; 
AL023995; HMGY; 

Cluster 1 Hpgd     

Cluster 1 Hs3st3b1 Mus musculus heparan sulfate (glucosamine) 3-O-
sulfotransferase 3B1 (Hs3st3b1), mRNA. 

Hs3st3b; 3Ost3b; 3-OST-
3B; AW536289; 3OST3B1; 

Cluster 1 Hs6st2 Mus musculus heparan sulfate 6-O-sulfotransferase 2 
(Hs6st2), transcript variant 2, mRNA. 

6OST2 

Cluster 1 Id2 Mus musculus inhibitor of DNA binding 2 (Id2), mRNA. C78922; Idb2; AI255428 

Cluster 1 Idb2     

Cluster 1 Igf2bp1     

Cluster 1 Igf2bp1 Mus musculus insulin-like growth factor 2 mRNA 
binding protein 1 (Igf2bp1), mRNA. 

D11Moh45; AW549074; 
CRD-BP; Zbp1; Neilsen; 

Cluster 1 Igf2bp1     

Cluster 1 Igf2bp2 Mus musculus insulin-like growth factor 2 mRNA 
binding protein 2 (Igf2bp2), mRNA. 

IMP-2; Imp2; 
C330012H03Rik; Neilsen 

Cluster 1 Igf2bp3 Mus musculus insulin-like growth factor 2 mRNA 
binding protein 3 (Igf2bp3), mRNA. 

AL022933; 
2610101N11Rik; IMP-3; 

Cluster 1 Igf2bp3 Mus musculus insulin-like growth factor 2 mRNA 
binding protein 3 (Igf2bp3), mRNA. 

AL022933; 
2610101N11Rik; IMP-3; 

Cluster 1 Il18 Mus musculus interleukin 18 (Il18), mRNA. Il-18; Igif 

Cluster 1 Iqcb1 Mus musculus IQ calmodulin-binding motif containing 1 
(Iqcb1), mRNA. 

6820449I09Rik; AV128382 

Cluster 1 Itga3 Mus musculus integrin alpha 3 (Itga3), mRNA. AA407068; CD49C 

Cluster 1 Kcnab1 Mus musculus potassium voltage-gated channel, shaker-
related subfamily, beta member 1 (Kcnab1), mRNA. 

Kvbeta1.1; Akr8a8; 
mKv(beta)1 

Cluster 1 Kcne1l Mus musculus potassium voltage-gated channel, Isk-
related family, member 1-like (Kcne1l), mRNA. 

Mink; 1500015C14Rik; 
Kcne5 

Cluster 1 Kcnk5 Mus musculus potassium channel, subfamily K, member 
5 (Kcnk5), mRNA. 

TASK-2 

Cluster 1 Kctd1 Mus musculus potassium channel tetramerisation domain 
containing 1 (Kctd1), mRNA. XM_978900 XM_980194 

4933402K10Rik; 
AW553000; AI661543 

Cluster 1 Krt18 Mus musculus keratin 18 (Krt18), mRNA. Krt1-18; K18; CK18; Endo 
B 

Cluster 1 Krt7 Mus musculus keratin 7 (Krt7), mRNA. K7; MGC11625; Krt2-7; 
D15Wsu77e 

Cluster 1 Krt8 Mus musculus keratin 8 (Krt8), mRNA. MGC118110; AU019895; 
AL022697; AA960620; Krt-

Cluster 1 Lama1 Mus musculus laminin, alpha 1 (Lama1), mRNA. AA408497; Lama 

Cluster 1 Lamc3 Mus musculus laminin gamma 3 (Lamc3), mRNA. AW240805; AI562206 

Cluster 1 Lbh Mus musculus limb-bud and heart (Lbh), mRNA. 6720416L16Rik; 
1810009F10Rik 

Cluster 1 LOC100039514 PREDICTED: Mus musculus similar to gag protein 
(LOC100039514), mRNA. 

  

Cluster 1 LOC100044177 PREDICTED: Mus musculus hypothetical protein 
LOC100044177 (LOC100044177), mRNA. 

  

Cluster 1 LOC100045967 PREDICTED: Mus musculus hypothetical protein 
LOC100045967 (LOC100045967), misc RNA. 

  

Cluster 1 LOC100045981 PREDICTED: Mus musculus similar to synaptotagmin XI 
(LOC100045981), mRNA. 
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Cluster 1 LOC100046025 PREDICTED: Mus musculus similar to mKIAA1230 
protein, transcript variant 1 (LOC100046025), mRNA. 

  

Cluster 1 LOC100046044 PREDICTED: Mus musculus similar to COUP-TFI 
(LOC100046044), mRNA. 

  

Cluster 1 LOC100046259 PREDICTED: Mus musculus similar to Cacna2d2 protein 
(LOC100046259), mRNA. 

  

Cluster 1 LOC100047738 PREDICTED: Mus musculus similar to DENN/MADD 
domain containing 1A (LOC100047738), mRNA. 

  

Cluster 1 LOC100048295 PREDICTED: Mus musculus similar to Wilms tumor 
homolog (LOC100048295), misc RNA. 

  

Cluster 1 LOC100048589 PREDICTED: Mus musculus similar to CDNA sequence 
BC052040, transcript variant 1 (LOC100048589), 
mRNA. 

  

Cluster 1 LOC100048721 PREDICTED: Mus musculus similar to fibronectin 
leucine rich transmembrane protein 3, transcript variant 1 
(LOC100048721), mRNA. 

  

Cluster 1 LOC382153     

Cluster 1 LOC623453 PREDICTED: Mus musculus similar to proteolipid 
protein 2 (LOC623453), misc RNA. 

  

Cluster 1 LOC633016 PREDICTED: Mus musculus similar to Chromobox 
homolog 3 (HP1 gamma homolog, Drosophila), transcript 
variant 2 (LOC633016), mRNA. 

  

Cluster 1 Lrrn4 Mus musculus leucine rich repeat neuronal 4 (Lrrn4), 
mRNA. 

RP23-77H16.6; Nlrr4 

Cluster 1 Ly6e     

Cluster 1 Ly6e Mus musculus lymphocyte antigen 6 complex, locus E 
(Ly6e), mRNA. 

Ly67; 9804; TSA-1; RIG-E; 
Sca-2; Tsa1 

Cluster 1 Man2a1 Mus musculus mannosidase 2, alpha 1 (Man2a1), mRNA. Mana2; Mana-2; Map-2 

Cluster 1 Mbp Mus musculus myelin basic protein (Mbp), transcript 
variant 8, mRNA. 

mld; shi; R75289; C76307; 
golli-mbp; Hmbpr 

Cluster 1 Mcc Mus musculus mutated in colorectal cancers (Mcc), 
mRNA. 

D18Ertd451e; E330037C19 

Cluster 1 Mdk Mus musculus midkine (Mdk), transcript variant 1, 
mRNA. 

MK; Mek 

Cluster 1 Mdk Mus musculus midkine (Mdk), transcript variant 3, 
mRNA. 

MK; Mek 

Cluster 1 Meis2 Mus musculus Meis homeobox 2 (Meis2), transcript 
variant 2, mRNA. 

A430109D20Rik; Stra10; 
Meis2 

Cluster 1 Mllt4 Mus musculus myeloid/lymphoid or mixed-lineage 
leukemia (trithorax homolog, Drosophila); translocated to, 
4 (Mllt4), mRNA. 

I-afadin; Afadin; Gm314; 
5033403D15Rik; S-afadin; 

Cluster 1 Mpp5 Mus musculus membrane protein, palmitoylated 5 
(MAGUK p55 subfamily member 5) (Mpp5), mRNA. 

AI644496; 3830420B02Rik; 
Pals1; AI255216 

Cluster 1 Mrg1     

Cluster 1 Msh6 Mus musculus mutS homolog 6 (E. coli) (Msh6), mRNA. Gtmbp; GTBP; AW550279; 
AU044881 

Cluster 1 Msh6 Mus musculus mutS homolog 6 (E. coli) (Msh6), mRNA. Gtmbp; GTBP; AW550279; 
AU044881 

Cluster 1 Myl1 Mus musculus myosin, light polypeptide 1 (Myl1), 
mRNA. 

Mylf; AI325107; MLC1f; 
MLC3f 

Cluster 1 Myl7     

Cluster 1 Mylk Mus musculus myosin, light polypeptide kinase (Mylk), 
mRNA. 

MLCK108; AW489456; 
KRP; 9530072E15Rik; 

Cluster 1 Mylpf Mus musculus myosin light chain, phosphorylatable, fast 
skeletal muscle (Mylpf), mRNA. 

2410014J02Rik; Mlc2; 
MLC-2 

Cluster 1 Nasp Mus musculus nuclear autoantigenic sperm protein 
(histone-binding) (Nasp), transcript variant 2, mRNA. 

5033430J04Rik; AI317140; 
AI131596; D4Ertd767e; 

Cluster 1 Neo1     

Cluster 1 Ngfrap1 Mus musculus nerve growth factor receptor (TNFRSF16) 
associated protein 1 (Ngfrap1), mRNA. 

Bex3; Nade; DXWsu67e; 
Gcap27; AL033356 

Cluster 1 Nipsnap1 Mus musculus 4-nitrophenylphosphatase domain and non-
neuronal SNAP25-like protein homolog 1 (C. elegans) 
(Nipsnap1), mRNA. 

  

Cluster 1 Nme4 Mus musculus non-metastatic cells 4, protein expressed in 
(Nme4), nuclear gene encoding mitochondrial protein, 
mRNA. 

5730493H09Rik; Nm23M4; 
NM23-M4; 

Cluster 1 Nme4 Mus musculus non-metastatic cells 4, protein expressed in 
(Nme4), nuclear gene encoding mitochondrial protein, 
mRNA. 

5730493H09Rik; Nm23M4; 
NM23-M4; 

Cluster 1 Nnat Mus musculus neuronatin (Nnat), transcript variant 1, 
mRNA. 

AW107673; Peg5; 
5730414I02Rik 

Cluster 1 Nr1h4 Mus musculus nuclear receptor subfamily 1, group H, 
member 4 (Nr1h4), mRNA. 

HRR1; Fxr; AI957360; 
RIP14; Rxrip14 

Cluster 1 Nudt11 Mus musculus nudix (nucleoside diphosphate linked 
moiety X)-type motif 11 (Nudt11), mRNA. 

DIPP3; DIPP3b 

Cluster 1 Odz3 Mus musculus odd Oz/ten-m homolog 3 (Drosophila) 
(Odz3), mRNA. 

2610100B16Rik; Odz1; 
Ten-m3; mKIAA1455 

Cluster 1 Olfml2b Mus musculus olfactomedin-like 2B (Olfml2b), mRNA. 1110018N05Rik; AI467542; 
4832415H08Rik 
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Cluster 1 Oma1 Mus musculus OMA1 homolog, zinc metallopeptidase (S. 
cerevisiae) (Oma1), mRNA. 

ZMPOMA1; 
2010001O09Rik; MPRP-1 

Cluster 1 Pafah1b3 Mus musculus platelet-activating factor acetylhydrolase, 
isoform 1b, alpha1 subunit (Pafah1b3), mRNA. 

mus[g]; Pafahg 

Cluster 1 Pard6g Mus musculus par-6 partitioning defective 6 homolog 
gamma (C. elegans) (Pard6g), mRNA. 

Par6a; 2410049N21Rik 

Cluster 1 Pawr Mus musculus PRKC, apoptosis, WT1, regulator (Pawr), 
mRNA. 

PAR4; Par-4 

Cluster 1 Pcbp4 Mus musculus poly(rC) binding protein 4 (Pcbp4), 
mRNA. 

AlphaCP-4; 1200003L19Rik 

Cluster 1 Pdlim2 Mus musculus PDZ and LIM domain 2 (Pdlim2), mRNA. MGC37634; mystique; Slim 

Cluster 1 Peg3 Mus musculus paternally expressed 3 (Peg3), mRNA. Gcap4; End4; mKIAA0287; 
AL022617; Zfp102; Pw1 

Cluster 1 Peg3 Mus musculus paternally expressed 3 (Peg3), mRNA. Gcap4; End4; mKIAA0287; 
AL022617; Zfp102; Pw1 

Cluster 1 Pigh Mus musculus phosphatidylinositol glycan anchor 
biosynthesis, class H (Pigh), mRNA. 

A930028P05Rik; 
MGC102258; 

Cluster 1 Pkhd1l1 Mus musculus polycystic kidney and hepatic disease 1-
like 1 (Pkhd1l1), mRNA. 

PKHDL1; AB055648 

Cluster 1 Plp2 Mus musculus proteolipid protein 2 (Plp2), mRNA. MGC103126; MGC102445; 
mIMA4 

Cluster 1 Plxnb2 PREDICTED: Mus musculus plexin B2, transcript variant 
13 (Plxnb2), mRNA. 

  

Cluster 1 Pmp22 Mus musculus peripheral myelin protein 22 (Pmp22), 
mRNA. 

22kDa; Tr; HNPP; Gas-3; 
trembler 

Cluster 1 Podxl Mus musculus podocalyxin-like (Podxl), mRNA. Ly102; Pclp1; AW121214; 
PC 

Cluster 1 Ppbp Mus musculus pro-platelet basic protein (Ppbp), mRNA. AI854500; Cxcl7; b-TG1; 
TGB; LA-PF4; NAP-2-L1; 

Cluster 1 Ppfibp2 Mus musculus protein tyrosine phosphatase, receptor-
type, F interacting protein, binding protein 2 (Ppfibp2), 
mRNA. 

Cclp1; MGC117695 

Cluster 1 Ppp1r12a Mus musculus protein phosphatase 1, regulatory 
(inhibitor) subunit 12A (Ppp1r12a), mRNA. XM_902141 
XM_902142 XM_902144 XM_917742 XM_925188 

1200015F06Rik; 
AV099298; MGC159084; 

Cluster 1 Prickle3 Mus musculus prickle homolog 3 (Drosophila) (Prickle3), 
mRNA. 

Sfc16 

Cluster 1 Prkcb     

Cluster 1 Prkcb Mus musculus protein kinase C, beta (Prkcb), mRNA. A130082F03Rik; PKC-
Beta; Pkcb; Prkcb; Prkcb2 

Cluster 1 Prkcb Mus musculus protein kinase C, beta (Prkcb), mRNA. A130082F03Rik; PKC-
Beta; Pkcb; Prkcb; Prkcb2 

Cluster 1 Prkg2 Mus musculus protein kinase, cGMP-dependent, type II 
(Prkg2), mRNA. 

MGC130517; CGKII; 
Prkgr2; AW212535 

Cluster 1 Prokr2 Mus musculus prokineticin receptor 2 (Prokr2), mRNA. PKR2; Gpr73l1; 
B830005M06Rik; EG-

Cluster 1 Prss35 Mus musculus protease, serine, 35 (Prss35), mRNA. 6030424L22Rik; P3D9 

Cluster 1 Psat1 Mus musculus phosphoserine aminotransferase 1 (Psat1), 
mRNA. 

AL024083; PSA; 
D8Ertd814e; EPIP; Psat; 

Cluster 1 Ptn Mus musculus pleiotrophin (Ptn), mRNA. Osf-1; Osf1; OSF; HBGF-8; 
HBNF; HARP; HB-GAM; 

Cluster 1 Punc Mus musculus putative neuronal cell adhesion molecule 
(Punc), mRNA. 

AI851425; 2810401C09Rik; 
WI-14920 

Cluster 1 Pvrl2 Mus musculus poliovirus receptor-related 2 (Pvrl2), 
mRNA. 

Pvr; AI325026; nectin-2; 
MPH; AI987993; Cd112; 

Cluster 1 Pvrl2 Mus musculus poliovirus receptor-related 2 (Pvrl2), 
mRNA. 

Pvr; AI325026; nectin-2; 
MPH; AI987993; Cd112; 

Cluster 1 Rab32 Mus musculus RAB32, member RAS oncogene family 
(Rab32), mRNA. 

2810011A17Rik; 
AU022057 

Cluster 1 Rabl3     

Cluster 1 Raet1b Mus musculus retinoic acid early transcript beta (Raet1b), 
mRNA. 

RAE-1beta 

Cluster 1 Ranbp1 Mus musculus RAN binding protein 1 (Ranbp1), mRNA. Htf9a 

Cluster 1 Rap2c Mus musculus RAP2C, member of RAS oncogene family 
(Rap2c), mRNA. 

2010200P20Rik; 
AL022976; AI194294 

Cluster 1 Rasl11a Mus musculus RAS-like, family 11, member A (Rasl11a), 
mRNA. 

MGC144485; AI852031; 
1110065D03Rik 

Cluster 1 Rbbp9 Mus musculus retinoblastoma binding protein 9 (Rbbp9), 
mRNA. 

Bog 

Cluster 1 Rbbp9 Mus musculus retinoblastoma binding protein 9 (Rbbp9), 
mRNA. 

Bog 

Cluster 1 Rhobtb3 Mus musculus Rho-related BTB domain containing 3 
(Rhobtb3), mRNA. 

AW208826; 
4930503C18Rik; 

Cluster 1 Rhou Mus musculus ras homolog gene family, member U 
(Rhou), mRNA. 

Arhu; AI182090; G28K; 
WRCH1; WRCH-1; 
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Cluster 1 Rnf213 Mus musculus ring finger protein 213 (Rnf213), mRNA. D11Ertd759e; 6030403J01; 
mKIAA1554 

Cluster 1 Robo1 Mus musculus roundabout homolog 1 (Drosophila) 
(Robo1), mRNA. 

AW742721; AW494633; 
DUTT1 

Cluster 1 Rsph1 Mus musculus radial spoke head 1 homolog 
(Chlamydomonas) (Rsph1), mRNA. 

Tsga2 

Cluster 1 Rtn1 Mus musculus reticulon 1 (Rtn1), transcript variant 2, 
mRNA. 

Rtn1-c; Rtn1-a; 
0710005K15Rik; 

Cluster 1 Rtn1 Mus musculus reticulon 1 (Rtn1), transcript variant 1, 
mRNA. 

Rtn1-c; Rtn1-a; 
0710005K15Rik; 

Cluster 1 Runx1t1 Mus musculus runt-related transcription factor 1; 
translocated to, 1 (cyclin D-related) (Runx1t1), mRNA. 

MTG8; ETO; Cbfa2t1h 

Cluster 1 Sall4 Mus musculus sal-like 4 (Drosophila) (Sall4), transcript 
variant a, mRNA. 

C330011P20Rik; 
AW536104; Tex20; 

Cluster 1 scl0002702.1_3805     

Cluster 1 scl000408.1_6     

Cluster 1 scl000959.1_2     

Cluster 1 Scx Mus musculus scleraxis (Scx), mRNA. BB114693; Scl 

Cluster 1 Sh3tc2 Mus musculus SH3 domain and tetratricopeptide repeats 2 
(Sh3tc2), mRNA. 

D430044G18Rik 

Cluster 1 Sipa1l1 Mus musculus signal-induced proliferation-associated 1 
like 1 (Sipa1l1), mRNA. 

AW213287; 
4931426N11Rik; 

Cluster 1 Siva1 Mus musculus SIVA1, apoptosis-inducing factor (Siva1), 
mRNA. 

CD27bp; Siva 

Cluster 1 Skp2 Mus musculus S-phase kinase-associated protein 2 (p45) 
(Skp2), transcript variant 2, mRNA. 

FBXL1; MGC102075; 
MGC116668 

Cluster 1 Skp2 Mus musculus S-phase kinase-associated protein 2 (p45) 
(Skp2), transcript variant 2, mRNA. 

FBXL1; MGC102075; 
MGC116668 

Cluster 1 Slc1a3 Mus musculus solute carrier family 1 (glial high affinity 
glutamate transporter), member 3 (Slc1a3), mRNA. 

MGluT1; B430115D02Rik; 
Eaat1; GluT-1; GLAST; 

Cluster 1 Slc2a1 Mus musculus solute carrier family 2 (facilitated glucose 
transporter), member 1 (Slc2a1), mRNA. 

Glut-1; Glut1 

Cluster 1 Slco3a1 Mus musculus solute carrier organic anion transporter 
family, member 3a1 (Slco3a1), transcript variant 1, 
mRNA. 

Anr1; MJAM; Slc21a11; 
R75096; 5830414C08Rik; 

Cluster 1 Smpd3 Mus musculus sphingomyelin phosphodiesterase 3, 
neutral (Smpd3), mRNA. 

fro; AW537966; nSMase2; 
4631433G07Rik; AI427456 

Cluster 1 Snurf Mus musculus SNRPN upstream reading frame (Snurf), 
mRNA. 

Snrpn; MGC18604; 
MGC30325; 2410045I01Rik 

Cluster 1 Snx10 Mus musculus sorting nexin 10 (Snx10), mRNA. 2410004M09Rik 

Cluster 1 Soat1 Mus musculus sterol O-acyltransferase 1 (Soat1), mRNA. Acact; 8430426K15Rik; 
ACAT-1; ald 

Cluster 1 Socs3 Mus musculus suppressor of cytokine signaling 3 (Socs3), 
mRNA. 

EF-10; Cish3; SSI-3; SOCS-
3; CIS3 

Cluster 1 Sorl1 Mus musculus sortilin-related receptor, LDLR class A 
repeats-containing (Sorl1), mRNA. 

AW261561; AI596264; 
mSorLA; LR11; 

Cluster 1 Sort1 Mus musculus sortilin 1 (Sort1), mRNA. Ntr3; Ntsr3; AI852375; 
2900053A11Rik 

Cluster 1 Sort1 Mus musculus sortilin 1 (Sort1), mRNA. Ntr3; Ntsr3; AI852375; 
2900053A11Rik 

Cluster 1 Sox5 Mus musculus SRY-box containing gene 5 (Sox5), 
mRNA. 

AI528773; MGC124352 

Cluster 1 Sox9     

Cluster 1 Stxbp2     

Cluster 1 Sv2a     

Cluster 1 Sv2a Mus musculus synaptic vesicle glycoprotein 2 a (Sv2a), 
mRNA. 

mKIAA0736; AI746429 

Cluster 1 Sv2b Mus musculus synaptic vesicle glycoprotein 2 b (Sv2b), 
mRNA. 

mKIAA0735; 
A830038F04Rik; 

Cluster 1 Synm Mus musculus synemin, intermediate filament protein 
(Synm), transcript variant 3, mRNA. 

AI852401; 4930412K21Rik; 
MGC56976; Synemin; 

Cluster 1 Tagln3 Mus musculus transgelin 3 (Tagln3), mRNA. AI426007; 2700038H05Rik; 
2900005O10Rik; Np25 

Cluster 1 Tcf21 Mus musculus transcription factor 21 (Tcf21), mRNA. Pod1; epc; Pod-1; epicardin; 
capsulin 

Cluster 1 Thsd4 Mus musculus thrombospondin, type I, domain containing 
4 (Thsd4), transcript variant 1, mRNA. 

B230114P05Rik; AI585901 

Cluster 1 Thsd4 Mus musculus thrombospondin, type I, domain containing 
4 (Thsd4), transcript variant 1, mRNA. 

B230114P05Rik; AI585901 

Cluster 1 Tmem108 Mus musculus transmembrane protein 108 (Tmem108), 
mRNA. 

AI462967; R74726; 
B130017P16Rik 



175 

 

Cluster 1 Tmem2 Mus musculus transmembrane protein 2 (Tmem2), 
transcript variant 1, mRNA. 

MGC102198; mKIAA1412; 
3110012M15Rik 

Cluster 1 Tmem98 Mus musculus transmembrane protein 98 (Tmem98), 
mRNA. 

AI463522; RP23-480G5.1; 
6530411B15Rik 

Cluster 1 Tmem98 Mus musculus transmembrane protein 98 (Tmem98), 
mRNA. 

AI463522; RP23-480G5.1; 
6530411B15Rik 

Cluster 1 Tnfrsf19 Mus musculus tumor necrosis factor receptor superfamily, 
member 19 (Tnfrsf19), mRNA. 

Tnfrsf20; TAJ; TAJ-
ALPHA; AL023044; 

Cluster 1 Tpm1 Mus musculus tropomyosin 1, alpha (Tpm1), mRNA. AA986836; alpha-TM; 
Tmpa; Tpm-1 

Cluster 1 Tpm1 Mus musculus tropomyosin 1, alpha (Tpm1), mRNA. AA986836; TM2; alpha-
TM; Tmpa; Tpm-1 

Cluster 1 Treml1     

Cluster 1 Trf Mus musculus transferrin (Trf), mRNA. Cd176; hpx; Tfn; AI266983; 
MGC102653; HP 

Cluster 1 Tspan32 Mus musculus tetraspanin 32 (Tspan32), mRNA. Phemx; Art-1; Tssc6; 
D7Wsu37e; AW208513; 

Cluster 1 Tssc8     

Cluster 1 Tulp2 Mus musculus tubby-like protein 2 (Tulp2), transcript 
variant 1, mRNA. 

MGC107290; Pdet 

Cluster 1 Unc5b Mus musculus unc-5 homolog B (C. elegans) (Unc5b), 
mRNA. 

6330415E02Rik; Unc5h2; 
A630020F16; 

Cluster 1 Unc5c     

Cluster 1 Unc5c Mus musculus unc-5 homolog C (C. elegans) (Unc5c), 
mRNA. 

B130051O18Rik; Unc5h3; 
6030473H24; rcm; 

Cluster 1 Upk1b Mus musculus uroplakin 1B (Upk1b), mRNA. Upk1; UPIb; Tspan20; 
AI413235 

Cluster 1 Upk3b Mus musculus uroplakin 3B (Upk3b), mRNA. AI957187; PMS2L14; P35; 
UpIIIb; AI447729 

Cluster 1 Upk3b Mus musculus uroplakin 3B (Upk3b), mRNA. AI957187; PMS2L14; P35; 
UpIIIb; AI447729 

Cluster 1 Upk3b Mus musculus uroplakin 3B (Upk3b), mRNA. AI957187; PMS2L14; P35; 
UpIIIb; AI447729 

Cluster 1 Vat1l Mus musculus vesicle amine transport protein 1 homolog-
like (T. californica) (Vat1l), mRNA. 

9430073I07; mKIAA1576 

Cluster 1 Wasf1 Mus musculus WASP family 1 (Wasf1), mRNA. WAVE-1; WAVE; 
AI838537; Scar; AI195380 

Cluster 1 Wdr93 Mus musculus WD repeat domain 93 (Wdr93), mRNA.   

Cluster 1 Wnt5a Mus musculus wingless-related MMTV integration site 
5A (Wnt5a), mRNA. 

8030457G12Rik; Wnt-5a 

Cluster 1 Wrb     

Cluster 1 Zbtb8b Mus musculus zinc finger and BTB domain containing 8b 
(Zbtb8b), mRNA. 

MGC38362; BC023839; 
AV220464; BOZF1 

Cluster 1 Zcchc3 Mus musculus zinc finger, CCHC domain containing 3 
(Zcchc3), mRNA. 

2810406K24Rik 

Cluster 1 Zcchc3 Mus musculus zinc finger, CCHC domain containing 3 
(Zcchc3), mRNA. 

2810406K24Rik 

Cluster 1 Zdhhc12     

Cluster 1 Zfhx3 Mus musculus zinc finger homeobox 3 (Zfhx3), mRNA. mKIAA4228; KIAA4228; 
A230102L03Rik; WBP9 

Cluster 1 Zfp533 Mus musculus zinc finger protein 533 (Zfp533), mRNA. C130013B13Rik; 
B830010L13Rik 

Cluster 1 Zfp579 Mus musculus zinc finger protein 579 (Zfp579), mRNA. 1110003A17Rik 

Cluster 2 1110032E23Rik Mus musculus RIKEN cDNA 1110032E23 gene 
(1110032E23Rik), mRNA. 

AV011458 

Cluster 2 1190002H23Rik Mus musculus RIKEN cDNA 1190002H23 gene 
(1190002H23Rik), mRNA. 

Rgc-32; Rgc32 

Cluster 2 1200015N20Rik     

Cluster 2 1200016E24Rik     

Cluster 2 1700081H05Rik     

Cluster 2 2310014H01Rik PREDICTED: Mus musculus RIKEN cDNA 
2310014H01 gene, transcript variant 3 (2310014H01Rik), 
mRNA. 

  

Cluster 2 2510009E07Rik Mus musculus RIKEN cDNA 2510009E07 gene 
(2510009E07Rik), mRNA. 

AI194952 

Cluster 2 2610203C22Rik     

Cluster 2 2810025M15Rik PREDICTED: Mus musculus RIKEN cDNA 
2810025M15 gene (2810025M15Rik), misc RNA. 
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Cluster 2 2900026A02Rik     

Cluster 2 6230425C21Rik     

Cluster 2 6330406I15Rik Mus musculus RIKEN cDNA 6330406I15 gene 
(6330406I15Rik), mRNA. 

MGC143803; MGC143804 

Cluster 2 6330406I15Rik Mus musculus RIKEN cDNA 6330406I15 gene 
(6330406I15Rik), mRNA. 

MGC143803; MGC143804 

Cluster 2 6430548M08Rik     

Cluster 2 6720458D17Rik     

Cluster 2 8430408G22Rik Mus musculus RIKEN cDNA 8430408G22 gene 
(8430408G22Rik), mRNA. 

MGC6835; Fseg 

Cluster 2 9330175B01Rik     

Cluster 2 AA407270 Mus musculus expressed sequence AA407270 
(AA407270), mRNA. 

AV006038 

Cluster 2 Abcc9 Mus musculus ATP-binding cassette, sub-family C 
(CFTR/MRP), member 9 (Abcc9), transcript variant 4, 
mRNA. 

AI414027; AI449286; 
SUR2B; Sur2; SUR2A 

Cluster 2 Abi3     

Cluster 2 Adam15 Mus musculus a disintegrin and metallopeptidase domain 
15 (metargidin) (Adam15), transcript variant 2, mRNA. 

metargidin; MDC15 

Cluster 2 Adam23 Mus musculus a disintegrin and metallopeptidase domain 
23 (Adam23), mRNA. 

MDC3; AW046396 

Cluster 2 Adamts19 Mus musculus a disintegrin-like and metallopeptidase 
(reprolysin type) with thrombospondin type 1 motif, 19 
(Adamts19), mRNA. 

4831407I23Rik; AU015154; 
D230034E10Rik 

Cluster 2 Adamts2 Mus musculus a disintegrin-like and metallopeptidase 
(reprolysin type) with thrombospondin type 1 motif, 2 
(Adamts2), mRNA. 

PCINP; ADAMTS-3; 
KIAA4060; mKIAA4060; 

Cluster 2 Adamts2 Mus musculus a disintegrin-like and metallopeptidase 
(reprolysin type) with thrombospondin type 1 motif, 2 
(Adamts2), mRNA. 

PCINP; ADAMTS-3; 
KIAA4060; mKIAA4060; 

Cluster 2 Adamts4     

Cluster 2 Adarb1 Mus musculus adenosine deaminase, RNA-specific, B1 
(Adarb1), transcript variant 1, mRNA. 

1700057H01Rik; 
D10Bwg0447e; AW558573; 

Cluster 2 Adcy4 Mus musculus adenylate cyclase 4 (Adcy4), mRNA. KIAA4004; mKIAA4004 

Cluster 2 Afap1l1 Mus musculus actin filament associated protein 1-like 1 
(Afap1l1), mRNA. 

AI173486 

Cluster 2 Alas1 Mus musculus aminolevulinic acid synthase 1 (Alas1), 
mRNA. 

Alas-h; Alas-1; ALAS 

Cluster 2 Ankrd47 Mus musculus ankyrin repeat domain 47 (Ankrd47), 
mRNA. 

0610013D04Rik; NG28; 
D17Ertd288e 

Cluster 2 Antxr1 Mus musculus anthrax toxin receptor 1 (Antxr1), mRNA. 2310008J16Rik; Antrx1; 
2810405N18Rik; Tem8 

Cluster 2 Antxr1 Mus musculus anthrax toxin receptor 1 (Antxr1), mRNA. 2310008J16Rik; Antrx1; 
2810405N18Rik; Tem8 

Cluster 2 Anxa6 Mus musculus annexin A6 (Anxa6), mRNA. Camb; Anx6; Cabm; 
AW107198; AnxVI 

Cluster 2 Aoc3 Mus musculus amine oxidase, copper containing 3 
(Aoc3), mRNA. 

VAP1; SSAO 

Cluster 2 Aplnr Mus musculus apelin receptor (Aplnr), mRNA. msr/apj; APJ 

Cluster 2 Aqp1 Mus musculus aquaporin 1 (Aqp1), mRNA.   

Cluster 2 Aqp1 Mus musculus aquaporin 1 (Aqp1), mRNA.   

Cluster 2 Arhgap25 Mus musculus Rho GTPase activating protein 25 
(Arhgap25), transcript variant 2, mRNA. XM_899325 
XM_899332 XM_899339 XM_899344 XM_914946 

A130039I20Rik 

Cluster 2 Arhgef15 Mus musculus Rho guanine nucleotide exchange factor 
(GEF) 15 (Arhgef15), mRNA. 

MGC144141; MGC102247; 
MGC144142; 

Cluster 2 Arhgef3 Mus musculus Rho guanine nucleotide exchange factor 
(GEF) 3 (Arhgef3), mRNA. 

1200004I24Rik; 
9830169H03Rik; C76747 

Cluster 2 Arpc3 Mus musculus actin related protein 2/3 complex, subunit 
3 (Arpc3), mRNA. 

p21Arc; p21-Ar; 
1110006A04Rik; AI788639; 

Cluster 2 Asah2 Mus musculus N-acylsphingosine amidohydrolase 2 
(Asah2), mRNA. 

AI585898 

Cluster 2 Asah3l Mus musculus N-acylsphingosine amidohydrolase 3-like 
(Asah3l), mRNA. 

CRG-L1; maCER2; RP24-
468M3.3; 2410116I05Rik; 

Cluster 2 Atp1b1 Mus musculus ATPase, Na+/K+ transporting, beta 1 
polypeptide (Atp1b1), mRNA. 

Atpb; Atpb-1 

Cluster 2 Atp2a3 Mus musculus ATPase, Ca++ transporting, ubiquitous 
(Atp2a3), mRNA. 

Serca3; SERCA3b 

Cluster 2 Atxn1 Mus musculus ataxin 1 (Atxn1), mRNA. C85907; Sca1; Atx1; 
Ataxin-1 

Cluster 2 BC004728 Mus musculus cDNA sequence BC004728 (BC004728), 
transcript variant 1, mRNA. 

Smagp; MGC7903 
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Cluster 2 BC004728     

Cluster 2 BC023892 PREDICTED: Mus musculus cDNA sequence 
BC023892, transcript variant 2 (BC023892), mRNA. 

  

Cluster 2 Bcl6b Mus musculus B-cell CLL/lymphoma 6, member B 
(Bcl6b), mRNA. 

Bazf 

Cluster 2 Bean PREDICTED: Mus musculus brain expressed, associated 
with Nedd4, transcript variant 3 (Bean), mRNA. 

  

Cluster 2 Bik Mus musculus BCL2-interacting killer (Bik), mRNA. Nbk; Blk; Biklk 

Cluster 2 Brp17     

Cluster 2 C230098O21Rik     

Cluster 2 Camk2n1 Mus musculus calcium/calmodulin-dependent protein 
kinase II inhibitor 1 (Camk2n1), mRNA. 

1810006K23Rik 

Cluster 2 Camk2n1 Mus musculus calcium/calmodulin-dependent protein 
kinase II inhibitor 1 (Camk2n1), mRNA. 

1810006K23Rik 

Cluster 2 Card10 Mus musculus caspase recruitment domain family, 
member 10 (Card10), mRNA. 

AI449026; CARMA3; 
Bimp1 

Cluster 2 Cav1 Mus musculus caveolin 1, caveolae protein (Cav1), 
mRNA. 

Cav; Cav-1 

Cluster 2 Ccdc80 Mus musculus coiled-coil domain containing 80 
(Ccdc80), mRNA. 

2610001E17Rik; Ssg1; Urb 

Cluster 2 Ccdc85b Mus musculus coiled-coil domain containing 85B 
(Ccdc85b), mRNA. 

MGC67311; AI842788 

Cluster 2 Cd109 Mus musculus CD109 antigen (Cd109), mRNA. 9930012E15Rik; GARP; 
AI480638 

Cluster 2 Cd34 Mus musculus CD34 antigen (Cd34), mRNA. AU040960 

Cluster 2 Cd40 Mus musculus CD40 antigen (Cd40), transcript variant 5, 
mRNA. 

TRAP; IMD3; AI326936; 
IGM; HIGM1; p50; Tnfrsf5; 

Cluster 2 Cd44 Mus musculus CD44 antigen (Cd44), transcript variant 2, 
mRNA. 

AU023126; Ly-24; 
AW146109; HERMES; 

Cluster 2 Cd9     

Cluster 2 Cd93 Mus musculus CD93 antigen (Cd93), mRNA. 6030404G09Rik; C1qr1; 
AA145088; C1qrp; 

Cluster 2 Cd93 Mus musculus CD93 antigen (Cd93), mRNA. 6030404G09Rik; C1qr1; 
AA145088; C1qrp; 

Cluster 2 Cd97 Mus musculus CD97 antigen (Cd97), mRNA. AA409984; TM7LN1 

Cluster 2 Cd97 Mus musculus CD97 antigen (Cd97), mRNA. AA409984; TM7LN1 

Cluster 2 Cd97 Mus musculus CD97 antigen (Cd97), mRNA. AA409984; TM7LN1 

Cluster 2 Cdh13 Mus musculus cadherin 13 (Cdh13), mRNA. 4932416G01Rik; Cdht; T-
cadherin; Tcad 

Cluster 2 Cdh13 Mus musculus cadherin 13 (Cdh13), mRNA. 4932416G01Rik; Cdht; T-
cadherin; Tcad 

Cluster 2 Cdh5     

Cluster 2 Cdh5 Mus musculus cadherin 5 (Cdh5), mRNA. VEC; CD144; VE-Cad; 
7B4; AA408225 

Cluster 2 Cdr2 Mus musculus cerebellar degeneration-related 2 (Cdr2), 
mRNA. 

MGC144810; AA617262; 
MGC144811 

Cluster 2 Centd3 Mus musculus centaurin, delta 3 (Centd3), mRNA. AI851258; Drag1; 
mKIAA4097; 

Cluster 2 Ch25h Mus musculus cholesterol 25-hydroxylase (Ch25h), 
mRNA. 

m25OH; AI462618 

Cluster 2 Chst7 Mus musculus carbohydrate (N-acetylglucosamino) 
sulfotransferase 7 (Chst7), mRNA. 

GST5; 2600013M07Rik 

Cluster 2 Cldn5 Mus musculus claudin 5 (Cldn5), mRNA. MBEC1; AI854493; 
MGC102088; Tmvcf 

Cluster 2 Clec1a Mus musculus C-type lectin domain family 1, member a 
(Clec1a), mRNA. 

5930406N14Rik 

Cluster 2 Clec2d Mus musculus C-type lectin domain family 2, member d 
(Clec2d), mRNA. 

MGC123478; Clr-b; Ocil; 
Clrb 

Cluster 2 Cmtm8 Mus musculus CKLF-like MARVEL transmembrane 
domain containing 8 (Cmtm8), mRNA. 

AA408515; Cklfsf8; 
2700018N07Rik 

Cluster 2 Cmtm8 Mus musculus CKLF-like MARVEL transmembrane 
domain containing 8 (Cmtm8), mRNA. 

AA408515; Cklfsf8; 
2700018N07Rik 

Cluster 2 Col14a1     

Cluster 2 Col14a1 Mus musculus collagen, type XIV, alpha 1 (Col14a1), 
mRNA. 

AW108078; 
5730412L22Rik 

Cluster 2 Col15a1 Mus musculus collagen, type XV, alpha 1 (Col15a1), 
mRNA. 
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Cluster 2 Col1a1     

Cluster 2 Col3a1 Mus musculus collagen, type III, alpha 1 (Col3a1), 
mRNA. 

AW550625; KIAA4231; 
Ms10w; mKIAA4231; 

Cluster 2 Col3a1 Mus musculus collagen, type III, alpha 1 (Col3a1), 
mRNA. 

AW550625; KIAA4231; 
Ms10w; mKIAA4231; 

Cluster 2 Col4a1 Mus musculus procollagen, type IV, alpha 1 (Col4a1), 
mRNA. 

Del(8)44H; Raw; Svc; 
Col4a-1; Bru 

Cluster 2 Col4a2 Mus musculus collagen, type IV, alpha 2 (Col4a2), 
mRNA. 

canstatin; Col4a-2; 
MGC7371; AU019502 

Cluster 2 Col5a1 Mus musculus procollagen, type V, alpha 1 (Col5a1), 
mRNA. 

  

Cluster 2 Col6a1 Mus musculus procollagen, type VI, alpha 1 (Col6a1), 
mRNA. 

AI747156; Col6a-1 

Cluster 2 Col6a1 Mus musculus procollagen, type VI, alpha 1 (Col6a1), 
mRNA. 

AI747156; Col6a-1 

Cluster 2 Col6a2 Mus musculus procollagen, type VI, alpha 2 (Col6a2), 
mRNA. 

Col6a-2; MGC36205 

Cluster 2 Col6a3 Mus musculus procollagen, type VI, alpha 3 (Col6a3), 
mRNA. 

Col6a-3; AI507288 

Cluster 2 Crip2 Mus musculus cysteine rich protein 2 (Crip2), mRNA. CRP2; Crp; ESP1; C77570; 
Hlp; AW743261; 

Cluster 2 Ctsk Mus musculus cathepsin K (Ctsk), mRNA. MMS10-Q; AI323530; 
catK; Ms10q 

Cluster 2 Cxcl1 Mus musculus chemokine (C-X-C motif) ligand 1 
(Cxcl1), mRNA. 

Scyb1; KC; Mgsa; N51; 
Gro1; gro; Fsp 

Cluster 2 Cxcr4     

Cluster 2 Cygb Mus musculus cytoglobin (Cygb), mRNA. 3110001K20Rik; HGb; 
Staap 

Cluster 2 D12Ertd647e Mus musculus DNA segment, Chr 12, ERATO Doi 647, 
expressed (D12Ertd647e), transcript variant 5, mRNA. 

2900026P10Rik; 
1110013J02Rik; ISG12a; 

Cluster 2 D530030K12Rik     

Cluster 2 D630003M21Rik Mus musculus RIKEN cDNA D630003M21 gene 
(D630003M21Rik), mRNA. 

  

Cluster 2 D630040I23Rik     

Cluster 2 D930046M13Rik     

Cluster 2 Dhrs7 Mus musculus dehydrogenase/reductase (SDR family) 
member 7 (Dhrs7), mRNA. 

retDSR4; 5730564L20Rik; 
AW061210; retSDR4; 

Cluster 2 Diras2 Mus musculus DIRAS family, GTP-binding RAS-like 2 
(Diras2), mRNA. 

2900052J15Rik; AI414999 

Cluster 2 Dlk1 Mus musculus delta-like 1 homolog (Drosophila) (Dlk1), 
mRNA. 

ZOG; AW742678; FA1; 
Peg9; pG2; pref-1; Ly107; 

Cluster 2 Dlk1 Mus musculus delta-like 1 homolog (Drosophila) (Dlk1), 
mRNA. 

ZOG; AW742678; FA1; 
Peg9; pG2; pref-1; Ly107; 

Cluster 2 Dll4     

Cluster 2 Dock6 Mus musculus dedicator of cytokinesis 6 (Dock6), 
mRNA. 

2410095B20Rik; 
4931431C02Rik; 

Cluster 2 Dpysl3 Mus musculus dihydropyrimidinase-like 3 (Dpysl3), 
mRNA. 

Ulip; Ulip1; TUC4; CRMP-
4 

Cluster 2 Dtx3l Mus musculus deltex 3-like (Drosophila) (Dtx3l), mRNA. MGC103262; BC023741; 
AU042200 

Cluster 2 Dusp2 Mus musculus dual specificity phosphatase 2 (Dusp2), 
mRNA. 

PAC1 

Cluster 2 Dusp2 Mus musculus dual specificity phosphatase 2 (Dusp2), 
mRNA. 

PAC1 

Cluster 2 Dysf Mus musculus dysferlin (Dysf), transcript variant 1, 
mRNA. 

mFLJ00175; 
2310004N10Rik; D6Pas3; 

Cluster 2 E330016A19Rik Mus musculus RIKEN cDNA E330016A19 gene 
(E330016A19Rik), mRNA. 

  

Cluster 2 Ebf2 Mus musculus early B-cell factor 2 (Ebf2), mRNA. O/E-3; Mmot1; D14Ggc1e 

Cluster 2 Ebf2 Mus musculus early B-cell factor 2 (Ebf2), mRNA. O/E-3; Mmot1; D14Ggc1e 

Cluster 2 Ebf3 Mus musculus early B-cell factor 3 (Ebf3), mRNA. KIAA4201; mKIAA4201; 
3110018A08Rik; O/E-2 

Cluster 2 Ednrb Mus musculus endothelin receptor type B (Ednrb), 
mRNA. 

ET-B; Sox10m1; ET>B<; 
AU022549; ETb; s 

Cluster 2 Efna1 Mus musculus ephrin A1 (Efna1), mRNA. Epl1; Lerk1; EFL-1; Eplg1; 
B61; LERK-1; AI325262 

Cluster 2 EG630499 Mus musculus predicted gene, EG630499 (EG630499), 
mRNA. 

  

Cluster 2 Egfl7 Mus musculus EGF-like domain 7 (Egfl7), transcript 
variant b, mRNA. 

VE-statin; Zneu1 
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Cluster 2 Egfl7 Mus musculus EGF-like domain 7 (Egfl7), transcript 
variant c, mRNA. 

VE-statin; Zneu1 

Cluster 2 Egr2     

Cluster 2 Egr3     

Cluster 2 Elk3 Mus musculus ELK3, member of ETS oncogene family 
(Elk3), transcript variant 2, mRNA. 

Sap-2; D430049E23Rik; 
Etrp; Net; Erp 

Cluster 2 Elmo1 Mus musculus engulfment and cell motility 1, ced-12 
homolog (C. elegans) (Elmo1), transcript variant 2, 
mRNA. 

6330578D22Rik; 
mKIAA0281; CED-12; 

Cluster 2 Eln Mus musculus elastin (Eln), mRNA. E030024M20Rik; 
AI385707; AI480567 

Cluster 2 Eltd1 Mus musculus EGF, latrophilin seven transmembrane 
domain containing 1 (Eltd1), mRNA. 

Etl; ETL1; 1110033N21Rik 

Cluster 2 Emcn Mus musculus endomucin (Emcn), mRNA. Muc14; AI315669; 
0610012K22Rik 

Cluster 2 Emid2 Mus musculus EMI domain containing 2 (Emid2), 
mRNA. 

Col26a1; Emu2; Col26a; 
MGC7475; BC002218; 

Cluster 2 Emp1 Mus musculus epithelial membrane protein 1 (Emp1), 
mRNA. 

TMP 

Cluster 2 Eng Mus musculus endoglin (Eng), mRNA. CD105; AI528660; S-
endoglin 

Cluster 2 Ephb4     

Cluster 2 Esam Mus musculus endothelial cell-specific adhesion molecule 
(Esam), mRNA. 

Esam; W117m; 
2310008D05Rik 

Cluster 2 Esm1 Mus musculus endothelial cell-specific molecule 1 
(Esm1), mRNA. 

ESM-1; AV004503; 
0610042H23Rik 

Cluster 2 Ets1 Mus musculus E26 avian leukemia oncogene 1, 5' domain 
(Ets1), transcript variant 2, mRNA. 

MGC130355; AI448617; 
AI196000; MGC18571; 

Cluster 2 Ets2 Mus musculus E26 avian leukemia oncogene 2, 3' domain 
(Ets2), mRNA. 

AU022856; Ets-2 

Cluster 2 Fam13c Mus musculus family with sequence similarity 13, 
member C (Fam13c), mRNA. 

C030038O19Rik; 
KIAA1796; mKIAA1796 

Cluster 2 Fam20a Mus musculus family with sequence similarity 20, 
member A (Fam20a), mRNA. 

AI606893; Fam20a 

Cluster 2 Fbln1     

Cluster 2 Fbln1 Mus musculus fibulin 1 (Fbln1), mRNA.   

Cluster 2 Fcgrt     

Cluster 2 Fcgrt Mus musculus Fc receptor, IgG, alpha chain transporter 
(Fcgrt), mRNA. 

FcRn 

Cluster 2 Fes Mus musculus feline sarcoma oncogene (Fes), mRNA. BB137047; FPS; c-fes; 
AI586313 

Cluster 2 Fli1 Mus musculus Friend leukemia integration 1 (Fli1), 
mRNA. 

Sic1; SIC-1; Fli-1; EWSR2 

Cluster 2 Flt1 Mus musculus FMS-like tyrosine kinase 1 (Flt1), mRNA. VEGFR1; VEGFR-1; 
AI323757; Flt-1; sFlt1 

Cluster 2 Fmnl3 Mus musculus formin-like 3 (Fmnl3), mRNA. FBP11; 2700073B04Rik; 
Wbp3; mKIAA2014 

Cluster 2 Fmnl3 Mus musculus formin-like 3 (Fmnl3), mRNA. FBP11; 2700073B04Rik; 
Wbp3; mKIAA2014 

Cluster 2 Fos Mus musculus FBJ osteosarcoma oncogene (Fos), 
mRNA. 

c-fos; D12Rfj1 

Cluster 2 Fosb Mus musculus FBJ osteosarcoma oncogene B (Fosb), 
mRNA. 

  

Cluster 2 Foxo1 Mus musculus forkhead box O1 (Foxo1), mRNA. Fkhr1; FKHR; AI876417; 
Afxh; Foxo1a 

Cluster 2 Fscn1 Mus musculus fascin homolog 1, actin bundling protein 
(Strongylocentrotus purpuratus) (Fscn1), mRNA. 

Fan1; AI663989 

Cluster 2 Fxyd5 Mus musculus FXYD domain-containing ion transport 
regulator 5 (Fxyd5), mRNA. 

RIC; Oit2; EF-8 

Cluster 2 Fxyd5 Mus musculus FXYD domain-containing ion transport 
regulator 5 (Fxyd5), mRNA. 

RIC; Oit2; EF-8 

Cluster 2 Fxyd5 Mus musculus FXYD domain-containing ion transport 
regulator 5 (Fxyd5), mRNA. 

RIC; Oit2; EF-8 

Cluster 2 G0s2 Mus musculus G0/G1 switch gene 2 (G0s2), mRNA. MGC151417; AI255151; 
AV006465; MGC151415 

Cluster 2 Gas6 Mus musculus growth arrest specific 6 (Gas6), mRNA. Gas-6 

Cluster 2 Gata2 Mus musculus GATA binding protein 2 (Gata2), mRNA. MGC129339; Gata-2 

Cluster 2 Gch1 Mus musculus GTP cyclohydrolase 1 (Gch1), mRNA. GTP-CH; GTPCH; Gch 

Cluster 2 Gdf10 Mus musculus growth differentiation factor 10 (Gdf10), 
mRNA. 
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Cluster 2 Gfpt2 Mus musculus glutamine fructose-6-phosphate 
transaminase 2 (Gfpt2), mRNA. 

GFAT2; AI480523 

Cluster 2 Gimap1 Mus musculus GTPase, IMAP family member 1 
(Gimap1), transcript variant 1, mRNA. 

imap; IAP38; Imap38 

Cluster 2 Gimap6 Mus musculus GTPase, IMAP family member 6 
(Gimap6), mRNA. 

FLJ00102; MGC41522; 
Ian6; mFLJ00102; 

Cluster 2 Gja1 Mus musculus gap junction membrane channel protein 
alpha 1 (Gja1), mRNA. 

Npm1; Cx43; AU042049; 
AW546267; Cnx43; 

Cluster 2 Gja4 Mus musculus gap junction protein, alpha 4 (Gja4), 
mRNA. 

AW558810; Cx37; 
AU020209; Cnx37; Gja-4 

Cluster 2 Gja5 Mus musculus gap junction membrane channel protein 
alpha 5 (Gja5), mRNA. 

Cnx40; Gja-5; Cx40; 
5730555N10Rik 

Cluster 2 Gja5 Mus musculus gap junction membrane channel protein 
alpha 5 (Gja5), mRNA. 

Cnx40; Gja-5; Cx40; 
5730555N10Rik 

Cluster 2 Gja5 Mus musculus gap junction membrane channel protein 
alpha 5 (Gja5), mRNA. 

Cnx40; Gja-5; Cx40; 
5730555N10Rik 

Cluster 2 Glrx Mus musculus glutaredoxin (Glrx), mRNA. D13Wsu156e; Glrx1; 
C86710 

Cluster 2 Gngt2 Mus musculus guanine nucleotide binding protein (G 
protein), gamma transducing activity polypeptide 2 
(Gngt2), transcript variant 2, mRNA. 

AV096488 

Cluster 2 Gpihbp1 Mus musculus GPI-anchored HDL-binding protein 1 
(Gpihbp1), mRNA. 

1110002J19Rik; GPI-HBP1 

Cluster 2 Gpihbp1 Mus musculus GPI-anchored HDL-binding protein 1 
(Gpihbp1), mRNA. 

1110002J19Rik; GPI-HBP1 

Cluster 2 Gpr23     

Cluster 2 Grasp     

Cluster 2 H2-D1 Mus musculus histocompatibility 2, D region locus 1 (H2-
D1), mRNA. 

MHC B7.2; H2-D; H-2D 

Cluster 2 H2-D1 Mus musculus histocompatibility 2, D region locus 1 (H2-
D1), mRNA. 

MHC B7.2; H2-D; H-2D 

Cluster 2 Hba-a1 Mus musculus hemoglobin alpha, adult chain 1 (Hba-a1), 
mRNA. 

Hba1 

Cluster 2 Hbb-b1 Mus musculus hemoglobin, beta adult major chain (Hbb-
b1), mRNA. 

AA409645 

Cluster 2 Hbb-b1     

Cluster 2 Hbb-b1     

Cluster 2 Hbb-b1     

Cluster 2 Hbb-b1     

Cluster 2 Hbb-b1 Mus musculus hemoglobin, beta adult major chain (Hbb-
b1), mRNA. 

AA409645 

Cluster 2 Hbb-b1 Mus musculus hemoglobin, beta adult major chain (Hbb-
b1), mRNA. 

AA409645 

Cluster 2 Hbb-b1 Mus musculus hemoglobin, beta adult major chain (Hbb-
b1), mRNA. 

AA409645 

Cluster 2 Hbb-b1     

Cluster 2 Hes1 Mus musculus hairy and enhancer of split 1 (Drosophila) 
(Hes1), mRNA. 

Hry 

Cluster 2 Hey1 Mus musculus hairy/enhancer-of-split related with YRPW 
motif 1 (Hey1), mRNA. 

AI316788; HRT1; Hesr1; 
hesr-1; Herp2; AI414254 

Cluster 2 Hhex Mus musculus hematopoietically expressed homeobox 
(Hhex), mRNA. 

Prhx; Prh; Hex; Hhex-rs2 

Cluster 2 Hlx Mus musculus H2.0-like homeobox (Hlx), mRNA. Hlx1; Hlx 

Cluster 2 Hspg2     

Cluster 2 Hspg2 PREDICTED: Mus musculus perlecan (heparan sulfate 
proteoglycan 2) (Hspg2), mRNA. 

  

Cluster 2 Icam1 Mus musculus intercellular adhesion molecule 1 (Icam1), 
mRNA. 

Icam-1; MGC6195; Ly-47; 
MALA -2; CD54 

Cluster 2 Icam2 Mus musculus intercellular adhesion molecule 2 (Icam2), 
mRNA. 

Icam-2; CD102; Ly-60 

Cluster 2 Ifitm3 Mus musculus interferon induced transmembrane protein 
3 (Ifitm3), mRNA. 

mil-1; 1110004C05Rik; 
Cdw217; Fgls; IP15; Cd225 

Cluster 2 Igfbp4 Mus musculus insulin-like growth factor binding protein 4 
(Igfbp4), mRNA. 

Deb2; IGFBP-4; AI875747 

Cluster 2 Igfbp4     

Cluster 2 Il27ra Mus musculus interleukin 27 receptor, alpha (Il27ra), 
mRNA. 

Tccr; WSX-1; IL-27R; 
zcytor1; Wsx1; CRL1 

Cluster 2 Irf1 Mus musculus interferon regulatory factor 1 (Irf1), 
mRNA. 

AU020929; Irf-1 
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Cluster 2 Irf1 Mus musculus interferon regulatory factor 1 (Irf1), 
mRNA. 

AU020929; Irf-1 

Cluster 2 Irf2 Mus musculus interferon regulatory factor 2 (Irf2), 
mRNA. 

MGC117893; Irf-2; 
9830146E22Rik; AI646973 

Cluster 2 Iscu Mus musculus IscU iron-sulfur cluster scaffold homolog 
(E. coli) (Iscu), mRNA. 

2310020H20Rik; Nifu; 
AA407971; Nifun 

Cluster 2 Itga2 Mus musculus integrin alpha 2 (Itga2), mRNA. CD49B; DX5 

Cluster 2 Itpkb     

Cluster 2 Itpripl2 Mus musculus inositol 1,4,5-triphosphate receptor 
interacting protein-like 2 (Itpripl2), mRNA. 

C130081G24 

Cluster 2 Itpripl2 Mus musculus inositol 1,4,5-triphosphate receptor 
interacting protein-like 2 (Itpripl2), mRNA. 

C130081G24 

Cluster 2 Junb Mus musculus Jun-B oncogene (Junb), mRNA.   

Cluster 2 Kctd17 Mus musculus potassium channel tetramerisation domain 
containing 17 (Kctd17), mRNA. 

N28155; AA414907; 
2900008M13Rik; 

Cluster 2 Kit     

Cluster 2 Klf7     

Cluster 2 Klf7     

Cluster 2 Klf7 Mus musculus Kruppel-like factor 7 (ubiquitous) (Klf7), 
mRNA. 

9830124P08Rik 

Cluster 2 Klk8 Mus musculus kallikrein related-peptidase 8 (Klk8), 
mRNA. 

Prss19; Nrpn; BSP1 

Cluster 2 Lamc1 Mus musculus laminin, gamma 1 (Lamc1), mRNA. Lamb2 

Cluster 2 Laptm5 Mus musculus lysosomal-associated protein 
transmembrane 5 (Laptm5), mRNA. 

E3 

Cluster 2 Ldb2     

Cluster 2 Ldb2 Mus musculus LIM domain binding 2 (Ldb2), transcript 
variant 2, mRNA. 

CLP-36; AW146358; 
AI035351; CLIM1; Ldb3 

Cluster 2 Limch1 Mus musculus LIM and calponin homology domains 1 
(Limch1), mRNA. 

3732412D22Rik; 
mKIAA1102 

Cluster 2 Lmo2 Mus musculus LIM domain only 2 (Lmo2), mRNA. Rbtn2; Rhom-2; Rbtn-2; 
Ttg2 

Cluster 2 LOC100044204 PREDICTED: Mus musculus hypothetical protein 
LOC100044204 (LOC100044204), mRNA. 

  

Cluster 2 LOC100044934 PREDICTED: Mus musculus similar to cardiomyopathy 
associated 4 (LOC100044934), misc RNA. 

  

Cluster 2 LOC100045780 PREDICTED: Mus musculus similar to metalloprotease-
disintegrin meltrin beta (LOC100045780), mRNA. 

  

Cluster 2 LOC100045864 PREDICTED: Mus musculus similar to HLA-G protein 
(LOC100045864), misc RNA. 

  

Cluster 2 LOC100046963 PREDICTED: Mus musculus similar to 
phosphoglucomutase 5 (LOC100046963), mRNA. 

  

Cluster 2 LOC100047261 PREDICTED: Mus musculus similar to 
spermidine/spermine N1-acetyltransferase 
(LOC100047261), misc RNA. 

  

Cluster 2 LOC100047749 PREDICTED: Mus musculus similar to cAMP-specific 
cyclic nucleotide phosphodiesterase PDE8; MMPDE8 
(LOC100047749), mRNA. 

  

Cluster 2 LOC100047863 PREDICTED: Mus musculus similar to lymphocyte-
specific adaptor protein Lnk (LOC100047863), mRNA. 

  

Cluster 2 LOC100048710 PREDICTED: Mus musculus hypothetical protein 
LOC100048710 (LOC100048710), mRNA. 

  

Cluster 2 LOC245892     

Cluster 2 LOC676420 PREDICTED: Mus musculus similar to ceramide kinases 
(LOC676420), misc RNA. 

  

Cluster 2 LOC676640 PREDICTED: Mus musculus similar to neuron navigator 
3, transcript variant 5 (LOC676640), mRNA. 

  

Cluster 2 Lrrc33 Mus musculus leucine rich repeat containing 33 (Lrrc33), 
mRNA. 

MGC36838; Lrcc33; 
E430025L02Rik 

Cluster 2 Lrrfip1 Mus musculus leucine rich repeat (in FLII) interacting 
protein 1 (Lrrfip1), mRNA. 

AU024550; Fliiap1 

Cluster 2 Ltbp3 Mus musculus latent transforming growth factor beta 
binding protein 3 (Ltbp3), mRNA. 

Ltbp2; mFLJ00070 

Cluster 2 Ltbp4 Mus musculus latent transforming growth factor beta 
binding protein 4 (Ltbp4), mRNA. 

2310046A13Rik 

Cluster 2 Ltbp4 Mus musculus latent transforming growth factor beta 
binding protein 4 (Ltbp4), mRNA. 

2310046A13Rik 

Cluster 2 Lum Mus musculus lumican (Lum), mRNA. SLRR2D; Ldc 

Cluster 2 Map3k11 Mus musculus mitogen-activated protein kinase kinase 
kinase 11 (Map3k11), mRNA. 

Mlk3; SPRK; PTK1; 
2610017K16Rik 
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Cluster 2 Matn4 Mus musculus matrilin 4 (Matn4), mRNA. matrilin-4 

Cluster 2 Mef2c Mus musculus myocyte enhancer factor 2C (Mef2c), 
mRNA. 

AV011172; 
5430401D19Rik; 

Cluster 2 Meox1 Mus musculus mesenchyme homeobox 1 (Meox1), 
mRNA. 

Mox1; D330041M02Rik; 
AI385561; Mox-1 

Cluster 2 Meox2 Mus musculus mesenchyme homeobox 2 (Meox2), 
mRNA. 

Mox2; AI528662; Mox-2; 
Gax 

Cluster 2 Mfng Mus musculus MFNG O-fucosylpeptide 3-beta-N-
acetylglucosaminyltransferase (Mfng), mRNA. 

AW546563 

Cluster 2 Mgp Mus musculus matrix Gla protein (Mgp), mRNA. Mglap 

Cluster 2 Mid2 Mus musculus midline 2 (Mid2), mRNA. Trim1; FXY2 

Cluster 2 Mmp15 Mus musculus matrix metallopeptidase 15 (Mmp15), 
mRNA. XM_001002221 

MT2-MMP; AI503551 

Cluster 2 Mmp2 Mus musculus matrix metallopeptidase 2 (Mmp2), 
mRNA. 

Clg4a; GelA; MMP-2 

Cluster 2 Mmrn2 Mus musculus multimerin 2 (Mmrn2), mRNA. EndoGlyx-1; AA986839; 
ENDOGLYX1; Emilin3; 

Cluster 2 Moxd1 Mus musculus monooxygenase, DBH-like 1 (Moxd1), 
mRNA. 

MNCb-5203; 
3230402N08Rik 

Cluster 2 Mt1 Mus musculus metallothionein 1 (Mt1), mRNA. MT-I; Mt-1 

Cluster 2 Mtus1 Mus musculus mitochondrial tumor suppressor 1 (Mtus1), 
nuclear gene encoding mitochondrial protein, transcript 
variant 3, mRNA. 

MGC115798; 
B430305I03Rik; C85752; 

Cluster 2 Myadm Mus musculus myeloid-associated differentiation marker 
(Myadm), mRNA. 

D7Wsu62e 

Cluster 2 Myd116 Mus musculus myeloid differentiation primary response 
gene 116 (Myd116), mRNA. 

9630030H21 

Cluster 2 Myd88 Mus musculus myeloid differentiation primary response 
gene 88 (Myd88), mRNA. 

  

Cluster 2 Myo1e     

Cluster 2 Nav1 Mus musculus neuron navigator 1 (Nav1), mRNA. POMFIL3; unc53H1; 
9530089B19; 

Cluster 2 Nav1 Mus musculus neuron navigator 1 (Nav1), mRNA. POMFIL3; unc53H1; 
9530089B19; 

Cluster 2 Nav1     

Cluster 2 Nes Mus musculus nestin (Nes), mRNA. C78523; ESTM46; 
AA166324 

Cluster 2 Nfatc1 Mus musculus nuclear factor of activated T-cells, 
cytoplasmic, calcineurin-dependent 1 (Nfatc1), transcript 
variant 2, mRNA. 

NFATc; NFAT2; 
2210017P03Rik; 

Cluster 2 Nfix Mus musculus nuclear factor I/X (Nfix), transcript variant 
2, mRNA. XM_921228 XM_921240 XM_921250 
XM_921261 XM_921270 XM_921288 XM_921293 

  

Cluster 2 Nfix Mus musculus nuclear factor I/X (Nfix), transcript variant 
3, mRNA. 

  

Cluster 2 Nfkbia Mus musculus nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor, alpha (Nfkbia), 
mRNA. 

Nfkbi; AI462015 

Cluster 2 Nfkbiz Mus musculus nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor, zeta (Nfkbiz), mRNA. 

AA408868; Mail; INAP 

Cluster 2 Nid1 Mus musculus nidogen 1 (Nid1), mRNA. A630025O17; Nid; nidogen-
1; entactin; entactin-1 

Cluster 2 Nos3 Mus musculus nitric oxide synthase 3, endothelial cell 
(Nos3), mRNA. 

eNOS; Nos-3; ecNOS; 
2310065A03Rik 

Cluster 2 Nos3 Mus musculus nitric oxide synthase 3, endothelial cell 
(Nos3), mRNA. 

eNOS; Nos-3; ecNOS; 
2310065A03Rik 

Cluster 2 Nos3 Mus musculus nitric oxide synthase 3, endothelial cell 
(Nos3), mRNA. 

eNOS; Nos-3; ecNOS; 
2310065A03Rik 

Cluster 2 Notch1 Mus musculus Notch gene homolog 1 (Drosophila) 
(Notch1), mRNA. 

Tan1; Mis6; 
9930111A19Rik; lin-12 

Cluster 2 Notch4 Mus musculus Notch gene homolog 4 (Drosophila) 
(Notch4), mRNA. 

Int3; Int-3 

Cluster 2 Nrarp Mus musculus Notch-regulated ankyrin repeat protein 
(Nrarp), mRNA. 

2700054M22Rik 

Cluster 2 Nup210 Mus musculus nucleoporin 210 (Nup210), mRNA. Pom210; 9830001L10; 
gp210; AI836801; gp190 

Cluster 2 Ogn Mus musculus osteoglycin (Ogn), mRNA. OG; SLRR3A; mimecan; 
3110079A16Rik; mimican; 

Cluster 2 Orai1 Mus musculus ORAI calcium release-activated calcium 
modulator 1 (Orai1), mRNA. 

orai-1; D730049H07Rik; 
Orai1 

Cluster 2 Ostf1 Mus musculus osteoclast stimulating factor 1 (Ostf1), 
mRNA. 

C78236; SH3P2; Sh3d3 

Cluster 2 Palm Mus musculus paralemmin (Palm), mRNA. mKIAA0270 

Cluster 2 Pcdh12 Mus musculus protocadherin 12 (Pcdh12), mRNA. VE-cad-2; Pcdh14 
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Cluster 2 Pcdh17 Mus musculus protocadherin 17 (Pcdh17), mRNA. Gm78; C030033F14Rik 

Cluster 2 Pcsk6 PREDICTED: Mus musculus proprotein convertase 
subtilisin/kexin type 6, transcript variant 4 (Pcsk6), 
mRNA. 

  

Cluster 2 Pde2a Mus musculus phosphodiesterase 2A, cGMP-stimulated 
(Pde2a), mRNA. 

MGC102210 

Cluster 2 Pdgfb     

Cluster 2 Pea15     

Cluster 2 Pecam1 Mus musculus platelet/endothelial cell adhesion molecule 
1 (Pecam1), transcript variant 1, mRNA. 

MGC102160; Cd31; Pecam; 
PECAM-1 

Cluster 2 Pecam1 Mus musculus platelet/endothelial cell adhesion molecule 
1 (Pecam1), transcript variant 2, mRNA. 

MGC102160; Cd31; Pecam; 
PECAM-1 

Cluster 2 Phlda1 Mus musculus pleckstrin homology-like domain, family 
A, member 1 (Phlda1), mRNA. 

TDAG51; Tdag; DT1P1B11 

Cluster 2 Pik3r1 Mus musculus phosphatidylinositol 3-kinase, regulatory 
subunit, polypeptide 1 (p85 alpha) (Pik3r1), transcript 
variant 1, mRNA. 

p55alpha; AA414921; PI3K; 
p50alpha; p85alpha; 

Cluster 2 Pik3r1 Mus musculus phosphatidylinositol 3-kinase, regulatory 
subunit, polypeptide 1 (p85 alpha) (Pik3r1), transcript 
variant 2, mRNA. 

p55alpha; AA414921; PI3K; 
p50alpha; p85alpha; 

Cluster 2 Pkig Mus musculus protein kinase inhibitor, gamma (Pkig), 
transcript variant 1, mRNA. 

PKIgamma 

Cluster 2 Pla1a Mus musculus phospholipase A1 member A (Pla1a), 
mRNA. 

Ps-pla1; Pspla1; AA986889 

Cluster 2 Plcd1     

Cluster 2 Plekha1 Mus musculus pleckstrin homology domain containing, 
family A (phosphoinositide binding specific) member 1 
(Plekha1), mRNA. 

C920009D07Rik; TAPP1; 
AA960558 

Cluster 2 Plk2 Mus musculus polo-like kinase 2 (Drosophila) (Plk2), 
mRNA. 

Snk 

Cluster 2 Plxna2 Mus musculus plexin A2 (Plxna2), mRNA. 2810428A13Rik; 
mKIAA0463; AA589422; 

Cluster 2 Plxnd1 Mus musculus plexin D1 (Plxnd1), mRNA. 6230425C21Rik 

Cluster 2 Pnpla2 Mus musculus patatin-like phospholipase domain 
containing 2 (Pnpla2), mRNA. 

Atgl; TTS-2.2; 
0610039C21Rik; 

Cluster 2 Pon2 Mus musculus paraoxonase 2 (Pon2), mRNA. MGC68232; AI481612; 
6330405I24Rik 

Cluster 2 Ppap2a Mus musculus phosphatidic acid phosphatase 2a 
(Ppap2a), transcript variant 1, mRNA. 

LPP-1; Hic53; LPP1; 
Hpic53; mPAP 

Cluster 2 Ppbp Mus musculus pro-platelet basic protein (Ppbp), mRNA. AI854500; Cxcl7; b-TG1; 
TGB; LA-PF4; NAP-2-L1; 

Cluster 2 Ppm1f Mus musculus protein phosphatase 1F (PP2C domain 
containing) (Ppm1f), mRNA. 

4933427B07Rik; 
CaMKPase; 

Cluster 2 Ppp1r2 Mus musculus protein phosphatase 1, regulatory 
(inhibitor) subunit 2 (Ppp1r2), mRNA. 

0610025N14Rik; IPP-2; 
4930440J04Rik; 

Cluster 2 Ppp1r3c Mus musculus protein phosphatase 1, regulatory 
(inhibitor) subunit 3C (Ppp1r3c), mRNA. 

PTG; Ppp1r5 

Cluster 2 Pqlc1 Mus musculus PQ loop repeat containing 1 (Pqlc1), 
mRNA. 

C78974; 5730564E11Rik; 
2310009N05Rik; 

Cluster 2 Prcp Mus musculus prolylcarboxypeptidase (angiotensinase C) 
(Prcp), mRNA. 

HUMPCP; PCP; 
2610104A14Rik; 

Cluster 2 Prkch Mus musculus protein kinase C, eta (Prkch), mRNA. Pkch 

Cluster 2 Prkd2 Mus musculus protein kinase D2 (Prkd2), mRNA. AI325941; PKD2 

Cluster 2 Prnp Mus musculus prion protein (Prnp), mRNA. CD230; AI325101; Prn-i; 
PrP<C>; PrPSc; Prn-p; Sinc; 

Cluster 2 Pros1 Mus musculus protein S (alpha) (Pros1), mRNA. AW214361 

Cluster 2 Pscd3 Mus musculus pleckstrin homology, Sec7 and coiled-coil 
domains 3 (Pscd3), mRNA. 

AI648983; mKIAA4241; 
KIAA4241; Grp1 

Cluster 2 Ptp4a3 Mus musculus protein tyrosine phosphatase 4a3 (Ptp4a3), 
mRNA. 

AV088979; Prl-3; pPtp4a3; 
Ptp4a3 

Cluster 2 Ptprm     

Cluster 2 Ptrf Mus musculus polymerase I and transcript release factor 
(Ptrf), mRNA. 

MGC118550; AW546441; 
2310075E07Rik 

Cluster 2 Rab11fip5 Mus musculus RAB11 family interacting protein 5 (class 
I) (Rab11fip5), transcript variant 1, mRNA. 

RIP11; C75969; D6Ertd32e; 
mKIAA0857; GAF1; 

Cluster 2 Rab11fip5 Mus musculus RAB11 family interacting protein 5 (class 
I) (Rab11fip5), transcript variant 1, mRNA. 

RIP11; C75969; D6Ertd32e; 
mKIAA0857; GAF1; 

Cluster 2 Rabac1 Mus musculus Rab acceptor 1 (prenylated) (Rabac1), 
mRNA. 

PRA1; prenylin; 
2310040I06Rik; Gbpap1 

Cluster 2 Ramp2 Mus musculus receptor (calcitonin) activity modifying 
protein 2 (Ramp2), mRNA. 

  

Cluster 2 Rapgef1 Mus musculus Rap guanine nucleotide exchange factor 
(GEF) 1 (Rapgef1), transcript variant 2, mRNA. 

C3G; 4932418O06Rik; Grf2 
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Cluster 2 Rapgef5 Mus musculus Rap guanine nucleotide exchange factor 
(GEF) 5 (Rapgef5), mRNA. 

4932413M22; C86120; 
D030051B22Rik; GFR; 

Cluster 2 Rapgef5     

Cluster 2 Rasgrp3 Mus musculus RAS, guanyl releasing protein 3 (Rasgrp3), 
mRNA. 

MGC74365; Gm327; 
BC066069; MGC79207 

Cluster 2 Rasip1 Mus musculus Ras interacting protein 1 (Rasip1), mRNA. MGC150078; 
2610025P08Rik; AI853551; 

Cluster 2 Rftn2 Mus musculus raftlin family member 2 (Rftn2), mRNA. 
XM_920263 XM_986521 XM_986556 XM_986596 
XM_986637 XM_986673 

3222401M22Rik; 
KIAA0084; 2700010E02Rik 

Cluster 2 Rgl2 Mus musculus ral guanine nucleotide dissociation 
stimulator-like 2 (Rgl2), mRNA. 

Rab2l; Rgt2; Rlf; KE1.5 

Cluster 2 Rgs16 Mus musculus regulator of G-protein signaling 16 
(Rgs16), mRNA. 

Rgsr; Rgs14 

Cluster 2 Rhoj Mus musculus ras homolog gene family, member J 
(Rhoj), mRNA. 

Arhj; AW210585; TC10L; 
1110005O19Rik; TCL 

Cluster 2 Rnpep     

Cluster 2 Robo4 Mus musculus roundabout homolog 4 (Drosophila) 
(Robo4), mRNA. 

1200012D01Rik; AI593217 

Cluster 2 Rras Mus musculus Harvey rat sarcoma oncogene, subgroup R 
(Rras), mRNA. 

MGC129444; MGC129445; 
AI573426 

Cluster 2 S100a1 Mus musculus S100 calcium binding protein A1 
(S100a1), mRNA. 

S100; AI266795; S100a 

Cluster 2 S100a13 Mus musculus S100 calcium binding protein A13 
(S100a13), mRNA. 

  

Cluster 2 S100a16 Mus musculus S100 calcium binding protein A16 
(S100a16), mRNA. 

DT1P1A7; S100F; 
AI663996; AI325039; 

Cluster 2 Samsn1 Mus musculus SAM domain, SH3 domain and nuclear 
localization signals, 1 (Samsn1), mRNA. 

Hacs1; 4930571B16Rik; 
930571B16Rik 

Cluster 2 Scarf1 Mus musculus scavenger receptor class F, member 1 
(Scarf1), mRNA. 

SREC-I; AA986099; 
KIAA0149; mKIAA0149; 

Cluster 2 scl0002507.1_236     

Cluster 2 Sct Mus musculus secretin (Sct), mRNA.   

Cluster 2 Sdc3 Mus musculus syndecan 3 (Sdc3), mRNA. MGC65603; syn-3; Synd3; 
mKIAA0468; MGC69616 

Cluster 2 Sdcbp Mus musculus syndecan binding protein (Sdcbp), mRNA. Sycl 

Cluster 2 Sdcbp2 Mus musculus syndecan binding protein (syntenin) 2 
(Sdcbp2), mRNA. 

MGC11704 

Cluster 2 Sema5a     

Cluster 2 Sema5a Mus musculus sema domain, seven thrombospondin 
repeats (type 1 and type 1-like), transmembrane domain 
(TM) and short cytoplasmic domain, (semaphorin) 5A 

Semaf; semF; 5930434A13; 
9130201M22Rik; AI464145 

Cluster 2 Sema6b PREDICTED: Mus musculus sema domain, 
transmembrane domain (TM), and cytoplasmic domain, 
(semaphorin) 6B (Sema6b), mRNA. 

  

Cluster 2 Serpine2     

Cluster 2 Sgk1 Mus musculus serum/glucocorticoid regulated kinase 1 
(Sgk1), mRNA. 

Sgk1 

Cluster 2 Sh3tc1 Mus musculus SH3 domain and tetratricopeptide repeats 1 
(Sh3tc1), mRNA. 

MGC67153; 4631428G15; 
BC024909 

Cluster 2 Shank3     

Cluster 2 She Mus musculus src homology 2 domain-containing 
transforming protein E (She), mRNA. 

MGC130415; 9430022A14 

Cluster 2 Slc12a2 Mus musculus solute carrier family 12, member 2 
(Slc12a2), mRNA. 

sy-ns; Nkcc1; mBSC2 

Cluster 2 Slc12a2 Mus musculus solute carrier family 12, member 2 
(Slc12a2), mRNA. 

sy-ns; Nkcc1; mBSC2 

Cluster 2 Slc24a3 Mus musculus solute carrier family 24 
(sodium/potassium/calcium exchanger), member 3 
(Slc24a3), mRNA. 

NCKX3 

Cluster 2 Slc25a45 Mus musculus solute carrier family 25, member 45 
(Slc25a45), mRNA. 

AW491445 

Cluster 2 Smarca2 Mus musculus SWI/SNF related, matrix associated, actin 
dependent regulator of chromatin, subfamily a, member 2 
(Smarca2), transcript variant 1, mRNA. 

SNF2alpha; brahma; Snf2l2; 
brm; 2610209L14Rik 

Cluster 2 Sobp Mus musculus sine oculis-binding protein homolog 
(Drosophila) (Sobp), mRNA. 

MGC67344; 
2900009C16Rik; 

Cluster 2 Sox17 Mus musculus SRY-box containing gene 17 (Sox17), 
mRNA. 

Sox 

Cluster 2 Sox18 Mus musculus SRY-box containing gene 18 (Sox18), 
mRNA. 

Ragl; Ra; AI385749 

Cluster 2 Sox7 Mus musculus SRY-box containing gene 7 (Sox7), 
mRNA. 

  

Cluster 2 Sox7 Mus musculus SRY-box containing gene 7 (Sox7), 
mRNA. 
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Cluster 2 Srpx2 Mus musculus sushi-repeat-containing protein, X-linked 2 
(Srpx2), transcript variant 2, mRNA. 

SRP; SRPUL; 
1110039C07Rik 

Cluster 2 St8sia4 Mus musculus ST8 alpha-N-acetyl-neuraminide alpha-
2,8-sialyltransferase 4 (St8sia4), mRNA. 

Siat8d; PST; ST8SiaIV; 
PST-1 

Cluster 2 Stab1 Mus musculus stabilin 1 (Stab1), mRNA. KIAA0246; STAB-1; MS-1; 
mKIAA0246; FEEL-1 

Cluster 2 Stc1 Mus musculus stanniocalcin 1 (Stc1), mRNA. Stc 

Cluster 2 Susd2 Mus musculus sushi domain containing 2 (Susd2), 
mRNA. 

1200011D11Rik 

Cluster 2 Sypl Mus musculus synaptophysin-like protein (Sypl), 
transcript variant 1, mRNA. 

AI314763; Pphn; Pan I; 
AI604763; D12Ertd446e 

Cluster 2 Tagln2 Mus musculus transgelin 2 (Tagln2), mRNA. 2700094C18Rik; Sm22a; 
KIAA0120; Sm22B; 

Cluster 2 Tcea3     

Cluster 2 Tcf15 Mus musculus transcription factor 15 (Tcf15), mRNA. Meso1; bHLH-EC2 

Cluster 2 Tcf4 Mus musculus transcription factor 4 (Tcf4), transcript 
variant 1, mRNA. 

SEF2; ITF2; SEF-2; Tcf-4; 
ASP-I2; ITF-2; MITF-2B; 

Cluster 2 Tdrd7 Mus musculus tudor domain containing 7 (Tdrd7), 
mRNA. 

MGC36668; 
5730495N10Rik; 

Cluster 2 Tgfb1i1 Mus musculus transforming growth factor beta 1 induced 
transcript 1 (Tgfb1i1), mRNA. 

TSC-5; hic-5; Hic5; ARA55 

Cluster 2 Tgfb1i1 Mus musculus transforming growth factor beta 1 induced 
transcript 1 (Tgfb1i1), mRNA. 

TSC-5; hic-5; Hic5; ARA55 

Cluster 2 Tgfbr2 Mus musculus transforming growth factor, beta receptor 
II (Tgfbr2), transcript variant 1, mRNA. 

1110020H15Rik; 
AU042018; TbetaRII; 

Cluster 2 Tgfbr3 Mus musculus transforming growth factor, beta receptor 
III (Tgfbr3), mRNA. 

TBRIII; AU015626; 
AW215636; 

Cluster 2 Thbs2 Mus musculus thrombospondin 2 (Thbs2), mRNA. Thbs-2; TSP2 

Cluster 2 Thsd1     

Cluster 2 Thsd1 Mus musculus thrombospondin, type I, domain 1 (Thsd1), 
mRNA. 

Tmtsp; 4833423O18Rik; 
AW121720 

Cluster 2 Timp3 Mus musculus tissue inhibitor of metalloproteinase 3 
(Timp3), mRNA. 

Timp-3 

Cluster 2 Tmem204 Mus musculus transmembrane protein 204 (Tmem204), 
mRNA. 

  

Cluster 2 Tmem44 Mus musculus transmembrane protein 44 (Tmem44), 
mRNA. 

B230220N21; 
9330161C17Rik; 

Cluster 2 Tnc Mus musculus tenascin C (Tnc), mRNA. TN; AI528729; tenascin-C; 
TN-C; Hxb; Ten; 

Cluster 2 Tnc     

Cluster 2 Tnfrsf21 Mus musculus tumor necrosis factor receptor superfamily, 
member 21 (Tnfrsf21), mRNA. 

R74815; AA959878; TR7; 
DR6 

Cluster 2 Tnxb Mus musculus tenascin XB (Tnxb), mRNA. Tnx; tenascin-X 

Cluster 2 Tnxb Mus musculus tenascin XB (Tnxb), mRNA. Tnx; tenascin-X 

Cluster 2 Tnxb Mus musculus tenascin XB (Tnxb), mRNA. Tnx; tenascin-X 

Cluster 2 Tsc22d3 Mus musculus TSC22 domain family, member 3 
(Tsc22d3), transcript variant 1, mRNA. 

DIP; Gilz; Dsip1; Tilz3; 
TSC-22R 

Cluster 2 Tspan18 Mus musculus tetraspanin 18 (Tspan18), mRNA. 2610042G18Rik; 
BB226562; 6720430O15 

Cluster 2 Tspan18 Mus musculus tetraspanin 18 (Tspan18), mRNA. 2610042G18Rik; 
BB226562; 6720430O15 

Cluster 2 Tubb2b Mus musculus tubulin, beta 2b (Tubb2b), mRNA. 2410129E14Rik 

Cluster 2 Ubl3 Mus musculus ubiquitin-like 3 (Ubl3), mRNA. HCG; AW108023 

Cluster 2 Unc45b Mus musculus unc-45 homolog B (C. elegans) (Unc45b), 
mRNA. 

Cmya4; Unc45; 
MGC91090; AA445617; 

Cluster 2 Upp1 Mus musculus uridine phosphorylase 1 (Upp1), mRNA. UdRPase; Upp; UPase; 
AI325217; Up 

Cluster 2 Upp1 Mus musculus uridine phosphorylase 1 (Upp1), mRNA. UdRPase; Upp; UPase; 
AI325217; Up 

Cluster 2 Upp1 Mus musculus uridine phosphorylase 1 (Upp1), mRNA. UdRPase; Upp; UPase; 
AI325217; Up 

Cluster 2 Usp2 Mus musculus ubiquitin specific peptidase 2 (Usp2), 
transcript variant 2, mRNA. 

B930035K21Rik; Ubp41 

Cluster 2 Ybx3     

Cluster 2 Zeb1 Mus musculus zinc finger E-box binding homeobox 1 
(Zeb1), mRNA. 

Zfhx1a; MEB1; ZEB; 
[delta]EF1; 
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Cluster 2 Zfp36 Mus musculus zinc finger protein 36 (Zfp36), mRNA. Gos24; Tis11; Ttp; Nup475; 
TISII; TIS11D; Zfp-36 

Cluster 2 Zfp69 Mus musculus zinc finger protein 69 (Zfp69), mRNA. Gm1029; Zfp63; KRAB2 

Cluster 3 1110002E22Rik     

Cluster 3 1110018J23Rik     

Cluster 3 1300013J15Rik Mus musculus RIKEN cDNA 1300013J15 gene 
(1300013J15Rik), mRNA. 

RP23-451A6.3; AI036982 

Cluster 3 2810484G07Rik     

Cluster 3 3632451O06Rik Mus musculus RIKEN cDNA 3632451O06 gene 
(3632451O06Rik), mRNA. 

AU067705 

Cluster 3 5033414K04Rik Mus musculus RIKEN cDNA 5033414K04 gene 
(5033414K04Rik), mRNA. 

MGC90850 

Cluster 3 5430417L22Rik     

Cluster 3 9430028L06Rik Mus musculus RIKEN cDNA 9430028L06 gene 
(9430028L06Rik), mRNA. 

5930434P17 

Cluster 3 9430028L06Rik Mus musculus RIKEN cDNA 9430028L06 gene 
(9430028L06Rik), mRNA. 

5930434P17 

Cluster 3 9530058B02Rik Mus musculus RIKEN cDNA 9530058B02 gene 
(9530058B02Rik), mRNA. 

  

Cluster 3 A130092J06Rik Mus musculus RIKEN cDNA A130092J06 gene 
(A130092J06Rik), mRNA. 

RP23-55I14.8 

Cluster 3 Aco2 Mus musculus aconitase 2, mitochondrial (Aco2), nuclear 
gene encoding mitochondrial protein, mRNA. 

D10Wsu183e; Aco-2; Aco3 

Cluster 3 Acta1 Mus musculus actin, alpha 1, skeletal muscle (Acta1), 
mRNA. 

Acts; AA959943; Actsk-1; 
Acta-2 

Cluster 3 Acta2 Mus musculus actin, alpha 2, smooth muscle, aorta 
(Acta2), mRNA. 

0610041G09Rik; 
SMalphaA; a-SMA; Actvs 

Cluster 3 Acta2 Mus musculus actin, alpha 2, smooth muscle, aorta 
(Acta2), mRNA. 

0610041G09Rik; 
SMalphaA; a-SMA; Actvs 

Cluster 3 Acta2 Mus musculus actin, alpha 2, smooth muscle, aorta 
(Acta2), mRNA. 

0610041G09Rik; 
SMalphaA; a-SMA; Actvs 

Cluster 3 Acta2     

Cluster 3 Actc1 Mus musculus actin, alpha, cardiac muscle 1 (Actc1), 
mRNA. 

Actc-1 

Cluster 3 Actc1 Mus musculus actin, alpha, cardiac muscle 1 (Actc1), 
mRNA. 

Actc-1 

Cluster 3 Actn2 Mus musculus actinin alpha 2 (Actn2), mRNA. MGC107582; 
1110008F24Rik 

Cluster 3 Actn2     

Cluster 3 Adprhl1 Mus musculus ADP-ribosylhydrolase like 1 (Adprhl1), 
mRNA. 

D330008N11Rik; Arh2 

Cluster 3 Adprhl1 Mus musculus ADP-ribosylhydrolase like 1 (Adprhl1), 
mRNA. 

D330008N11Rik; Arh2 

Cluster 3 Adssl1 Mus musculus adenylosuccinate synthetase like 1 
(Adssl1), mRNA. 

Adss1; AI528595; Adss 

Cluster 3 Adssl1 Mus musculus adenylosuccinate synthetase like 1 
(Adssl1), mRNA. 

Adss1; AI528595; Adss 

Cluster 3 Alpk3 Mus musculus alpha-kinase 3 (Alpk3), mRNA. D330016D04; MAK; 
Midori; KIAA1330; 

Cluster 3 Ank3 Mus musculus ankyrin 3, epithelial (Ank3), transcript 
variant 6, mRNA. 

Ankyrin-3; AnkG; 
2900054D09Rik; AI314020; 

Cluster 3 Ankrd1 Mus musculus ankyrin repeat domain 1 (cardiac muscle) 
(Ankrd1), mRNA. 

Crap; CARP; Alrp 

Cluster 3 Ankrd1 Mus musculus ankyrin repeat domain 1 (cardiac muscle) 
(Ankrd1), mRNA. 

Crap; CARP; Alrp 

Cluster 3 Arhgef4 Mus musculus Rho guanine nucleotide exchange factor 
(GEF) 4 (Arhgef4), mRNA. 

9330140K16Rik; Asef 

Cluster 3 Arhgef6 Mus musculus Rac/Cdc42 guanine nucleotide exchange 
factor (GEF) 6 (Arhgef6), mRNA. 

4930592P22Rik; 
1700038J06Rik; 

Cluster 3 Asb2 Mus musculus ankyrin repeat and SOCS box-containing 2 
(Asb2), mRNA. 

1110008E15Rik 

Cluster 3 Atp2a2 Mus musculus ATPase, Ca++ transporting, cardiac 
muscle, slow twitch 2 (Atp2a2), mRNA. 

mKIAA4195; 
9530097L16Rik; SERCA2; 

Cluster 3 Atp2a2 Mus musculus ATPase, Ca++ transporting, cardiac 
muscle, slow twitch 2 (Atp2a2), mRNA. 

mKIAA4195; 
9530097L16Rik; SERCA2; 

Cluster 3 Bves     

Cluster 3 Bves     

Cluster 3 C130007D14     
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Cluster 3 Capzb Mus musculus capping protein (actin filament) muscle Z-
line, beta (Capzb), transcript variant 1, mRNA. 

1700120C01Rik; CPB2; 
CPbeta2; Cappb1; 

Cluster 3 Casq2 Mus musculus calsequestrin 2 (Casq2), mRNA. MGC115896; AW146219; 
AA033488; ESTM52 

Cluster 3 Ccdc3     

Cluster 3 Chchd10 Mus musculus coiled-coil-helix-coiled-coil-helix domain 
containing 10 (Chchd10), mRNA. 

1620401E04Rik; AI267078 

Cluster 3 Cited1 Mus musculus Cbp/p300-interacting transactivator with 
Glu/Asp-rich carboxy-terminal domain 1 (Cited1), 
mRNA. 

AI316840; Msg1; 
AU019144 

Cluster 3 Ckb Mus musculus creatine kinase, brain (Ckb), mRNA. B-CK; Ck-3 

Cluster 3 Ckm Mus musculus creatine kinase, muscle (Ckm), mRNA. MCK; M-CK; Ckmm 

Cluster 3 Col2a1 Mus musculus procollagen, type II, alpha 1 (Col2a1), 
mRNA. 

Col2a-1; MGC90638; 
Col2a; Del1; Dmm 

Cluster 3 Col2a1 Mus musculus procollagen, type II, alpha 1 (Col2a1), 
mRNA. 

Col2a-1; MGC90638; 
Col2a; Del1; Dmm 

Cluster 3 Cox6a2 Mus musculus cytochrome c oxidase, subunit VI a, 
polypeptide 2 (Cox6a2), nuclear gene encoding 
mitochondrial protein, mRNA. 

VIaH; COXVIaH 

Cluster 3 Cox7a1 Mus musculus cytochrome c oxidase, subunit VIIa 1 
(Cox7a1), mRNA. 

COX7AH; COX7A; 
COX7AM 

Cluster 3 Cox8b Mus musculus cytochrome c oxidase, subunit VIIIb 
(Cox8b), mRNA. 

COX8H; MGC107661 

Cluster 3 Cpeb3 Mus musculus cytoplasmic polyadenylation element 
binding protein 3 (Cpeb3), mRNA. 

KIAA0940; mKIAA0940; 
4831444O18Rik 

Cluster 3 Cpt1b Mus musculus carnitine palmitoyltransferase 1b, muscle 
(Cpt1b), mRNA. 

M-CPTI; Cpt1 

Cluster 3 Cpt1b Mus musculus carnitine palmitoyltransferase 1b, muscle 
(Cpt1b), mRNA. 

M-CPTI; Cpt1 

Cluster 3 Csrp2 Mus musculus cysteine and glycine-rich protein 2 
(Csrp2), mRNA. 

AW551867; SmLim; Crp2 

Cluster 3 Csrp3 Mus musculus cysteine and glycine-rich protein 3 
(Csrp3), mRNA. 

MMLP; MLP; CRP3 

Cluster 3 Csrp3 Mus musculus cysteine and glycine-rich protein 3 
(Csrp3), mRNA. 

MMLP; MLP; CRP3 

Cluster 3 Csrp3 Mus musculus cysteine and glycine-rich protein 3 
(Csrp3), mRNA. 

MMLP; MLP; CRP3 

Cluster 3 Cycs Mus musculus cytochrome c, somatic (Cycs), nuclear 
gene encoding mitochondrial protein, mRNA. 

  

Cluster 3 D330017J20Rik Mus musculus RIKEN cDNA D330017J20 gene 
(D330017J20Rik), transcript variant 2, mRNA. 
XM_899022 XM_909461 XM_921304 XM_921310 

FAM40B; mKIAA1170 

Cluster 3 Des Mus musculus desmin (Des), mRNA.   

Cluster 3 Dgkk Mus musculus diacylglycerol kinase kappa (Dgkk), 
mRNA. 

Gm360 

Cluster 3 Dscr1     

Cluster 3 Ednra Mus musculus endothelin receptor type A (Ednra), 
mRNA. 

Gpcr10; ET-AR; ETa 

Cluster 3 Eef1a2 Mus musculus eukaryotic translation elongation factor 1 
alpha 2 (Eef1a2), mRNA. 

S1; wst; wasted; Eef1a 

Cluster 3 Eef1a2 Mus musculus eukaryotic translation elongation factor 1 
alpha 2 (Eef1a2), mRNA. 

S1; wst; wasted; Eef1a 

Cluster 3 Emilin1     

Cluster 3 Eno3 Mus musculus enolase 3, beta muscle (Eno3), mRNA. Eno-3 

Cluster 3 ENSMUSG00000043795 PREDICTED: Mus musculus predicted gene, 
ENSMUSG00000043795 (ENSMUSG00000043795), 
mRNA. 

  

Cluster 3 ENSMUSG00000068790 Mus musculus predicted gene, ENSMUSG00000068790 
(ENSMUSG00000068790), mRNA. 

  

Cluster 3 Fabp3 Mus musculus fatty acid binding protein 3, muscle and 
heart (Fabp3), mRNA. 

Mdgi; Fabph4; Fabph-1; 
Fabph-4; H-FABP; Fabph1 

Cluster 3 Fam134b Mus musculus family with sequence similarity 134, 
member B (Fam134b), transcript variant 2, mRNA. 

AU015349 

Cluster 3 Fhl2 Mus musculus four and a half LIM domains 2 (Fhl2), 
mRNA. 

SLIM3; C76204 

Cluster 3 Fsd2 Mus musculus fibronectin type III and SPRY domain 
containing 2 (Fsd2), mRNA. 

Spryd1; 9830160G03Rik 

Cluster 3 Fstl4 Mus musculus follistatin-like 4 (Fstl4), mRNA. B230374F23Rik; 
KIAA1061; mKIAA1061 

Cluster 3 Gmpr Mus musculus guanosine monophosphate reductase 
(Gmpr), mRNA. 

2310004P21Rik; AV028449 

Cluster 3 Gpc1 Mus musculus glypican 1 (Gpc1), mRNA. AI462976 

Cluster 3 Gyg Mus musculus glycogenin (Gyg), mRNA. AU017667; Gyg1 
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Cluster 3 Hak-pending     

Cluster 3 Hic1 Mus musculus hypermethylated in cancer 1 (Hic1), 
transcript variant 1, mRNA. 

HIC-1; AA408311 

Cluster 3 Homer2     

Cluster 3 Hopx Mus musculus HOP homeobox (Hopx), mRNA. Obl; AW490897; Hdop; 
Cameo; 1200015P04Rik; 

Cluster 3 Hrc Mus musculus histidine rich calcium binding protein 
(Hrc), mRNA. 

  

Cluster 3 Hspb6 Mus musculus heat shock protein, alpha-crystallin-related, 
B6 (Hspb6), mRNA. 

Gm479; AA387366; Hsp20; 
MGC107687 

Cluster 3 Hspb7 Mus musculus heat shock protein family, member 7 
(cardiovascular) (Hspb7), mRNA. 

Hsp25-2; MGC107591; 
cvHsp; 27kDa 

Cluster 3 Idh3a Mus musculus isocitrate dehydrogenase 3 (NAD+) alpha 
(Idh3a), nuclear gene encoding mitochondrial protein, 
mRNA. 

AI316514; AA407078; 
1500012E04Rik; 

Cluster 3 Igfbp2 Mus musculus insulin-like growth factor binding protein 2 
(Igfbp2), mRNA. 

Igfbp-2; AI255832 

Cluster 3 Igfbpl1 Mus musculus insulin-like growth factor binding protein-
like 1 (Igfbpl1), mRNA. 

2810011G06Rik; 
2810453O06Rik; IGFBPL 

Cluster 3 Irx2 Mus musculus Iroquois related homeobox 2 (Drosophila) 
(Irx2), mRNA. 

MGC103290; IRX6 

Cluster 3 Itgb5 Mus musculus integrin beta 5 (Itgb5), mRNA. [b]5A; AA475909; [b]5B; 
[b]5; ESTM23; AI874634; 

Cluster 3 Kcne1 Mus musculus potassium voltage-gated channel, Isk-
related subfamily, member 1 (Kcne1), mRNA. 

Isk; MinK; nmf190 

Cluster 3 Lbh Mus musculus limb-bud and heart (Lbh), mRNA. 6720416L16Rik; 
1810009F10Rik 

Cluster 3 Lgi2 Mus musculus leucine-rich repeat LGI family, member 2 
(Lgi2), mRNA. 

mKIAA1916 

Cluster 3 Lmcd1 Mus musculus LIM and cysteine-rich domains 1 (Lmcd1), 
mRNA. 

MGC29184; AW455500; 
dyxin; AW553074 

Cluster 3 LOC547380 PREDICTED: Mus musculus similar to castor homolog 1, 
zinc finger (LOC547380), misc RNA. 

  

Cluster 3 Lyz Mus musculus lysozyme (Lyz), mRNA. Lzp-s 

Cluster 3 Man2b1 Mus musculus mannosidase 2, alpha B1 (Man2b1), 
mRNA. 

LAMAN; AW107687 

Cluster 3 Mb Mus musculus myoglobin (Mb), mRNA. AI325109 

Cluster 3 Mb Mus musculus myoglobin (Mb), mRNA. AI325109 

Cluster 3 Mfap4 Mus musculus microfibrillar-associated protein 4 
(Mfap4), mRNA. 

RP23-155J3.5; 
1110007F23Rik 

Cluster 3 Mfn2 Mus musculus mitofusin 2 (Mfn2), nuclear gene encoding 
mitochondrial protein, mRNA. XM_919144 XM_919157 
XM_919164 

D630023P19Rik; Fzo 

Cluster 3 Mgst3 Mus musculus microsomal glutathione S-transferase 3 
(Mgst3), mRNA. 

GST-III; 2010306B17Rik; 
2010012L10Rik; 

Cluster 3 Mlf1 Mus musculus myeloid leukemia factor 1 (Mlf1), 
transcript variant 1, mRNA. 

HLS7 

Cluster 3 Msc Mus musculus musculin (Msc), mRNA. MyoR 

Cluster 3 Mybpc3 Mus musculus myosin binding protein C, cardiac 
(Mybpc3), mRNA. 

  

Cluster 3 Mybphl Mus musculus myosin binding protein H-like (Mybphl), 
mRNA. 

RP23-27B23.6; 
MGC107699; 

Cluster 3 Myh6 Mus musculus myosin, heavy polypeptide 6, cardiac 
muscle, alpha (Myh6), mRNA. 

A830009F23Rik; Myhc-a; 
Myhca; MGC118706; 

Cluster 3 Myh7     

Cluster 3 Myh7 Mus musculus myosin, heavy polypeptide 7, cardiac 
muscle, beta (Myh7), mRNA. 

Myhc-b; Myhcb 

Cluster 3 Myh7 Mus musculus myosin, heavy polypeptide 7, cardiac 
muscle, beta (Myh7), mRNA. 

Myhc-b; Myhcb 

Cluster 3 Myl2 Mus musculus myosin, light polypeptide 2, regulatory, 
cardiac, slow (Myl2), mRNA. 

MLC-2v; Mylpc; MLC-2; 
Mlc2v 

Cluster 3 Myl3 Mus musculus myosin, light polypeptide 3 (Myl3), 
mRNA. 

Mylc; MLC1s; MLC1v; 
VLC1 

Cluster 3 Myl4 Mus musculus myosin, light polypeptide 4 (Myl4), 
mRNA. 

ALC1; AMLC; MLC1a; 
GT1; Myla; ELC; ELC1a 

Cluster 3 Mylpf Mus musculus myosin light chain, phosphorylatable, fast 
skeletal muscle (Mylpf), mRNA. 

2410014J02Rik; Mlc2; 
MLC-2 

Cluster 3 Myo18b PREDICTED: Mus musculus myosin XVIIIb (Myo18b), 
mRNA. 

  

Cluster 3 Myocd Mus musculus myocardin (Myocd), transcript variant A, 
mRNA. 

BSAC2A; Srfcp 

Cluster 3 Myocd Mus musculus myocardin (Myocd), transcript variant A, 
mRNA. 

BSAC2A; Srfcp 
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Cluster 3 Myom1 Mus musculus myomesin 1 (Myom1), transcript variant 1, 
mRNA. 

D430047A17Rik 

Cluster 3 Myom1 Mus musculus myomesin 1 (Myom1), mRNA. D430047A17Rik 

Cluster 3 Myoz2 Mus musculus myozenin 2 (Myoz2), mRNA. 1110012I24Rik; Myozl2 

Cluster 3 Ncam1 Mus musculus neural cell adhesion molecule 1 (Ncam1), 
transcript variant 2, mRNA. 

CD56; NCAM-140; NCAM-
1; NCAM-180; Ncam; 

Cluster 3 Ncam1 Mus musculus neural cell adhesion molecule 1 (Ncam1), 
transcript variant 1, mRNA. 

CD56; NCAM-140; NCAM-
1; NCAM-180; Ncam; 

Cluster 3 Nme7 Mus musculus non-metastatic cells 7, protein expressed in 
(nucleoside-diphosphate kinase) (Nme7), transcript 
variant 1, mRNA. 

Nm23-M7; 
D530024H21Rik; Nm23-r7 

Cluster 3 Nme7 Mus musculus non-metastatic cells 7, protein expressed in 
(nucleoside-diphosphate kinase) (Nme7), transcript 
variant 1, mRNA. 

Nm23-M7; 
D530024H21Rik; Nm23-r7 

Cluster 3 Nppa Mus musculus natriuretic peptide precursor type A 
(Nppa), mRNA. 

ANP; Pnd; Anf 

Cluster 3 Nppb Mus musculus natriuretic peptide precursor type B 
(Nppb), mRNA. 

AA408272; BNP 

Cluster 3 Nrap Mus musculus nebulin-related anchoring protein (Nrap), 
transcript variant 1, mRNA. 

  

Cluster 3 P2ry1 Mus musculus purinergic receptor P2Y, G-protein 
coupled 1 (P2ry1), mRNA. 

P2Y1 

Cluster 3 P2ry14 Mus musculus purinergic receptor P2Y, G-protein 
coupled, 14 (P2ry14), transcript variant 1, mRNA. 

P2Y14; Gpr105; 
A330108O13Rik 

Cluster 3 P2ry14 Mus musculus purinergic receptor P2Y, G-protein 
coupled, 14 (P2ry14), transcript variant 1, mRNA. 

P2Y14; Gpr105; 
A330108O13Rik 

Cluster 3 Pde1a Mus musculus phosphodiesterase 1A, calmodulin-
dependent (Pde1a), mRNA. 

MGC116577; AW125737; 
AI987702 

Cluster 3 Pdlim3 Mus musculus PDZ and LIM domain 3 (Pdlim3), mRNA. AI463105; Actn2lp; ALP 

Cluster 3 Pdlim3 Mus musculus PDZ and LIM domain 3 (Pdlim3), mRNA. AI463105; Actn2lp; ALP 

Cluster 3 Pfkp Mus musculus phosphofructokinase, platelet (Pfkp), 
mRNA. 

9330125N24Rik; PFK-C; 
1200015H23Rik 

Cluster 3 Pfkp Mus musculus phosphofructokinase, platelet (Pfkp), 
mRNA. 

9330125N24Rik; PFK-C; 
1200015H23Rik 

Cluster 3 Pgam2 Mus musculus phosphoglycerate mutase 2 (Pgam2), 
mRNA. 

  

Cluster 3 Pitx2 Mus musculus paired-like homeodomain transcription 
factor 2 (Pitx2), transcript variant 3, mRNA. 

solurshin; Munc30; Brx1a; 
Pitx2b; Brx1b; 

Cluster 3 Pln Mus musculus phospholamban (Pln), mRNA. PLB 

Cluster 3 Plvap Mus musculus plasmalemma vesicle associated protein 
(Plvap), mRNA. 

PV-1; MECA32 

Cluster 3 Popdc2 Mus musculus popeye domain containing 2 (Popdc2), 
transcript variant 2, mRNA. 

Pop2; AV006127 

Cluster 3 Popdc2 Mus musculus popeye domain containing 2 (Popdc2), 
transcript variant 2, mRNA. 

Pop2; AV006127 

Cluster 3 Ppargc1a Mus musculus peroxisome proliferative activated 
receptor, gamma, coactivator 1 alpha (Ppargc1a), mRNA. 

PGC-1; A830037N07Rik; 
Pgc1; Pgc-1alpha; Pgco1; 

Cluster 3 Ppp1r1a Mus musculus protein phosphatase 1, regulatory 
(inhibitor) subunit 1A (Ppp1r1a), mRNA. 

0610038N18Rik; I-1 

Cluster 3 Prkaa2 Mus musculus protein kinase, AMP-activated, alpha 2 
catalytic subunit (Prkaa2), mRNA. 

A830082D05; 
2310008I11Rik 

Cluster 3 Prkaa2     

Cluster 3 Prrx2     

Cluster 3 Rasl12 Mus musculus RAS-like, family 12 (Rasl12), mRNA. 4631404I11Rik 

Cluster 3 Rassf5 Mus musculus Ras association (RalGDS/AF-6) domain 
family 5 (Rassf5), mRNA. 

Nore1B; Rapl; 
MGC107647; Maxp1; 

Cluster 3 Rcan2 Mus musculus regulator of calcineurin 2 (Rcan2), 
transcript variant 1, mRNA. 

MCIP2; ZAKI-4; Csp2; 
Dscr1l1 

Cluster 3 Reln Mus musculus reelin (Reln), mRNA. reeler; rl 

Cluster 3 Rrad     

Cluster 3 Ryr2 Mus musculus ryanodine receptor 2, cardiac (Ryr2), 
mRNA. 

9330127I20Rik 

Cluster 3 Sall4 Mus musculus sal-like 4 (Drosophila) (Sall4), transcript 
variant b, mRNA. 

C330011P20Rik; 
AW536104; Tex20; 

Cluster 3 Sep-06 Mus musculus septin 6 (Sept6), mRNA. 2810035H17Rik; 
C920001C06Rik; Sep6; 

Cluster 3 Sep-06 Mus musculus septin 6 (Sept6), mRNA. 2810035H17Rik; 
C920001C06Rik; Sep6; 

Cluster 3 Serpina3g Mus musculus serine (or cysteine) peptidase inhibitor, 
clade A, member 3G (Serpina3g), mRNA. 

Spi2A; MGC107057; 2A2; 
Spi2/eb.1; spi2 (2a2); 
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Cluster 3 Serpina3h Mus musculus serine (or cysteine) peptidase inhibitor, 
clade A, member 3H (Serpina3h), mRNA. 

6C28; spi2 

Cluster 3 Slc2a3 Mus musculus solute carrier family 2 (facilitated glucose 
transporter), member 3 (Slc2a3), mRNA. 

C78366; AA408729; Glut3; 
Glut-3; AL024341; 

Cluster 3 Slc38a5 Mus musculus solute carrier family 38, member 5 
(Slc38a5), mRNA. 

JM24; SN2; E330031E14; 
C81234 

Cluster 3 Slc8a1     

Cluster 3 Slit2 Mus musculus slit homolog 2 (Drosophila) (Slit2), 
mRNA. 

mKIAA4141; 
E030015M03Rik; Slil3; 

Cluster 3 Slitrk5 Mus musculus SLIT and NTRK-like family, member 5 
(Slitrk5), mRNA. 

2610019D03Rik 

Cluster 3 Smpx Mus musculus small muscle protein, X-linked (Smpx), 
mRNA. 

1010001C09Rik; Csl 

Cluster 3 Spsb4 Mus musculus splA/ryanodine receptor domain and 
SOCS box containing 4 (Spsb4), mRNA. 

SSB-4; D030068E18Rik; 
Ssb4 

Cluster 3 Srl Mus musculus sarcalumenin (Srl), mRNA. 9830004M20Rik; 
AW108387; sar 

Cluster 3 Sytl2 Mus musculus synaptotagmin-like 2 (Sytl2), transcript 
variant 5, mRNA. 

Slp2-d; AI266830; Slp2-a; 
mKIAA1597; Slp2-c; Slp2; 

Cluster 3 Tcap     

Cluster 3 Tcap Mus musculus titin-cap (Tcap), mRNA. AJ223855; AI503981 

Cluster 3 Tgfbi Mus musculus transforming growth factor, beta induced 
(Tgfbi), mRNA. 

68kDa; MGC150270; Beta-
ig; big-h3; AI181842; 

Cluster 3 Tgfbi Mus musculus transforming growth factor, beta induced 
(Tgfbi), mRNA. 

68kDa; MGC150270; Beta-
ig; big-h3; AI181842; 

Cluster 3 Tmem66 Mus musculus transmembrane protein 66 (Tmem66), 
mRNA. 

1810045K07Rik 

Cluster 3 Tmod1 Mus musculus tropomodulin 1 (Tmod1), mRNA. E-Tmod; MGC124126; 
Tmod; MGC124125 

Cluster 3 Tnnc1 Mus musculus troponin C, cardiac/slow skeletal (Tnnc1), 
mRNA. 

AI874626; tncc 

Cluster 3 Tnni2 Mus musculus troponin I, skeletal, fast 2 (Tnni2), mRNA.   

Cluster 3 Tnni3 Mus musculus troponin I, cardiac 3 (Tnni3), mRNA. Tn1; cTnI 

Cluster 3 Tnnt1 Mus musculus troponin T1, skeletal, slow (Tnnt1), 
mRNA. 

AW146156; Tnt; sTnT 

Cluster 3 Ttn     

Cluster 3 Ttn Mus musculus titin (Ttn), transcript variant N2-A, 
mRNA. XM_619765 XM_619766 

shru; 2310074I15Rik; 
2310057K23Rik; 

Cluster 3 Ttn Mus musculus titin (Ttn), transcript variant N2-B, mRNA. shru; 2310074I15Rik; 
2310057K23Rik; 

Cluster 3 Vcam1 Mus musculus vascular cell adhesion molecule 1 
(Vcam1), mRNA. 

CD106; Vcam-1 

Cluster 3 Vcan Mus musculus versican (Vcan), transcript variant 1, 
mRNA. 

9430051N09; PG-M(V1); 
Cspg2; PG-M; PG-M(V0); 

Cluster 3 Vldlr Mus musculus very low density lipoprotein receptor 
(Vldlr), mRNA. 

AW047288; AI451093; 
AA408956 

Cluster 3 Vldlr Mus musculus very low density lipoprotein receptor 
(Vldlr), mRNA. 

AW047288; AI451093; 
AA408956 

Cluster 3 Vldlr Mus musculus very low density lipoprotein receptor 
(Vldlr), mRNA. 

AW047288; AI451093; 
AA408956 

Cluster 3 Wisp1 Mus musculus WNT1 inducible signaling pathway 
protein 1 (Wisp1), mRNA. 

Elm1; AW146261 

Cluster 3 Xist Mus musculus inactive X specific transcripts (Xist) on 
chromosome X. 

AI314753; A430022B11 

Cluster 3 Xist Mus musculus inactive X specific transcripts (Xist) on 
chromosome X. 

AI314753; A430022B11 

Cluster 4 1500015O10Rik Mus musculus RIKEN cDNA 1500015O10 gene 
(1500015O10Rik), mRNA. 

Ecrg4 

Cluster 4 1810011O10Rik Mus musculus RIKEN cDNA 1810011O10 gene 
(1810011O10Rik), mRNA. 

AW321058; AW121743; 
1110065B09Rik 

Cluster 4 2210023G05Rik Mus musculus RIKEN cDNA 2210023G05 gene 
(2210023G05Rik), mRNA. 

  

Cluster 4 2310046K01Rik Mus musculus RIKEN cDNA 2310046K01 gene 
(2310046K01Rik), mRNA. 

  

Cluster 4 2700060E02Rik Mus musculus RIKEN cDNA 2700060E02 gene 
(2700060E02Rik), mRNA. 

  

Cluster 4 4732458O05Rik     

Cluster 4 5031436O03Rik     

Cluster 4 5330403J18Rik     
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Cluster 4 6430511F03     

Cluster 4 6430550H21Rik     

Cluster 4 6430550H21Rik Mus musculus RIKEN cDNA 6430550H21 gene 
(6430550H21Rik), mRNA. 

4933417N17 

Cluster 4 9330175B01Rik     

Cluster 4 9630007E23Rik     

Cluster 4 9930004G02Rik     

Cluster 4 Ahnak Mus musculus AHNAK nucleoprotein (desmoyokin) 
(Ahnak), transcript variant 1, mRNA. 

2310047C17Rik; 
AA589382; AV091586; 

Cluster 4 Ahnak Mus musculus AHNAK nucleoprotein (desmoyokin) 
(Ahnak), transcript variant 1, mRNA. 

2310047C17Rik; 
AA589382; AV091586; 

Cluster 4 Ahnak2 Mus musculus AHNAK nucleoprotein 2 (Ahnak2), 
mRNA. 

Gm1185 

Cluster 4 AI850995     

Cluster 4 Aldh2 Mus musculus aldehyde dehydrogenase 2, mitochondrial 
(Aldh2), nuclear gene encoding mitochondrial protein, 
mRNA. 

Ahd5; Ahd-5 

Cluster 4 Alox12 Mus musculus arachidonate 12-lipoxygenase (Alox12), 
mRNA. 

9930022G08Rik; Alox12p; 
P-12LO 

Cluster 4 Amigo2 Mus musculus adhesion molecule with Ig like domain 2 
(Amigo2), mRNA. 

AI415330; AW208913; Ali1 

Cluster 4 Angptl7 Mus musculus angiopoietin-like 7 (Angptl7), mRNA.   

Cluster 4 Ankrd37 Mus musculus ankyrin repeat domain 37 (Ankrd37), 
mRNA. 

  

Cluster 4 Anpep Mus musculus alanyl (membrane) aminopeptidase 
(Anpep), mRNA. 

Apn; Lap-1; Cd13; p150; 
Lap1 

Cluster 4 Anxa11 Mus musculus annexin A11 (Anxa11), mRNA. Anx11; A830099O17Rik 

Cluster 4 Apbb2 Mus musculus amyloid beta (A4) precursor protein-
binding, family B, member 2 (Apbb2), mRNA. 

Zfra; FE65L1; TR2L; 
2310007D03Rik; Rirl1 

Cluster 4 Apold1 PREDICTED: Mus musculus apolipoprotein L domain 
containing 1 (Apold1), mRNA. 

  

Cluster 4 Aqp1 Mus musculus aquaporin 1 (Aqp1), mRNA.   

Cluster 4 Arhgap18 Mus musculus Rho GTPase activating protein 18 
(Arhgap18), mRNA. 

AI314906; 4833419J07Rik; 
AI843501 

Cluster 4 Arrdc3     

Cluster 4 Arsb Mus musculus arylsulfatase B (Arsb), mRNA. As-1r; Asr-1; As-1t; As1-r; 
1110007C02Rik; As1-s; As-

Cluster 4 Atf3 Mus musculus activating transcription factor 3 (Atf3), 
mRNA. 

LRG-21 

Cluster 4 Atp8b1 Mus musculus ATPase, class I, type 8B, member 1 
(Atp8b1), mRNA. 

Ic; FIC1; AI451886 

Cluster 4 AW212394     

Cluster 4 B230365C01Rik     

Cluster 4 Bace2 Mus musculus beta-site APP-cleaving enzyme 2 (Bace2), 
mRNA. 

ALP56; 1110059C24Rik; 
DRAP; AI850424; CEAP1; 

Cluster 4 Bst2 Mus musculus bone marrow stromal cell antigen 2 (Bst2), 
mRNA. 

DAMP-1; C87040; 
2310015I10Rik 

Cluster 4 C1qtnf9 Mus musculus C1q and tumor necrosis factor related 
protein 9 (C1qtnf9), mRNA. 

9130217G22Rik; Ciqtnf9 

Cluster 4 C2 Mus musculus complement component 2 (within H-2S) 
(C2), mRNA. 

  

Cluster 4 C3     

Cluster 4 C77080     

Cluster 4 Car9 Mus musculus carbonic anhydrase 9 (Car9), mRNA. CAIX; MN/CA9 

Cluster 4 Cbfa2t3h Mus musculus core-binding factor, runt domain, alpha 
subunit 2, translocated to, 3 homolog (human) (Cbfa2t3h), 
mRNA. 

ETO-2; A630044F12Rik; 
MTGR2 

Cluster 4 Cd300lg Mus musculus CD300 antigen like family member G 
(Cd300lg), mRNA. 

D11Ertd736e; Clm9; 
2310016B05Rik 

Cluster 4 Cd44 Mus musculus CD44 antigen (Cd44), transcript variant 2, 
mRNA. 

AU023126; Ly-24; 
AW146109; HERMES; 

Cluster 4 Cd59a Mus musculus CD59a antigen (Cd59a), mRNA. protectin; AA987121; Cd59 

Cluster 4 Cdc42ep2 Mus musculus CDC42 effector protein (Rho GTPase 
binding) 2 (Cdc42ep2), mRNA. 

Cep2; 1110008C05Rik; 
AI845703; D19Bwg1013e; 
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Cluster 4 Cdipt Mus musculus CDP-diacylglycerol--inositol 3-
phosphatidyltransferase (phosphatidylinositol synthase) 
(Cdipt), mRNA. 

Pis; 9530042F15Rik; 
D7Bwg0575e; Pis1 

Cluster 4 Chd7 Mus musculus chromodomain helicase DNA binding 
protein 7 (Chd7), mRNA. 

Edy; WBE1; Mt; Cycn; 
Cyn; Lda; Dz; Whi; RP23-

Cluster 4 Chrd Mus musculus chordin (Chrd), mRNA. Chd 

Cluster 4 Chst1 Mus musculus carbohydrate (keratan sulfate Gal-6) 
sulfotransferase 1 (Chst1), mRNA. 

KSGAL6ST; GST-1; 
AW125896; Gst1; C6ST; 

Cluster 4 Cish Mus musculus cytokine inducible SH2-containing protein 
(Cish), mRNA. 

CIS1; F23; Cis; AI385595; 
F17 

Cluster 4 Ckmt1 Mus musculus creatine kinase, mitochondrial 1, 
ubiquitous (Ckmt1), nuclear gene encoding mitochondrial 
protein, mRNA. 

ScCKmit; UbCKmit; mi-
CK; Mt-CK 

Cluster 4 Cldn10 Mus musculus claudin 10 (Cldn10), transcript variant 2, 
mRNA. 

D14Ertd728e; 
6720456I16Rik 

Cluster 4 Cldn15 Mus musculus claudin 15 (Cldn15), mRNA. BB107105; 2210009B08Rik 

Cluster 4 Cldn15 Mus musculus claudin 15 (Cldn15), mRNA. BB107105; 2210009B08Rik 

Cluster 4 Clic3 Mus musculus chloride intracellular channel 3 (Clic3), 
mRNA. 

2300003G24Rik 

Cluster 4 Col1a2 Mus musculus collagen, type I, alpha 2 (Col1a2), mRNA. oim; Cola2; Col1a-2; 
AA960264; Cola-2; 

Cluster 4 Copg2as2     

Cluster 4 Crem Mus musculus cAMP responsive element modulator 
(Crem), mRNA. 

ICER 

Cluster 4 Crem     

Cluster 4 Cxcl12 Mus musculus chemokine (C-X-C motif) ligand 12 
(Cxcl12), transcript variant 3, mRNA. 

TPAR1; TLSF; Sdf1b; SDF-
1; AI174028; Sdf1a; TLSF-

Cluster 4 Cxcl12     

Cluster 4 Cxcl16 Mus musculus chemokine (C-X-C motif) ligand 16 
(Cxcl16), mRNA. 

0910001K24Rik; SR-PSOX; 
Zmynd15; AV290116; 

Cluster 4 Cxcl4 Mus musculus chemokine (C-X-C motif) ligand 4 
(Cxcl4), mRNA. 

Pf4; Scyb4 

Cluster 4 Cyp2d22 Mus musculus cytochrome P450, family 2, subfamily d, 
polypeptide 22 (Cyp2d22), mRNA. 

2D22 

Cluster 4 D12Ertd647e Mus musculus DNA segment, Chr 12, ERATO Doi 647, 
expressed (D12Ertd647e), transcript variant 4, mRNA. 

2900026P10Rik; 
1110013J02Rik; ISG12a; 

Cluster 4 D630042P16Rik Mus musculus RIKEN cDNA D630042P16 gene 
(D630042P16Rik), mRNA. 

Fls485 

Cluster 4 Dapk2 Mus musculus death-associated kinase 2 (Dapk2), 
mRNA. 

  

Cluster 4 Dennd3 Mus musculus DENN/MADD domain containing 3 
(Dennd3), mRNA. 

E030003N15Rik; AI447457 

Cluster 4 Dmkn Mus musculus dermokine (Dmkn), transcript variant 2, 
mRNA. 

cI-36; SK89; AW561900; 
1110014F24Rik; SK30; 

Cluster 4 Dmkn Mus musculus dermokine (Dmkn), transcript variant 2, 
mRNA. 

cI-36; SK89; AW561900; 
1110014F24Rik; SK30; 

Cluster 4 Dnajc6 Mus musculus DnaJ (Hsp40) homolog, subfamily C, 
member 6 (Dnajc6), mRNA. 

mKIAA0473; 
2810027M23Rik 

Cluster 4 Dnajc6     

Cluster 4 Dok4 Mus musculus docking protein 4 (Dok4), mRNA.   

Cluster 4 Dpt Mus musculus dermatopontin (Dpt), mRNA. Eq1; 1810032B19Rik; 
5033416F05Rik; EQ-1 

Cluster 4 Dusp1 Mus musculus dual specificity phosphatase 1 (Dusp1), 
mRNA. 

erp; mkp-1; Ptpn16; 
U19515; 3CH134 

Cluster 4 E030030K01Rik     

Cluster 4 E230020D15Rik     

Cluster 4 E230029F23Rik     

Cluster 4 E330020G21Rik     

Cluster 4 E330036I19Rik Mus musculus RIKEN cDNA E330036I19 gene 
(E330036I19Rik), mRNA. 

MGC27690 

Cluster 4 Edn2 Mus musculus endothelin 2 (Edn2), mRNA. VIC 

Cluster 4 Ednrb Mus musculus endothelin receptor type B (Ednrb), 
mRNA. 

ETb; s; ET-B; Sox10m1; 
ET>B<; AU022549 

Cluster 4 Efcab4a Mus musculus EF-hand calcium binding domain 4A 
(Efcab4a), mRNA. 

BC026645; Efcab4 

Cluster 4 Efcab4a Mus musculus EF-hand calcium binding domain 4A 
(Efcab4a), mRNA. 

BC026645; Efcab4 
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Cluster 4 EG245190 PREDICTED: Mus musculus predicted gene, EG245190 
(EG245190), mRNA. 

  

Cluster 4 Egln3 Mus musculus EGL nine homolog 3 (C. elegans) (Egln3), 
mRNA. 

AI648162; 2610021G09Rik; 
AI505553; SM-20; Phd3 

Cluster 4 Eif2s3y Mus musculus eukaryotic translation initiation factor 2, 
subunit 3, structural gene Y-linked (Eif2s3y), mRNA. 

Tfy; Spy; Eif-2gy 

Cluster 4 Eml1 Mus musculus echinoderm microtubule associated protein 
like 1 (Eml1), transcript variant 1, mRNA. XM_901775 
XM_901779 XM_978946 XM_978978 XM_979015 

1110008N23Rik; EMAP; 
MGC158992; 

Cluster 4 Emp2 Mus musculus epithelial membrane protein 2 (Emp2), 
mRNA. 

XMP 

Cluster 4 Enpp2 Mus musculus ectonucleotide 
pyrophosphatase/phosphodiesterase 2 (Enpp2), mRNA. 

ATX; Autotaxin; Pdnp2; 
PD-Ialpha; Npps2 

Cluster 4 Ephb1 Mus musculus Eph receptor B1 (Ephb1), mRNA. Elkh; Hek6; Net; Elk; Cek6; 
AW488255; 9330129L11 

Cluster 4 Errfi1 Mus musculus ERBB receptor feedback inhibitor 1 
(Errfi1), mRNA. 

Mig-6; 1300002F13Rik; 
Mig6; AI788755; RALT 

Cluster 4 Etl4 Mus musculus enhancer trap locus 4 (Etl4), mRNA. 6620402G01Rik; 
BC026657; 

Cluster 4 Evpl Mus musculus envoplakin (Evpl), mRNA.   

Cluster 4 Fam102a Mus musculus family with sequence similarity 102, 
member A (Fam102a), mRNA. 

AI426465; MGC38572; 
Eeig1 

Cluster 4 Fam110c Mus musculus family with sequence similarity 110, 
member C (Fam110c), mRNA. 

AU019489 

Cluster 4 Fam129b Mus musculus family with sequence similarity 129, 
member B (Fam129b), mRNA. 

  

Cluster 4 Fbxo6 Mus musculus F-box protein 6 (Fbxo6), mRNA. Fbx6b; Fbxo6b; FBG2; 
AA408845; Fbs2 

Cluster 4 Fgfbp1     

Cluster 4 Fosl2 Mus musculus fos-like antigen 2 (Fosl2), mRNA. Fra-2 

Cluster 4 Galnt11 Mus musculus UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase 11 (Galnt11), mRNA. 

A430075I06Rik; AI648252; 
E430002F06Rik 

Cluster 4 Galntl4 Mus musculus UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase-like 4 (Galntl4), mRNA. 

2900011G21Rik; 
MGC32465; BC024988 

Cluster 4 Gbp2 Mus musculus guanylate binding protein 2 (Gbp2), 
mRNA. 

  

Cluster 4 Gcnt2 Mus musculus glucosaminyl (N-acetyl) transferase 2, I-
branching enzyme (Gcnt2), transcript variant 3, mRNA. 

IGnT; IGnTC; IGnTB; 
IGnTA; 5330430K10Rik 

Cluster 4 Gimap8 Mus musculus GTPase, IMAP family member 8 
(Gimap8), transcript variant 1, mRNA. 

IAN9; IMAP8; Gm457 

Cluster 4 Gpr133 Mus musculus G protein-coupled receptor 133 (Gpr133), 
mRNA. 

E230012M21Rik 

Cluster 4 Gpr23 Mus musculus G protein-coupled receptor 23 (Gpr23), 
mRNA. 

LPA4; 5730485F04Rik 

Cluster 4 Gpx3 Mus musculus glutathione peroxidase 3 (Gpx3), transcript 
variant 2, mRNA. 

GSHPx-P; AA960521; 
GSHPx-3; GPx 

Cluster 4 Gstm1 Mus musculus glutathione S-transferase, mu 1 (Gstm1), 
mRNA. 

Gstb1; Gstb-1 

Cluster 4 Hbb-b1     

Cluster 4 Hist1h1c Mus musculus histone cluster 1, H1c (Hist1h1c), mRNA. MGC107646; His1a; H1.2; 
H1c; H1f2; 

Cluster 4 Hist1h2bc Mus musculus histone cluster 1, H2bc (Hist1h2bc), 
mRNA. 

R74621; 2610022J01Rik; 
H2bfs 

Cluster 4 Hist2h2aa1 Mus musculus histone cluster 2, H2aa1 (Hist2h2aa1), 
mRNA. 

AI448581; H2a-615; Hist2 

Cluster 4 Hoxa5     

Cluster 4 Hs3st1 Mus musculus heparan sulfate (glucosamine) 3-O-
sulfotransferase 1 (Hs3st1), mRNA. 

Hsg3ost; 3-OST; 
D5Wsu110e 

Cluster 4 Hspa1a Mus musculus heat shock protein 1A (Hspa1a), mRNA. Hsp70-3; hsp68; Hsp72; 
hsp70A1; Hsp70.3 

Cluster 4 Htra1 Mus musculus HtrA serine peptidase 1 (Htra1), mRNA. Prss11; HTRA; RSPP11; 
AI429470; L56 

Cluster 4 Htra1 Mus musculus HtrA serine peptidase 1 (Htra1), mRNA. Prss11; HTRA; RSPP11; 
AI429470; L56 

Cluster 4 Htra3     

Cluster 4 Ier3 Mus musculus immediate early response 3 (Ier3), mRNA. AI663993; cI-3; gly96; IEX-
1 

Cluster 4 Ifi27 Mus musculus interferon, alpha-inducible protein 27 
(Ifi27), mRNA. 

Isg12(b1); 2310061N23Rik; 
Isg12 

Cluster 4 Ifitm1 Mus musculus interferon induced transmembrane protein 
1 (Ifitm1), mRNA. 

1110036C17Rik; 
MGC107121; Mil2 

Cluster 4 Igfbp3 Mus musculus insulin-like growth factor binding protein 3 
(Igfbp3), mRNA. 

AI649005; IGgfbp3; 
IGFBP-3 
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Cluster 4 Igfbp3 Mus musculus insulin-like growth factor binding protein 3 
(Igfbp3), mRNA. 

AI649005; IGgfbp3; 
IGFBP-3 

Cluster 4 Igfbp5 Mus musculus insulin-like growth factor binding protein 5 
(Igfbp5), mRNA. 

IGFBP-5; AW208790; 
AI256729 

Cluster 4 Igfbp5 Mus musculus insulin-like growth factor binding protein 5 
(Igfbp5), mRNA. 

IGFBP-5; AW208790; 
AI256729 

Cluster 4 Igfbp6 Mus musculus insulin-like growth factor binding protein 6 
(Igfbp6), mRNA. 

IGFBP-6 

Cluster 4 Igfbp7 Mus musculus insulin-like growth factor binding protein 7 
(Igfbp7), mRNA. 

Fstl2; mac25 

Cluster 4 Iigp2 Mus musculus interferon inducible GTPase 2 (Iigp2), 
mRNA. 

AI481100; MGC102455; 
GTPI 

Cluster 4 Il18r1 Mus musculus interleukin 18 receptor 1 (Il18r1), mRNA. Il18ralpha; Il1rrp 

Cluster 4 Itgb1bp1 Mus musculus integrin beta 1 binding protein 1 
(Itgb1bp1), mRNA. 

AU019480; bodenin; 
AI449260 

Cluster 4 Itpr2 Mus musculus inositol 1,4,5-triphosphate receptor 2 
(Itpr2), transcript variant 1, mRNA. 

Ip3r2; AI649341; InsP3R-2; 
Itpr5; InsP3R-5 

Cluster 4 Jun Mus musculus Jun oncogene (Jun), mRNA. c-jun; Junc; AP-1 

Cluster 4 Kcnk6 Mus musculus potassium inwardly-rectifying channel, 
subfamily K, member 6 (Kcnk6), mRNA. 

D7Ertd764e; Toss; Twik2 

Cluster 4 Kctd12b Mus musculus potassium channel tetramerisation domain 
containing 12b (Kctd12b), mRNA. 

B430319H24Rik; 
9530071H11Rik 

Cluster 4 Kctd12b Mus musculus potassium channel tetramerisation domain 
containing 12b (Kctd12b), mRNA. 

B430319H24Rik; 
9530071H11Rik 

Cluster 4 Klf2 Mus musculus Kruppel-like factor 2 (lung) (Klf2), 
mRNA. 

Lklf 

Cluster 4 Klf4 Mus musculus Kruppel-like factor 4 (gut) (Klf4), mRNA. Gklf; EZF; Zie 

Cluster 4 Klf4 Mus musculus Kruppel-like factor 4 (gut) (Klf4), mRNA. Gklf; EZF; Zie 

Cluster 4 Klf4 Mus musculus Kruppel-like factor 4 (gut) (Klf4), mRNA. Gklf; EZF; Zie 

Cluster 4 Klf9 Mus musculus Kruppel-like factor 9 (Klf9), mRNA. BTEB-1; Bteb1; AA589643 

Cluster 4 Kras Mus musculus v-Ki-ras2 Kirsten rat sarcoma viral 
oncogene homolog (Kras), mRNA. 

Ki-ras; MGC7141; p21B; K-
ras; Kras-2; ras; Kras2; 

Cluster 4 Krt14 Mus musculus keratin 14 (Krt14), mRNA. Krt1-14; Krt-1.14; K14; 
AI626930 

Cluster 4 Lamb3 Mus musculus laminin, beta 3 (Lamb3), mRNA.   

Cluster 4 Lgals3 Mus musculus lectin, galactose binding, soluble 3 
(Lgals3), mRNA. 

L-34; Mac-2; GBP; gal3 

Cluster 4 Lgals7 Mus musculus lectin, galactose binding, soluble 7 
(Lgals7), mRNA. 

Galectin-7; MGC151215; 
MGC151217 

Cluster 4 Lgals7 Mus musculus lectin, galactose binding, soluble 7 
(Lgals7), mRNA. 

Galectin-7; MGC151215; 
MGC151217 

Cluster 4 Lgals9 Mus musculus lectin, galactose binding, soluble 9 
(Lgals9), mRNA. 

AI194909; AI265545; 
galectin-9; AA407335 

Cluster 4 Lims2 Mus musculus LIM and senescent cell antigen like 
domains 2 (Lims2), mRNA. 

PINCH2 

Cluster 4 Lims2 Mus musculus LIM and senescent cell antigen like 
domains 2 (Lims2), mRNA. 

PINCH2 

Cluster 4 LOC100045567 PREDICTED: Mus musculus similar to purine nucleoside 
phosphorylase (LOC100045567), mRNA. 

  

Cluster 4 LOC329416     

Cluster 4 LOC674135 PREDICTED: Mus musculus similar to HLA-G protein 
(LOC674135), misc RNA. 

  

Cluster 4 Lox Mus musculus lysyl oxidase (Lox), mRNA. TSC-160; AI893619 

Cluster 4 Lrrn4cl Mus musculus LRRN4 C-terminal like (Lrrn4cl), mRNA. MGC130184; MGC130183 

Cluster 4 Lxn Mus musculus latexin (Lxn), mRNA. MGC144353; MGC144352 

Cluster 4 Ly6c1 Mus musculus lymphocyte antigen 6 complex, locus C1 
(Ly6c1), mRNA. 

Ly6c; Ly-6C; AA959465; 
AA682074 

Cluster 4 Lypd2 Mus musculus Ly6/Plaur domain containing 2 (Lypd2), 
mRNA. 

0610005K03Rik; 
MGC117783; Lypdc2 

Cluster 4 Man2b1 Mus musculus mannosidase 2, alpha B1 (Man2b1), 
mRNA. 

LAMAN; AW107687 

Cluster 4 Map4k3 Mus musculus mitogen-activated protein kinase kinase 
kinase kinase 3 (Map4k3), mRNA. 

Glk; 9530052P13Rik; 
RAB8IPL1; 

Cluster 4 Mcf2l Mus musculus mcf.2 transforming sequence-like (Mcf2l), 
mRNA. 

mKIAA0362; Ost; 
C130040G20Rik; Ost 

Cluster 4 Mcf2l Mus musculus mcf.2 transforming sequence-like (Mcf2l), 
mRNA. 

mKIAA0362; Ost; 
C130040G20Rik; Ost 
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Cluster 4 Mest Mus musculus mesoderm specific transcript (Mest), 
mRNA. 

Peg1; AI256745; AA408879 

Cluster 4 Mest Mus musculus mesoderm specific transcript (Mest), 
mRNA. 

Peg1; AI256745; AA408879 

Cluster 4 Mest Mus musculus mesoderm specific transcript (Mest), 
mRNA. 

Peg1; AI256745; AA408879 

Cluster 4 Mgll Mus musculus monoglyceride lipase (Mgll), mRNA. AA589436; Mgl 

Cluster 4 Mgll Mus musculus monoglyceride lipase (Mgll), mRNA. AA589436; Mgl 

Cluster 4 Mgll Mus musculus monoglyceride lipase (Mgll), mRNA. AA589436; Mgl 

Cluster 4 Mrgprf Mus musculus MAS-related GPR, member F (Mrgprf), 
mRNA. 

BC019711; MGC18825; 
MrgF 

Cluster 4 Msln Mus musculus mesothelin (Msln), mRNA. MPF 

Cluster 4 Muc16 PREDICTED: Mus musculus mucin 16 (Muc16), mRNA.   

Cluster 4 Myh8 Mus musculus myosin, heavy polypeptide 8, skeletal 
muscle, perinatal (Myh8), mRNA. 

KIAA4211; 
4832426G23Rik; MyHC-pn; 

Cluster 4 Myo5b Mus musculus myosin Vb (Myo5b), mRNA. mKIAA1119; AI661750 

Cluster 4 Nbl1 Mus musculus neuroblastoma, suppression of 
tumorigenicity 1 (Nbl1), mRNA. 

Dana; D4H1S1733E; NO3; 
MGC123430; DAN 

Cluster 4 Ndrg1 Mus musculus N-myc downstream regulated gene 1 
(Ndrg1), mRNA. 

CMT4D; Ndrl; Ndr1; RTP; 
PROXY1; NMSL; TDD5; 

Cluster 4 Ndrl     

Cluster 4 Nid2 Mus musculus nidogen 2 (Nid2), mRNA. AW547149; Ly111; 
nidogen-2; NID-2; entactin-

Cluster 4 Nostrin Mus musculus nitric oxide synthase trafficker (Nostrin), 
mRNA. 

mDaIP2; Daip2 

Cluster 4 Nr4a2 Mus musculus nuclear receptor subfamily 4, group A, 
member 2 (Nr4a2), mRNA. 

NOT; RNR-1; Nurr1; 
TINOR; TINUR; HZF-3 

Cluster 4 Nupr1 Mus musculus nuclear protein 1 (Nupr1), mRNA. p8; 2310032H04Rik; Com1 

Cluster 4 Oasl2 Mus musculus 2'-5' oligoadenylate synthetase-like 2 
(Oasl2), mRNA. 

Mmu-OASL; Oasl; M1204 

Cluster 4 Osta Mus musculus organic solute transporter alpha (Osta), 
mRNA. 

D630035O19Rik; 
AV001382; AW261577; 

Cluster 4 Palmd Mus musculus palmdelphin (Palmd), mRNA. PALML; 4631423C22Rik 

Cluster 4 Palmd     

Cluster 4 Papln Mus musculus papilin, proteoglycan-like sulfated 
glycoprotein (Papln), mRNA. 

E030033C16Rik 

Cluster 4 Papss2 Mus musculus 3'-phosphoadenosine 5'-phosphosulfate 
synthase 2 (Papss2), mRNA. 

AI159688; 1810018P12Rik; 
bm; code642; AtpsU2; 

Cluster 4 Pde4b     

Cluster 4 Pdlim4 Mus musculus PDZ and LIM domain 4 (Pdlim4), mRNA. Ril 

Cluster 4 Per1 Mus musculus period homolog 1 (Drosophila) (Per1), 
mRNA. 

MGC102121; Per; mPer1; 
m-rigui 

Cluster 4 Pparg Mus musculus peroxisome proliferator activated receptor 
gamma (Pparg), mRNA. 

PPAR-gamma; 
PPARgamma; PPAR-

Cluster 4 Prelp Mus musculus proline arginine-rich end leucine-rich 
repeat (Prelp), mRNA. 

7330409J17Rik; SLRR2A 

Cluster 4 Prkcdbp Mus musculus protein kinase C, delta binding protein 
(Prkcdbp), mRNA. 

MGC6598; 
3110015B12Rik; SRBC; 

Cluster 4 Prkcdbp Mus musculus protein kinase C, delta binding protein 
(Prkcdbp), mRNA. 

MGC6598; 
3110015B12Rik; SRBC; 

Cluster 4 Prr15 Mus musculus proline rich 15 (Prr15), mRNA. G90; E130201N16Rik 

Cluster 4 Psmb10 Mus musculus proteasome (prosome, macropain) subunit, 
beta type 10 (Psmb10), mRNA. 

Mecl1 

Cluster 4 Ptprb Mus musculus protein tyrosine phosphatase, receptor 
type, B (Ptprb), mRNA. 

3230402H02Rik; Ptpz; 
RPTPB; VE-PTP 

Cluster 4 Rarres2 Mus musculus retinoic acid receptor responder 
(tazarotene induced) 2 (Rarres2), mRNA. 

AI303516; 0610007L05Rik 

Cluster 4 Rarres2 Mus musculus retinoic acid receptor responder 
(tazarotene induced) 2 (Rarres2), mRNA. 

AI303516; 0610007L05Rik 

Cluster 4 Rbp7 Mus musculus retinol binding protein 7, cellular (Rbp7), 
mRNA. 

CRBP-III; 1110002J23Rik 

Cluster 4 Reep3 Mus musculus receptor accessory protein 3 (Reep3), 
mRNA. 

AW742655; D10Ucla1; 
AI265725 

Cluster 4 Rgs10 Mus musculus regulator of G-protein signalling 10 
(Rgs10), mRNA. 

MGC129414; 
2310010N19Rik 
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Cluster 4 Rhpn2 Mus musculus rhophilin, Rho GTPase binding protein 2 
(Rhpn2), mRNA. 

D7Ertd784e; AA536890; 
C85860; 1300002E07Rik 

Cluster 4 Rnase4 Mus musculus ribonuclease, RNase A family 4 (Rnase4), 
transcript variant 1, mRNA. 

C730049F20Rik; RNase 4 

Cluster 4 Rnf125 Mus musculus ring finger protein 125 (Rnf125), mRNA. 4930553F04Rik 

Cluster 4 Rnf125 Mus musculus ring finger protein 125 (Rnf125), mRNA. 4930553F04Rik 

Cluster 4 Rps6ka1 Mus musculus ribosomal protein S6 kinase polypeptide 1 
(Rps6ka1), mRNA. 

rsk; Rsk1; p90rsk 

Cluster 4 S100a10 Mus musculus S100 calcium binding protein A10 
(calpactin) (S100a10), mRNA. 

CAL12; AA409961; p11; 
p10; AL024248; 42C; 

Cluster 4 S100a6 Mus musculus S100 calcium binding protein A6 
(calcyclin) (S100a6), mRNA. 

Cacy; PRA; CALCYCLIN; 
2A9; 5B10 

Cluster 4 Samd9l PREDICTED: Mus musculus sterile alpha motif domain 
containing 9-like, transcript variant 1 (Samd9l), mRNA. 

  

Cluster 4 Scara5 Mus musculus scavenger receptor class A, member 5 
(putative) (Scara5), mRNA. 

4932433F15Rik; 
4933425F03Rik; AV278087 

Cluster 4 Sdpr Mus musculus serum deprivation response (Sdpr), 
mRNA. 

  

Cluster 4 Sema7a Mus musculus sema domain, immunoglobulin domain 
(Ig), and GPI membrane anchor, (semaphorin) 7A 
(Sema7a), mRNA. 

M-Sema-L; 
2900057C09Rik; H-Sema-

Cluster 4 Sepp1 Mus musculus selenoprotein P, plasma, 1 (Sepp1), 
transcript variant 1, mRNA. 

Se-P; AU018766; 
D15Ucla1; selp 

Cluster 4 Serping1 Mus musculus serine (or cysteine) peptidase inhibitor, 
clade G, member 1 (Serping1), mRNA. 

C1nh; C1INH 

Cluster 4 Serping1     

Cluster 4 Slc23a3 Mus musculus solute carrier family 23 (nucleobase 
transporters), member 3 (Slc23a3), mRNA. 

MGC143682; SVCT3; 
Yspl1; MGC143681 

Cluster 4 Slc6a6 Mus musculus solute carrier family 6 (neurotransmitter 
transporter, taurine), member 6 (Slc6a6), mRNA. 

AA589629; C80501; Taut 

Cluster 4 Slc9a3r1 Mus musculus solute carrier family 9 (sodium/hydrogen 
exchanger), member 3 regulator 1 (Slc9a3r1), mRNA. 

EBP-50; NHE-RF; 
MGC95776; NHERF-1 

Cluster 4 Slco2b1 Mus musculus solute carrier organic anion transporter 
family, member 2b1 (Slco2b1), mRNA. 

AI060904; AI852653; 
Slc21a9; MGC106224; 

Cluster 4 Snrk Mus musculus SNF related kinase (Snrk), mRNA. R74830; MGC28970; 
E030034B15; mKIAA0096; 

Cluster 4 Sox17 Mus musculus SRY-box containing gene 17 (Sox17), 
mRNA. 

Sox 

Cluster 4 Spsb1 Mus musculus splA/ryanodine receptor domain and 
SOCS box containing 1 (Spsb1), mRNA. 

SSB1; MGC102221; SSB-1; 
AI854583; 4930422J18Rik; 

Cluster 4 St6gal1 Mus musculus beta galactoside alpha 2,6 sialyltransferase 
1 (St6gal1), mRNA. 

ST6Gal; Cd75; ST6Gal I; 
AW742324; Siat1; St6Gal-I; 

Cluster 4 Stat3 Mus musculus signal transducer and activator of 
transcription 3 (Stat3), transcript variant 1, mRNA. 

AW109958; 
1110034C02Rik; Aprf 

Cluster 4 Stat3 Mus musculus signal transducer and activator of 
transcription 3 (Stat3), transcript variant 1, mRNA. 

AW109958; 
1110034C02Rik; Aprf 

Cluster 4 Sult1a1 Mus musculus sulfotransferase family 1A, phenol-
preferring, member 1 (Sult1a1), mRNA. 

PST; Stp1; Stp; AI266890 

Cluster 4 Sypl Mus musculus synaptophysin-like protein (Sypl), 
transcript variant 2, mRNA. 

AI314763; Pphn; Pan I; 
AI604763; D12Ertd446e 

Cluster 4 Thbd Mus musculus thrombomodulin (Thbd), mRNA. CD141; TM; AI385582 

Cluster 4 Timp2 Mus musculus tissue inhibitor of metalloproteinase 2 
(Timp2), mRNA. 

Timp-2; D11Bwg1104e 

Cluster 4 Tmem119 Mus musculus transmembrane protein 119 (Tmem119), 
mRNA. 

BC025600; AW208946; 
MGC38046 

Cluster 4 Tpst2     

Cluster 4 Trim25 Mus musculus tripartite motif-containing 25 (Trim25), 
mRNA. 

EFP; Zfp147; AA960166; 
AL022677 

Cluster 4 Txnip Mus musculus thioredoxin interacting protein (Txnip), 
transcript variant 2, mRNA. 

Hyplip1; VDUP1; THIF; 
1200008J08Rik; AA682105 

Cluster 4 Txnip Mus musculus thioredoxin interacting protein (Txnip), 
transcript variant 1, mRNA. 

Hyplip1; VDUP1; THIF; 
1200008J08Rik; AA682105 

Cluster 4 Vwf Mus musculus Von Willebrand factor homolog (Vwf), 
mRNA. 

C630030D09; F8VWF; 
AI551257; 6820430P06Rik; 

Cluster 4 Wdr92 Mus musculus WD repeat domain 92 (Wdr92), mRNA. HZGJ; AI553587; RP23-
32H19.3 
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Appendix table 2.  Genes up-regulated or down regulated in Gata-5 Cre Wt1loxP/gfp 

Wt1GFP++ cells at E13.5  

 

SYMBOL DEFINITION SYNONYMS Probe 
ID 

fold 
change 

0610012H03Rik Mus musculus RIKEN cDNA 
0610012H03 gene 
(0610012H03Rik), mRNA. 

RP23-444H3.1 4260014 up 

4833424O15Rik Mus musculus RIKEN cDNA 
4833424O15 gene 
(4833424O15Rik), mRNA. 

PRG-5; Pap2d 7000669 up 

5730469M10Rik Mus musculus RIKEN cDNA 
5730469M10 gene 
(5730469M10Rik), mRNA. 

AU040822 4280681 up 

6330404C01Rik     2470228 up 

6330407J23Rik Mus musculus RIKEN cDNA 
6330407J23 gene 
(6330407J23Rik), mRNA. 

  6380333 up 

6330505N24Rik Mus musculus RIKEN cDNA 
6330505N24 gene 
(6330505N24Rik), mRNA. 

Gm126 4390553 up 

9030024J15Rik     2450523 up 

A730017C20Rik Mus musculus RIKEN cDNA 
A730017C20 gene 
(A730017C20Rik), mRNA. 

  830358 up 

AB182283 Mus musculus cDNA 
sequence AB182283 
(AB182283), mRNA. 

mKIAA0363; 
KIAA0363; 
D230024G13Rik 

6650044 up 

Actb Mus musculus actin, beta 
(Actb), mRNA. 

Actx; 
E430023M04Rik; 
beta-actin 

4640114 up 

Actg2 Mus musculus actin, gamma 2, 
smooth muscle, enteric 
(Actg2), mRNA. 

SMGA; Act4; 
ACTA3; Act-4 

1980209 up 

Adamts12     4250154 up 

Adamts2 Mus musculus a disintegrin-
like and metallopeptidase 
(reprolysin type) with 
thrombospondin type 1 motif, 
2 (Adamts2), mRNA. 

PCINP; 
ADAMTS-3; 
KIAA4060; 
mKIAA4060; 
4732482M10; 
hPCPNI; 
A430089F14; 
ADAM-TS2 

6520273 up 

Adora2b Mus musculus adenosine A2b 
receptor (Adora2b), mRNA. 

MGC144574; 
AI605384; 
MGC144575; 
AI480866 

7000289 up 

Agtr1a Mus musculus angiotensin II 
receptor, type 1a (Agtr1a), 
mRNA. 

AT2R1A; Agtr-
1a; AT2R1; 
Agtr1; AT1; 
AI551199; AT1a; 
MGC37610; 
Angtr-1a; AG2S; 
1810074K20Rik 

3190553 up 

Ahnak2 Mus musculus AHNAK 
nucleoprotein 2 (Ahnak2), 
mRNA. 

Gm1185 4040450 up 
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AI850995     3370196 up 

Bmp4 Mus musculus bone 
morphogenetic protein 4 
(Bmp4), mRNA. 

Bmp2b1; Bmp2b-
1; Bmp2b 

5700044 up 

Camk4     5560358 up 

Car9 Mus musculus carbonic 
anhydrase 9 (Car9), mRNA. 

CAIX; MN/CA9 3450220 up 

Ccdc92 Mus musculus coiled-coil 
domain containing 92 
(Ccdc92), mRNA. 

MGC38387; 
D5Bwg0834e; 
AW050178 

670446 up 

Cckbr Mus musculus cholecystokinin 
B receptor (Cckbr), mRNA. 

CCK2R; CCKR-2 7510521 up 

Cdkn2b Mus musculus cyclin-
dependent kinase inhibitor 2B 
(p15, inhibits CDK4) 
(Cdkn2b), mRNA. 

p15INK4b; 
AV083695; 
p15(INK4b); 
MTS2; INK4b; 
p15 

5550240 up 

Cldn15 Mus musculus claudin 15 
(Cldn15), mRNA. 

BB107105; 
2210009B08Rik 

5050537 up 

Cldn15 Mus musculus claudin 15 
(Cldn15), mRNA. 

BB107105; 
2210009B08Rik 

6420594 up 

Col12a1 Mus musculus collagen, type 
XII, alpha 1 (Col12a1), 
mRNA. 

AW743884 3870360 up 

Col1a1     10279 up 

Col1a2 Mus musculus collagen, type I, 
alpha 2 (Col1a2), mRNA. 

oim; Cola2; 
Col1a-2; 
AA960264; Cola-
2; AI325291 

2690619 up 

Col8a1 Mus musculus collagen, type 
VIII, alpha 1 (Col8a1), 
mRNA. 

Col8a-1 5490477 up 

Colec11 Mus musculus collectin sub-
family member 11 (Colec11), 
mRNA. 

MGC129470; 
MGC129471; 
1010001H16Rik 

5550291 up 

Copz2 Mus musculus coatomer 
protein complex, subunit zeta 
2 (Copz2), mRNA. 

1110012D12Rik; 
zeta2-COP 

630195 up 

Copz2 Mus musculus coatomer 
protein complex, subunit zeta 
2 (Copz2), mRNA. 

1110012D12Rik; 
zeta2-COP 

1440600 up 

Copz2 Mus musculus coatomer 
protein complex, subunit zeta 
2 (Copz2), mRNA. 

1110012D12Rik; 
zeta2-COP 

1070575 up 

Crabp1 Mus musculus cellular retinoic 
acid binding protein I 
(Crabp1), mRNA. 

Crabp-1; Rbp-5; 
AI326249; CrabpI 

2630689 up 

Ctgf Mus musculus connective 
tissue growth factor (Ctgf), 
mRNA. 

Ccn2; Fisp12; 
Hcs24; fisp-12 

4010082 up 

Cyp2s1 Mus musculus cytochrome 
P450, family 2, subfamily s, 
polypeptide 1 (Cyp2s1), 
mRNA. 

C79779; 
AU041727; 
1200011C15Rik 

6250180 up 

Dbndd2 Mus musculus dysbindin 
(dystrobrevin binding protein 
1) domain containing 2 
(Dbndd2), transcript variant 3, 
mRNA. 

2900022J10Rik; 
R74724; 
AU041050; 
AW048677; 
D2Bwg0891e; 
RP23-140D14.3; 
1110017A21Rik 

6960026 up 
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Ddc     7050176 up 

Ddc     610601 up 

Ddit4l Mus musculus DNA-damage-
inducible transcript 4-like 
(Ddit4l), mRNA. 

RTP801L; 
1700108M02Rik; 
1700037B15Rik; 
Smhs1; REDD2 

3120309 up 

Diras2 Mus musculus DIRAS family, 
GTP-binding RAS-like 2 
(Diras2), mRNA. 

2900052J15Rik; 
AI414999 

3990196 up 

Dnajc6 Mus musculus DnaJ (Hsp40) 
homolog, subfamily C, 
member 6 (Dnajc6), mRNA. 

mKIAA0473; 
2810027M23Rik 

2070594 up 

E130112E08Rik     3870427 up 

E330036I19Rik Mus musculus RIKEN cDNA 
E330036I19 gene 
(E330036I19Rik), mRNA. 

MGC27690 4850373 up 

Egfr Mus musculus epidermal 
growth factor receptor (Egfr), 
transcript variant 1, mRNA. 

wa-2; Erbb; 
9030024J15Rik; 
AI552599; Errp; 
Wa5; wa2 

4010224 up 

Emcn Mus musculus endomucin 
(Emcn), mRNA. 

Muc14; 
AI315669; 
0610012K22Rik 

5270021 down 

Emid2 Mus musculus EMI domain 
containing 2 (Emid2), mRNA. 

Col26a1; Emu2; 
Col26a; 
MGC7475; 
BC002218; 
9430032K24Rik 

780491 down 

Fah Mus musculus 
fumarylacetoacetate hydrolase 
(Fah), mRNA. 

  5860348 up 

Fbln2 Mus musculus fibulin 2 
(Fbln2), transcript variant 2, 
mRNA. 

5730577E14Rik 4230228 up 

Fbxo2 Mus musculus F-box protein 2 
(Fbxo2), mRNA. 

MGC54895; 
Fbs1; FBG1; 
Fbs2; FBX2; 
NFB42 

2510008 up 

Fer1l3 PREDICTED: Mus musculus 
fer-1-like 3, myoferlin (C. 
elegans), transcript variant 1 
(Fer1l3), mRNA. 

  1710162 up 

Figf Mus musculus c-fos induced 
growth factor (Figf), mRNA. 

Vegfd; VEGF-D; 
AI325264 

5860521 up 

Fkbp11 Mus musculus FK506 binding 
protein 11 (Fkbp11), mRNA. 

1110002O23Rik 1050671 up 

Gja4 Mus musculus gap junction 
protein, alpha 4 (Gja4), 
mRNA. 

AW558810; 
Cx37; 
AU020209; 
Cnx37; Gja-4 

770672 down 

Gjb3 Mus musculus gap junction 
protein, beta 3 (Gjb3), mRNA. 

Cx31; Cnx31; 
D4Wsu144e; Gjb-
3 

6060433 up 

Grina Mus musculus glutamate 
receptor, ionotropic, N-methyl 
D-aspartate-associated protein 
1 (glutamate binding) (Grina), 
mRNA. 

1110025J15Rik; 
Lag 

2140753 up 

Gsta4 Mus musculus glutathione S-
transferase, alpha 4 (Gsta4), 
mRNA. 

mGsta4; GST 5.7; 
5.7; GST 

360348 down 
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Hal Mus musculus histidine 
ammonia lyase (Hal), mRNA. 

his; Hsd; histidase 5420577 up 

Hoxb2     360025 up 

Hs3st3a1 Mus musculus heparan sulfate 
(glucosamine) 3-O-
sulfotransferase 3A1 
(Hs3st3a1), mRNA. 

Hs3st3a; 3Ost3a 1570021 up 

Htra3     780546 up 

Igf1 Mus musculus insulin-like 
growth factor 1 (Igf1), 
transcript variant 1, mRNA. 

Igf-I; 
C730016P09Rik; 
Igf-1 

450632 up 

Igf1 Mus musculus insulin-like 
growth factor 1 (Igf1), 
transcript variant 1, mRNA. 

Igf-I; 
C730016P09Rik; 
Igf-1 

2000647 up 

Il17re Mus musculus interleukin 17 
receptor E (Il17re), transcript 
variant 1, mRNA. 

AA589509; IL-
17RE 

7100020 up 

Ilvbl Mus musculus ilvB (bacterial 
acetolactate synthase)-like 
(Ilvbl), mRNA. 

5830463I21; 
AI415009 

5080458 up 

Itga10 Mus musculus integrin, alpha 
10 (Itga10), mRNA. 

A630048L14 6590402 up 

Itih4 Mus musculus inter alpha-
trypsin inhibitor, heavy chain 4 
(Itih4), mRNA. 

Itih-4 2230465 up 

Kcnab1 Mus musculus potassium 
voltage-gated channel, shaker-
related subfamily, beta 
member 1 (Kcnab1), mRNA. 

Kvbeta1.1; 
Akr8a8; 
mKv(beta)1 

6130471 up 

Kcnk1     5860228 up 

Kcnk1 Mus musculus potassium 
channel, subfamily K, member 
1 (Kcnk1), mRNA. 

TWIK-1; 
AI788889 

1450608 up 

Kcnk2 Mus musculus potassium 
channel, subfamily K, member 
2 (Kcnk2), mRNA. 

A430027H14Rik; 
AI848635; 
TREK-1 

6290452 up 

Kdelr3 Mus musculus KDEL (Lys-
Asp-Glu-Leu) endoplasmic 
reticulum protein retention 
receptor 3 (Kdelr3), mRNA. 

AI173274 5550201 up 

Krt14 Mus musculus keratin 14 
(Krt14), mRNA. 

Krt1-14; Krt-
1.14; K14; 
AI626930 

1470619 up 

Krt17 Mus musculus keratin 17 
(Krt17), mRNA. 

K17; Krt1-17 1780341 up 

Krt7 Mus musculus keratin 7 
(Krt7), mRNA. 

K7; MGC11625; 
Krt2-7; 
D15Wsu77e 

7330477 up 

LOC100045981 PREDICTED: Mus musculus 
similar to synaptotagmin XI 
(LOC100045981), mRNA. 

  1340743 up 

LOC100046120 PREDICTED: Mus musculus 
similar to clusterin 
(LOC100046120), mRNA. 

  1300747 up 

LOC665506 PREDICTED: Mus musculus 
similar to T-cell receptor beta-
2 chain C region 
(LOC665506), mRNA. 

  6760735 up 

Mab21l2 Mus musculus mab-21-like 2 
(C. elegans) (Mab21l2), 
mRNA. 

  580519 up 
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Nbl1 Mus musculus neuroblastoma, 
suppression of tumorigenicity 
1 (Nbl1), mRNA. 

Dana; 
D4H1S1733E; 
NO3; 
MGC123430; 
DAN 

3850255 down 

Ndrg1 Mus musculus N-myc 
downstream regulated gene 1 
(Ndrg1), mRNA. 

CMT4D; Ndrl; 
Ndr1; RTP; 
PROXY1; 
NMSL; TDD5; 
CAP43; HMSNL; 
DRG1 

6620187 up 

Ndrl     3890022 up 

Nid2 Mus musculus nidogen 2 
(Nid2), mRNA. 

AW547149; 
Ly111; nidogen-
2; NID-2; 
entactin-2 

6370035 up 

Nnmt     2070519 up 

Nnmt Mus musculus nicotinamide 
N-methyltransferase (Nnmt), 
mRNA. 

  6560497 up 

Npr3 Mus musculus natriuretic 
peptide receptor 3 (Npr3), 
transcript variant 1, mRNA. 

stri; NPR-C; lgj; 
C81222; 
B430320C24Rik 

2260438 down 

Nrg1 Mus musculus neuregulin 1 
(Nrg1), mRNA. XM_900811 
XM_900817 XM_900821 
XM_900824 XM_900832 
XM_900835 XM_912993 
XM_922562 XM_922570 
XM_922577 XM_922594 
XM_922603 XM_922607 
XM_922617 XM_922623 
XM_922629 XM_922636 
XM_986275 XM_986302 
XM_986330 XM_986362 
XM_98 

6030402G23Rik; 
HRG; Hgl; 
HRGalpha; GGF; 
D230005F13Rik; 
NDF; SMDF; 
GGFII; ARIA 

2490039 up 

Nuak1 Mus musculus NUAK family, 
SNF1-like kinase, 1 (Nuak1), 
mRNA. 

B230104P22Rik; 
MGC90816; 
AW494241; 
AU014801 

6860309 up 

Oplah Mus musculus 5-oxoprolinase 
(ATP-hydrolysing) (Oplah), 
mRNA. 

MGC28663; 
MGC36824; 
1700010G02Rik 

730612 up 

P2rx5 Mus musculus purinergic 
receptor P2X, ligand-gated ion 
channel, 5 (P2rx5), mRNA. 

P2X5 1740332 up 

P2ry14 Mus musculus purinergic 
receptor P2Y, G-protein 
coupled, 14 (P2ry14), 
transcript variant 1, mRNA. 

P2Y14; Gpr105; 
A330108O13Rik 

6580379 down 

P4ha2     3310537 up 

P4ha2 Mus musculus procollagen-
proline, 2-oxoglutarate 4-
dioxygenase (proline 4-
hydroxylase), alpha II 
polypeptide (P4ha2), transcript 
variant 2, mRNA. 

C76437; 
AA407196; P4hl 

5960754 up 

Pdgfc Mus musculus platelet-derived 
growth factor, C polypeptide 
(Pdgfc), mRNA. 

PDGF-C; 
AI647969; 
1110064L01Rik 

4010056 up 

Prelp Mus musculus proline 
arginine-rich end leucine-rich 

7330409J17Rik; 
SLRR2A 

7380524 up 
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repeat (Prelp), mRNA. 

Prss35 Mus musculus protease, serine, 
35 (Prss35), mRNA. 

6030424L22Rik; 
P3D9 

4900296 up 

Ptprz1 Mus musculus protein tyrosine 
phosphatase, receptor type Z, 
polypeptide 1 (Ptprz1), 
mRNA. 

DSD-1-PG; 
AI850339; 
Rptpbeta; 
PTPzeta; Ptpz; 
Ptprz; PTPbeta 

1690239 up 

Ramp1 Mus musculus receptor 
(calcitonin) activity modifying 
protein 1 (Ramp1), mRNA. 

  4010243 down 

Rassf4 Mus musculus Ras association 
(RalGDS/AF-6) domain 
family member 4 (Rassf4), 
mRNA. 

AI586137; 
AD037; 
3830411C14Rik 

730138 up 

Rassf4 Mus musculus Ras association 
(RalGDS/AF-6) domain 
family member 4 (Rassf4), 
mRNA. 

AI586137; 
AD037; 
3830411C14Rik 

6940324 up 

Rin1 Mus musculus Ras and Rab 
interactor 1 (Rin1), mRNA. 

  2750348 up 

Rplp1 Mus musculus ribosomal 
protein, large, P1 (Rplp1), 
mRNA. 

MGC103133; 
Arpp1; 
C430017H15Rik; 
2410042H16Rik 

540326 up 

S100a6 Mus musculus S100 calcium 
binding protein A6 (calcyclin) 
(S100a6), mRNA. 

Cacy; PRA; 
CALCYCLIN; 
2A9; 5B10 

5080326 up 

Scara3 Mus musculus scavenger 
receptor class A, member 3 
(Scara3), mRNA. 

APC7; MSLR1; 
MSRL1; CSR; 
CSR1; 
C130058N24Rik 

630041 up 

scl0001849.1_2273     6370020 up 

Slc24a3 Mus musculus solute carrier 
family 24 
(sodium/potassium/calcium 
exchanger), member 3 
(Slc24a3), mRNA. 

NCKX3 4280131 down 

Slc9a3r1 Mus musculus solute carrier 
family 9 (sodium/hydrogen 
exchanger), member 3 
regulator 1 (Slc9a3r1), mRNA. 

EBP-50; NHE-
RF; MGC95776; 
NHERF-1 

6270296 up 

Slit2 Mus musculus slit homolog 2 
(Drosophila) (Slit2), mRNA. 

mKIAA4141; 
E030015M03Rik; 
Slil3; 
E130320P19Rik; 
Drad-1; 
KIAA4141 

430408 down 

Smpd3 Mus musculus sphingomyelin 
phosphodiesterase 3, neutral 
(Smpd3), mRNA. 

fro; AW537966; 
nSMase2; 
4631433G07Rik; 
AI427456 

160066 up 

Spata13     4220673 up 

Tagln Mus musculus transgelin 
(Tagln), mRNA. 

Sm22a; SM22 6130411 up 

Tcfcp2l1 Mus musculus transcription 
factor CP2-like 1 (Tcfcp2l1), 
mRNA. 

4932442M07Rik; 
1810030F05Rik; 
D930018N21Rik; 
LBP-9; Crtr-1; 
Cp2l1; 
AA575098 

4280541 up 
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Thsd4 Mus musculus 
thrombospondin, type I, 
domain containing 4 (Thsd4), 
transcript variant 1, mRNA. 

B230114P05Rik; 
AI585901 

1770086 up 

Thy1 Mus musculus thymus cell 
antigen 1, theta (Thy1), 
mRNA. 

Thy1.2; Thy1.1; 
CD90; Thy-1; 
Thy-1.2; T25 

7040201 up 

Tubb4 Mus musculus tubulin, beta 4 
(Tubb4), mRNA. 

Tubb; AI325297; 
M(beta)4 

2600176 up 

Vat1l Mus musculus vesicle amine 
transport protein 1 homolog-
like (T. californica) (Vat1l), 
mRNA. 

9430073I07; 
mKIAA1576 

450452 up 

Vegfc Mus musculus vascular 
endothelial growth factor C 
(Vegfc), mRNA. 

VEGF-C; 
AW228853 

3170192 down 

Wisp1 Mus musculus WNT1 
inducible signaling pathway 
protein 1 (Wisp1), mRNA. 

Elm1; AW146261 130239 up 

Zcchc18 Mus musculus zinc finger, 
CCHC domain containing 18 
(Zcchc18), transcript variant 3, 
mRNA. 

1500031H04Rik; 
Sizn2 

3890750 up 
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Appendix table 3. GOrilla Gene Ontology Analysis. 

Gene ontology analysis of gene expression changes in Gata5-Cre Wt1loxP/gfp Wt1 
knock-out compared to Wt1 control Wt1GFP++ FACS sorted cells. Families consisting 
of 2 or more genes are shown. 

 

Term Count % PValue 

extracellular matrix 13 13 1.58E-09 

proteinaceous extracellular matrix 14 14 2.36E-08 

extracellular matrix 14 14 3.76E-08 

Secreted 26 26 7.96E-08 

collagen 8 8 3.36E-07 

signal 37 37 7.12E-07 

extracellular region part 18 18 2.91E-06 

extracellular region 27 27 3.13E-06 

signal peptide 37 37 3.86E-06 

Collagen triple helix repeat 7 7 4.98E-06 

Focal adhesion 9 9 2.85E-05 

blood vessel development 9 9 4.28E-05 

vasculature development 9 9 5.09E-05 

disulfide bond 29 29 6.93E-05 

epithelium development 9 9 8.96E-05 

domain:CTCK 4 4 2.33E-04 

Cystine knot, C-terminal 4 4 2.85E-04 

CT 4 4 2.88E-04 

TSP1 5 5 2.90E-04 

Thrombospondin, type 1 repeat 5 5 2.90E-04 

morphogenesis of an epithelium 7 7 3.04E-04 

disulfide bond 28 28 3.32E-04 

hydroxylation 5 5 3.90E-04 

growth factor binding 5 5 5.85E-04 

angiogenesis 6 6 6.90E-04 

positive regulation of cell proliferation 8 8 7.47E-04 

glycoprotein 34 34 7.89E-04 

positive regulation of cell division 4 4 8.98E-04 

growth factor activity 6 6 9.30E-04 

short sequence motif:Cell attachment site 5 5 9.92E-04 

Platelet-derived growth factor (PDGF) 3 3 0.001015212 
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PDGF 3 3 0.001032324 

regulation of cell division 4 4 0.001224523 

regulation of cell-substrate adhesion 4 4 0.001224523 

glycosylation site:N-linked (GlcNAc...) 34 34 0.001333082 

regulation of cell adhesion 5 5 0.001542675 

tissue morphogenesis 7 7 0.001614842 

domain:PLAC 3 3 0.00177205 

regulation of cell proliferation 10 10 0.002064205 

structural molecule activity 9 9 0.002668269 

enzyme linked receptor protein signaling 

pathway 7 7 0.003208581 

transmembrane receptor protein tyrosine 

kinase signaling pathway 6 6 0.00347991 

blood vessel morphogenesis 6 6 0.003967244 

PLAC 3 3 0.004180148 

VWFC 3 3 0.004283652 

Insulin-like growth factor-binding protein, 

IGFBP 3 3 0.004655552 

ADAM-TS Spacer 1 3 3 0.004655552 

IB 3 3 0.004735029 

IGFBP N-terminal 3 3 0.004800975 

growth factor 5 5 0.004900001 

insulin-like growth factor binding 3 3 0.00606828 

Calcium signaling pathway 6 6 0.007109624 

TSP type-1 4 3 3 0.007790825 

positive regulation of cell-substrate 

adhesion 3 3 0.008921353 

cell adhesion 9 9 0.009427142 

biological adhesion 9 9 0.009523257 

TSP type-1 3 3 3 0.010647386 

vascular endothelial growth factor receptor 

3 binding 2 2 0.010658184 

CXCXC repeat 2 2 0.010780079 

region of interest:4 X 16 AA repeats of C-

X(10)-C-X-C- X(1,3)-C 2 2 0.011576426 

repeat:2 5 5 0.011584015 

collagen type I 2 2 0.01211965 

regulation of cell growth 4 4 0.012795203 
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mitogen 3 3 0.015170237 

regulation of cellular protein metabolic 

process 6 6 0.016338739 

extracellular matrix part 4 4 0.018413091 

TSP type-1 2 3 3 0.018477066 

TSP type-1 1 3 3 0.018477066 

ossification 4 4 0.018653663 

exocrine system development 3 3 0.019873253 

potassium transport 4 4 0.019996568 

circulatory system process 4 4 0.021051069 

blood circulation 4 4 0.021051069 

Pyrrolidone carboxylic acid 3 3 0.021426161 

IGFBP-related, CNN 2 2 0.021445146 

von Willebrand factor, type C 3 3 0.021630889 

positive regulation of cell adhesion 3 3 0.021736997 

VWC 3 3 0.022009636 

cell morphogenesis 6 6 0.0238751 

bone development 4 4 0.02467906 

potassium ion binding 4 4 0.025204599 

osteoblast differentiation 3 3 0.025671893 

potassium 4 4 0.025785391 

vascular endothelial growth factor receptor 

binding 2 2 0.026435798 

camera-type eye morphogenesis 3 3 0.02669764 

positive regulation of developmental 

process 5 5 0.026787647 

vitamin binding 4 4 0.026889373 

carbohydrate binding 6 6 0.027101102 

IGFBP_rP_CNN 2 2 0.027735536 

epidermis development 4 4 0.028623912 

cell-matrix adhesion 3 3 0.028798162 

Bladder cancer 3 3 0.029633961 

camera-type eye development 4 4 0.031634992 

skeletal system morphogenesis 4 4 0.031634992 

repeat:3 4 4 0.03199248 

cell surface receptor linked signal 

transduction 21 21 0.032241458 

ectoderm development 4 4 0.033518588 
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calcium ion binding 10 10 0.034155672 

propeptide:N-terminal propeptide 2 2 0.034333012 

region of interest:Pore-forming 1 2 2 0.034333012 

region of interest:Pore-forming 2 2 2 0.034333012 

region of interest:Nonhelical region (NC2) 2 2 0.034333012 

collagen alpha 1(I) chain 2 2 0.034550474 

cell-substrate adhesion 3 3 0.03664438 

cellular component morphogenesis 6 6 0.038296617 

cleavage on pair of basic residues 5 5 0.03953066 

propeptide:C-terminal propeptide 2 2 0.039940694 

region of interest:Nonhelical region (NC1) 2 2 0.039940694 

Neuroregulin receptor degredation protein-

1 Controls ErbB3 receptor recycling 2 2 0.040381681 

Vascular smooth muscle contraction 4 4 0.041387263 

cAMP-mediated signaling 3 3 0.041455209 

fibrillar collagen 2 2 0.041788243 

urogenital system development 4 4 0.042340636 

angiogenesis 3 3 0.043924465 

chemical homeostasis 6 6 0.044079186 

region of interest:Coil 2 3 3 0.046067124 

region of interest:Linker 12 3 3 0.046067124 

regulation of blood pressure 3 3 0.046489452 

regulation of growth 5 5 0.046800607 

mTOR signaling pathway 3 3 0.046942505 

platelet-derived growth factor binding 2 2 0.047087307 

triple helix 2 2 0.047375042 

cyclic-nucleotide-mediated signaling 3 3 0.047781596 

transmembrane protein 6 6 0.049351042 

positive regulation of catalytic activity 5 5 0.049616868 

cellular ion homeostasis 5 5 0.049616868 

eye development 4 4 0.050627309 

methylated amino acid 2 2 0.052499839 

Cystine knot 2 2 0.05276235 

cytoskeletal keratin 3 3 0.052928867 

potassium ion transport 4 4 0.053015047 

cellular chemical homeostasis 5 5 0.053714532 

peptide binding 4 4 0.05407975 

cell adhesion 6 6 0.054164673 
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Pathways in cancer 6 6 0.054401906 

region of interest:Coil 1B 3 3 0.054774392 

region of interest:Linker 1 3 3 0.054774392 

region of interest:Coil 1A 3 3 0.054774392 

repeat:1 4 4 0.054946335 

Filament 3 3 0.055074907 

region of interest:Rod 3 3 0.056278133 

domain:Fibrillar collagen NC1 2 2 0.056571176 

regulation of protein modification process 4 4 0.0571139 

eye morphogenesis 3 3 0.057183586 

region of interest:Head 3 3 0.0577963 

Fibrillar collagen, C-terminal 2 2 0.057884572 

Insulin-like growth factor binding protein, 

N-terminal 2 2 0.057884572 

Intermediate filament protein 3 3 0.057891464 

Intermediate filament protein, conserved 

site 3 3 0.057891464 

COLFI 2 2 0.058643236 

sequence variant 6 6 0.059558164 

Intermediate filament 3 3 0.060215342 

neuron differentiation 6 6 0.06021721 

integrin-mediated signaling pathway 3 3 0.061395131 

region of interest:Tail 3 3 0.062435225 

Actin, conserved site 2 2 0.062979383 

cartilage development 3 3 0.064260306 

skeletal system development 5 5 0.064412701 

positive regulation of cell differentiation 4 4 0.065749598 

intermediate filament organization 2 2 0.066764834 

branching involved in prostate gland 

morphogenesis 2 2 0.066764834 

regulation of phosphorylation 5 5 0.067758385 

Potassium channel, two pore-domain 2 2 0.068046927 

ion homeostasis 5 5 0.06980874 

vascular endothelial growth factor receptor 

signaling pathway 2 2 0.07171459 

domain:Collagen-like 1 2 2 0.072916624 

domain:Collagen-like 2 2 2 0.072916624 

gland morphogenesis 3 3 0.073118045 
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regulation of phosphate metabolic process 5 5 0.075432376 

regulation of phosphorus metabolic 

process 5 5 0.075432376 

Melanoma 3 3 0.076187482 

domain:EGF-like 2 3 3 0.077063538 

Pancreatic cancer 3 3 0.07805437 

positive regulation of molecular function 5 5 0.079061225 

gap junction protein 2 2 0.080958466 

tumor suppressor 3 3 0.081370796 

von Willebrand factor, type A 3 3 0.082083695 

VWA 3 3 0.083573243 

domain:TSP type-1 6 2 2 0.083657626 

Neuroactive ligand-receptor interaction 5 5 0.084509818 

gland development 4 4 0.086703054 

EGF-like calcium-binding 3 3 0.086916283 

EGF_CA 3 3 0.088496215 

homeostatic process 7 7 0.08868731 

domain:TSP type-1 2 2 0.088981869 

EGF-type aspartate/asparagine 

hydroxylation conserved site 3 3 0.091832481 

EGF-like calcium-binding, conserved site 3 3 0.091832481 

EGF-like, type 3 4 4 0.093166242 

EGF-like 4 4 0.097457397 

alkali metal ion binding 4 4 0.097804407 

Carbonic anhydrase, alpha-class, catalytic 

domain 2 2 0.097887631 

Connexins 2 2 0.097887631 

Gap junction protein, cysteine-rich domain 2 2 0.097887631 

Connexin, N-terminal 2 2 0.097887631 

Connexin region 2 2 0.097887631 

Connexin, conserved site 2 2 0.097887631 

calcium 8 8 0.098624608 

CNX 2 2 0.099162446 

EGF 4 4 0.099372133 

ECM-receptor interaction 3 3 0.09949913 
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The values shown below are the average of 3 microarray gene expression profiling 

experiments. Arbitrary normalized values are indicated where the limit of detection 
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The values shown below are the average of 3 microarray gene expression profiling 

experiments. Arbitrary normalized values are indicated where the limit of detection 

is shown in green and Wt1GFP+ population 
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Appendix figure 2.2. Microarray profiling of patterns of gene expression of
cardiomyocyte specific

 

The values shown below are the average of 3 microarray gene expression profiling

experiments. Arbitrary normalized values are indicated where the limit of detection 

is equivalent to around 100 units.

is shown in blue.  

Microarray profiling of patterns of gene expression of
cardiomyocyte specific genes enriched in the Wt1GFP+ population. 

The values shown below are the average of 3 microarray gene expression profiling

experiments. Arbitrary normalized values are indicated where the limit of detection 

is equivalent to around 100 units. Wt1GFP++ is shown in green and 
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Microarray profiling of patterns of gene expression of 
 

The values shown below are the average of 3 microarray gene expression profiling 

experiments. Arbitrary normalized values are indicated where the limit of detection 

is shown in green and Wt1GFP+ population 
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Appendix figure 3. Verification of microarrays results from tamoxifen inducible Wt1 

knock-out immortalised epicardial cells 

 

Verification of targets found in my microarray analysis of tamoxifen inducible Wt1 

knock-out immortalised epicardial cells by quantitative RT-PCR. The expression 

changes for a) Sp100, b) Ddit3, c) Fasn, d) Ospl1a, e) B3gnt5, f) Rgs17 and g) 

Nr2f1, are shown below. Significant changes with p-values  <0.05 are shown.  n=3. 
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Appendix: Publications 

 

The work I carried out during my thesis contributed to the following publications: 

1. 

Wt1 is required for cardiovascular progenitor cell formation through 

transcriptional control of Snail and E-cadherin. 

Martínez-Estrada OM, Lettice LA, Essafi A, Guadix JA, Slight J, Velecela V, Hall E, 

Reichmann J, Devenney PS, Hohenstein P, Hosen N, Hill RE, Muñoz-Chapuli R, 

Hastie ND.Nat Genet. 2010 Jan;42(1):89-93. Epub 2009 Dec 20. 

2. 

Wt1 controls retinoic acid signalling in embryonic epicardium through 

transcriptional activation of Raldh2. 

Guadix JA, Ruiz-Villalba A, Lettice L, Velecela V, Muñoz-Chápuli R, Hastie ND, 

Pérez-Pomares JM, Martínez-Estrada OM.Development. 2011 Mar;138(6):1093-7. 

3. 

A Wt1-controlled chromatin switching mechanism underpins tissue-specific 

wnt4 activation and repression. 

Essafi A, Webb A, Berry RL, Slight J, Burn SF, Spraggon L, Velecela V, Martinez-

Estrada OM, Wiltshire JH, Roberts SG, Brownstein D, Davies JA, Hastie ND, 

Hohenstein P.Dev Cell. 2011 Sep 13;21(3):559-74. Epub 2011 Aug 25. 
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