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Abstract 

The genetic mechanisms underlying the specification of thymic epithelial (TE) 

lineage cells are poorly understood. Foxn1 is an early specific marker of thymic 

epithelial cells (TECs) in the third pharyngeal pouch (3PP) and is required for 

development of all mature TE lineage cells but does not specify the TE lineage. The 

upstream regulators of Foxn1 are currently unknown, however evidence points to a 

potential role for Pax1 and Pax9. While the thymus phenotypes of the Pax1-/- and 

Pax9-/- mutant mice have been investigated in detail and TECs in these mice are 

known to express Foxn1, the possibility of functional redundancy exists and the 

compound mutants of these genes have not been studied. Therefore, the aim of this 

thesis was to test the hypothesis that Pax1 and Pax9 are required for TE lineage 

specification and regulation of Foxn1 expression. This hypothesis was addressed by 

analysis of thymus development and TEC function in Pax1/Pax9 compound mutant 

mice. The data presented in this thesis indicates that prenatally, Pax1 and Pax9 co-

operatively regulate thymus organogenesis, such that the size, structure and location 

of the thymus is affected in a Pax1/Pax9 gene dosage-dependent manner, and the 

Pax1unex/unexPax9lacZ/lacZ embryo is functionally athymic. Furthermore, they establish 

that the thymic rudiment of Pax1unex/unexPax9lacZ/lacZ embryos does not express Foxn1, 

establishing that Pax1 and Pax9 are required together for the initiation of Foxn1 and 

suggesting they are required to specify the TEC lineage. Postnatally, enlarged blood 

vessels observed in the Pax1unex/unex thymus suggested a role for Pax1 in 

vascularisation of the thymus. In addition, the effect of loss of one or more 

Pax1/Pax9 alleles on the expression of Foxn1 and other genes known to regulate 

TEC development or function was assessed. These data demonstrate that Pax1 and 

Pax9 co-operate to regulate Foxn1 in a dosage-dependent manner. Furthermore, 

Pax1 and Pax9 appear to negatively regulate both Hoxa3 and Vegfa, providing a 

possible explanation for the enlarged blood vessels in the postnatal Pax1unex/unex 

thymus. Finally, an inducible and reversible recombinase-mediated cassette 

exchange system that will allow the knockdown of Pax1 and Pax9 at defined time 

points during development has been established, that has the potential to test the 

function of these genes during thymus organogenesis and in the postnatal thymus. 
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Chapter 1: Introduction  1 

1 Introduction 

1.1 Introduction to the thymus 

The thymus, which is located within the midline (mediastinum) of the thoracic cavity 

in front of the heart and behind the sternum (Figure 1.1 A), is the essential site of T-

cell differentiation and repertoire selection and hence plays a crucial role in the 

immune system. The classical mouse mutant nude, which is caused by a recessive 

mutation in the transcription factor Foxn1, results in athymia. The result is a lack of 

T-cells and as a consequence, severe immunodeficiency (Hollander et al., 2006). 

 

1.2 Function of the thymus 

The principal function of the thymus is to support T-cell development. All cells that 

circulate in the blood are derived from a common cell in the bone marrow, the 

haematopoietic stem cell (Wu et al., 1968). As these cells mature they give rise to 

different kinds of progenitor cells that are more specialised. One of these cells, the 

lymphoid progenitor cell, can give rise to white blood cells of the lymphoid lineage; 

T- and β-lymphocytes and natural killer (NK) cells (Spits, 2002). The bone marrow 

and the thymus are regarded as the primary/central lymphoid tissues, since they 

constitute the principle sites of lymphocyte development. All other lymphoid tissues, 

such as the spleen and lymph nodes, are regarded secondary/peripheral lymphoid 

tissues, where mature lymphocytes become stimulated to respond to invading 

pathogens. It is known that B-cells mature in the bone marrow, however it is not yet 

confirmed whether precursors that are committed to the T-cell lineage leave the bone 

marrow at an immature stage and enter the postnatal thymus and mature there to 

become antigen-committed, immunocompetent T-cells, or whether the T-cell 

becomes committed before colonisation. Mature T-cells leave the thymus in the 

blood to enter secondary lymphoid tissues (Klein et al., 2003).  

 

                                                                                                                                        .
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Figure 1.1 Thymus location, structure and cellular organisation. (A) The murine 
thymus is composed of two identical lobes and is located within the midline 
(mediastinum) of the thoracic cavity, in front of the heart and behind the sternum. (B) 
H&E stain of the murine thymus depicting the darker cortex and lighter medulla. The 
cortex appears darker due to the higher density of thymocytes relative to the medulla. The 
surrounding capsule is indicated with an arrow. C; cortex, M; medulla. (C) Schematic 
representation of the cellular organisation in the mature thymus. The thymic parenchyma 
consists of the outer cortex, made up of cortical epithelial cells and macrophages and the consists of the outer cortex, made up of cortical epithelial cells and macrophages and the 
inner medulla, made up of medullary epithelial cells, dendritic cells and macrophages all 
of which is bound by the subcapsular epithelium. Both the cortex and medulla are inter-
spersed with populating thymocytes, which enter the thymus through blood vessels situ-
ated at the cortico-medullary junction. Picture adapted from Janeway et al., 2001. 
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1.3 Structure and morphology of the thymus 

The mature thymus is characterised by the presence of developing T-lymphocytes 

(thymocytes), which make up more than 95% of its cellularity (Blackburn and 

Manley, 2004). Histologically, the thymus can be divided into two main regions; the 

outer cortex and inner medulla (Figure 1.1, B). These are surrounded by a thick layer 

of connective tissue, known as the outer capsule, and an inner sub-capsuler layer 

composed of simple epithelium (Boyd et al., 1993). The cellular organisation of the 

thymus is schematically represented in Figure 1.1, C. The cortex comprises a three 

dimensional network of cortical thymic epithelial cells (cTEC) densely packed with 

developing thymocytes. It also contains fibroblasts of mesenchymal origin and 

scattered macrophages, which are required to clear apoptotic thymocytes. The 

medulla consists of medullary thymic epithelial cells (mTEC), loosely packed with 

mature thymocytes and dendritic cells (DC) and macrophages of bone marrow (BM) 

origin. This 3D network of epithelial cells, endothelium (thin layer of flat epithelial 

cells that line the blood vessels), macrophages, dendritic cells and fibroblasts is 

known as the thymic stroma. The organ as a whole is heavily vascularised. 

 

1.3.1 Thymic epithelial progenitor cells (TEPC) 

The early thymic rudiment (E12.0) is composed mainly of thymic epithelial 

progenitor cells (TEPC), capable of giving rise to all thymic epithelial lineage cells. 

The TEPC was first defined following analysis of the nude thymic rudiment, which 

revealed that while a functional thymus failed to develop, a few thymic epithelial 

cells (TECs) in a seemingly undifferentiated progenitor cell-like state persisted and 

were found to stain with monoclonal antibodies (mAbs) MTS20 and MTS24, but not 

for markers associated with mature TECs such as major histocompatibiliy complex 

(MHC) class II (Blackburn et al., 1996). It was therefore hypothesized that thymic 

epithelial lineage cells undergo maturational arrest in the absence of Foxn1 and that 

these antibodies identify a population of MTS20+24+ TEPCs. This hypothesis was 

later proven when the capability of this MTS20+24+ population to form a fully 

functional thymus upon ectopic transplantation was demonstrated (Bennett et al., 
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2002; Gill et al., 2002). The antigen bound by mAbs MTS20 and MTS24 was later 

shown to be Plet-1 (Depreter et al., 2008). While these studies demonstrate the 

existence of TEPCs, it was not clear whether a common bi-potent progenitor exists, 

that is capable of giving rise to both cTECs and mTECs, or whether lineage specific 

progenitors exist. However, two recent studies provide evidence that strongly 

suggests the former. One of these studies looked at the clonal potential of TEPCs to 

form cTECs and mTECs upon transplantation (Rossi et al., 2006). E12.5 thymic 

rudiments were dissected from eYFP (enhanced yellow fluorescent protein) 

transgenic mice. Rudiments were subsequently disaggregated and isolated by flow 

cytometric cell sorting using EpCAM, previously found to be a pan-epithelial marker 

at E12.0 of gestation. These EpCAM+eYFP+ cells were also shown to be Plet-1+, 

suggesting isolation of TEPCs. Single, E12.0 EpCAM+eYFP+ cells were 

microinjected into intact, isolated E12.5 thymic rudiments dissected from WT mice 

and subsequently grafted under the kidney capsule. Four weeks post-transplantation, 

grafts were recovered, sectioned and stained for markers of cortical and medullary 

epithelial cells. Four of the thirteen grafts exhibited both eYFP+ mTECs 

(MTS10+K5+) and eYFP+ cTECs (Ly51+K18+), concluding the existence of a 

common bi-potent progenitor (Rossi et al., 2006). Strong evidence was provided by 

the second study, which showed that small, functional thymi tissue containing 

cortical and medullary regions able to support normal thymopoesis were generated 

upon reactivation of a conditional null allele of Foxn1 in single epithelial cells 

postnatally (Bleul et al., 2006), providing conclusive evidence that a common bi-

potent progenitor can exist. 

 

1.3.2 Thymic epithelial lineage cells 

Thymic epithelial cells (TECs) constitute the major functional component of the 

thymic stroma. Although being broadly classified into three types; subcapsular, 

cortical and medullary, TECs are a highly heterogenous population. They have 

therefore been further subdivided into at least 6 subsets of TECs, based on both 

ultrastructural studies of the human thymus and mAb staining profiles in chicken, 

human, mouse and rat, and are termed “clusters of thymic epithelial staining” 
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(CTES) types I, II, III, IIIB, IIIC and IV (Brekelmans and van Ewijk, 1990; van de 

Wijngaert et al., 1984). These are summarised in Table 1.1. 

The subcapsular epithelium, which lies beneath the outer neural crest (NC)-derived 

mesenchymal capsule forming a barrier between the external and internal thymic 

microenvironments, consists of type 1 epithelial cells in a simple epithelial layer. 

These cells are reactive to CTES II mAbs (Godfrey et al., 1990) and are MHC class 

II negative (Boyd et al., 1992). 

The thymic cortex lies immediately beneath the subcapular epithelium. The 

outermost cTECs are type II epithelial cells, which have a “pale” appearance on 

electronmicographs, immediately adjacent to which are type III cTECs which have 

“intermediate” electron lucency followed by the innermost type IV cTECs which 

appear “dark” on electron-micrographs (van de Wijngaert et al., 1984). All cTECs 

stain with CTES II mAbs (Kampinga et al., 1989) and are also, to varying degrees, 

MHC class II positive (Boyd et al., 1993). 

The thymic medulla constitutes the innermost portion of the thymus. Ultrastructural 

analysis has shown that the majority of mTECs stain with CTES type II or IV mAbs 

with type V (‘undifferentiated’) and type VI (“large medullary”) epithelial cells 

existing as small isolated clusters at the CMJ (van de Wijngaert et al., 1984). 

Expression of cytokeratins, identified by staining with mAbs recognising different 

species of keratin (K), can also be used to define the developing thymic epithelium. 

At E11.5, epithelial cells of the thymic primordium are Plet-1+K5+K8+. 

Differentiation of the TECs begins at E12.5 and K5 starts to predominantly mark the 

differentiating mTECs and K8 the differentiating cTECs. In the adult, the cortex is 

marked by a predominant K5-K14-K8+K18+ subset and minor K5+K14-K8+K18+ 

subset and in the medulla, most epithelial cells have a K5+K14+K8-K18- phenotype, 

however a minor K5-K14-K8+K18+ medullary subset is also present (Klug et al., 

1998). 

 

 

                                                                                                                                        .



I Panepithelium (all TECs)
II Medullary TECs, subcapsular TECs, perivascular

III.A Cortical TECs
III.B Cortical TECs and isolated medullary TECs

III.C.1 Cortical TECs and macrophages
III.C.2 Cortical TECs and thymocytes

IV Medullary TECs, Hassal's corpuscles
V.A Hassal's corpuscles
V.B Hassal's corpuscles, myeloid cells
V.C Hassal's corpuscles, associated medullary TECs
V.D Hassal's corpuscles, associated medullary TECs, some leukocytes
V.E Hassal's corpuscles, associated medullary TECs, subcapsular TECs
VI Type 1 epithelium

XX.A Majority cortical and medullary TECs, isolated subcapsualr TECs
XX.B Majority cortical and medullary TECs
XX.C Majority medullary TECs, cortical thymocytes

CTES group Staining pattern in adult thymus

Table 1.1 Phenotypic classification of the thymic microenvironment. Table sum-
marising the classification of TECs into ‘clusters of thymic epithelial staining’ 
(CTES), based on ultrastructural studies and monoclonal antibody staining patterns. 
Table adapted from Boyd et al, 1993. 
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1.3.3 NC-derived thymic mesenchyme 

The mesenchymal component of the murine thymus is of neural crest (NC) origin. 

This was demonstrated in a study in which mice carrying a transgene expressing Cre 

recombinase under the control of the Wnt1 promoter were crossed with mice carrying 

a reporter gene (R26R) that expresses β-gal upon cre-mediated recombination (Jiang 

et al., 2000). Embryos resulting from this cross exhibit β-gal expression in all known 

neural crest cell (NCC) lineages, which upon X-gal staining, revealed that the 

E12.5/E13.5 thymic primordium is surrounded and innervated by NCCs (Jiang et al., 

2000). The NC-derived mesenchymal cells are found in the outer capsule, inner 

connective tissue and trabeculae, intrathymic fibroblasts and pericytes and smooth 

muscle cells that surround blood vesssels and persist in the adult thymus (Foster et 

al., 2008; Muller et al., 2008). This extensive network of extra-cellular matrix (ECM) 

has been shown to support the growth and development of both thymocytes (Owen et 

al., 2000; Suniara et al., 2000) and TECs (Amagai et al., 1995; Schreiber et al., 1991; 

Tsai et al., 2003). 

 

1.3.4 Thymic vascularisation 

Initiation of the thymic vasculature begins with endothelial progenitor cells from 

surrounding blood vessels proliferating and migrating into the thymus towards 

angiogenic stimuli, such as Vegf (Leung et al., 1989), which is expressed by thymic 

epithelial and mesenchymal cells within the thymic rudiment (Muller et al., 2005). 

This is followed by the recruitment of perivascular cells, including pericytes and 

smooth muscle cells, to the vessel walls via PDGFR-β signalling to provide 

structural support to the growing vessel network (Lindahl et al., 1997). NC-derived 

mesenchyme, which is known to surround blood vessels within the thymus (Le 

Douarin and Jotereau, 1975), is a source of pericytes (marked by desmin) and smooth 

muscle cells (marked by α-SMA) (Foster et al., 2008; Muller et al., 2008). Using 

light and electron microscopy, the spatial arrangement of blood vessels within the 

thymus has been characterised. A large artery present at the CMJ junction branches 

into arterioles as it penetrates the thymic parenchyma from within the connective 

tissue trabeculae, which in turn connect to a network of capillaries that extend out 
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into the cortex and loop back at the periphery towards the CMJ where they drain into 

post capillary venules (Kato, 1997; Kato and Schoefl, 1989). Antibody staining with 

type IV collagen and ER-TR5, which mark blood vessels and medulla respectively, 

showed that only small blood vessels are present within the cortex, while large blood 

vessels are present within the medulla and at the CMJ junction in the adult thymus 

(Mori et al., 2007). The same study showed that perivascular space (PVS), identified 

as regions separated by the basement membranes of the vessels and neighbouring 

TECs, surrounds the larger blood vessels located within the medulla and CMJ and is 

involved in the selective transport of both haematopoietic precursors and mature 

thymocytes between the thymic parenchyma and the blood stream (Mori et al., 

2007). 

 

1.4 Intrathymic T-cell development 

The thymic microenvironment directs both differentiation and positive and negative 

selection of T-cells (van Ewijk et al., 2000). Thymocyte development occurs in 

distinct stages, each defined by changes in the status of the T-cell receptor genes, 

expression of T-cell receptor protein and production of T-cell surface glycoproteins 

essential for the receptor’s function, such as CD4, CD8 and the CD3 complex (Su 

and Manley, 2002). These cell surface proteins, expressed at different stages of 

development, are used to distinguish discrete populations of developing thymocyte, 

as depicted in Figure 1.2. T-cell maturation begins when bone-marrow (BM) derived 

T-cell precursors enter the thymus from the circulation at the CMJ. T-cell precursors 

are at the most immature stage, termed CD4-CD8- double negative (DN). Flow 

cytometric analysis of this DN thymocyte population with lineage specific markers 

revealed that this population is heterogenous, with the potential to generate not only 

T-cells but other BM-derived cells such as natural killer (NK) cells, dendritic cells 

(DC) and macrophages (Balciunaite et al., 2005; Porritt et al., 2004). From the CMJ 

they migrate outwards through the cortex towards the subcapsule, during which they 

interact with different cell types that direct their maturation, proliferation and 

selection (Lind et al., 2001). Migration of thymocytes through these distinct regions 

of the thymus is thought to be directed by chemokines expressed by thymic stromal
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Figure 1.2 Intrathymic T-cell development. T-cell precursors, which are derived from 
haematopoietic stem cells (HSC) found in bone marrow, arrive at the thymus via the 
blood stream and enter at the cortico-medullary junction (CMJ). Upon entering the 
thymus, T-cell precursors undergo a developmental program characterised by region and 
stage-specific intracellular events and the presentation of defined cell surface markers. 
Based on expression of CD44 and CD25, double negative (DN) cells are subdivided into 
four subsets of progressive maturation. The most immature thymocyte subset is termed 
thethe double negative 1 (DN1). These immature thymocytes migrate through defined re-
gions of the thymus during which they undergo proliferative expansion and loose natural 
killer (NK)- and B-cell potential (DN2) and begin T-cell receptor (TCR) rearrangement 
(DN3), before maturing into double positive (DP) thymoctyes which express the co-
receptors CD4 or CD8. These DP thymocytes migrate back through the cortex where 
they are selected to mature further into CD4+ or CD8+ single positive (SP) thymocytes 
before entering the medulla. The mature, self-restricted, self-tolerant SP T-cells then exit 
into the periphery via the blood vessels. Figure adapted from 
http://www.cranfield.ac.uk/health/researchareas/translationalmedicine/page44417.html.
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cells (Takahama, 2006). Based on expression of CD44 and CD25, DN cells are 

subdivided into four subsets of progressive maturation (Godfrey et al., 1993). The 

CD44+CD25- (DN1) population progresses to a CD44+CD25+ (DN2) stage, during 

which it undergoes proliferative expansion (Godfrey et al., 1993). Transition to a 

CD44-CD25+ (DN3) stage is characterised by T-cell receptor gene rearrangement, 

which produces T-cells of either αβ+ or γδ+ T-cell lineage, where the αβ+ T-cells 

represent the majority of the thymocyte population (Godfrey et al., 1993; Godfrey 

and Zlotnik, 1993). Following migration to the subcapsular region, thymocytes 

become CD44-CD25- (DN4) where they complete TCR gene rearrangement and 

undergo further proliferation before becoming CD4+CD8+ double positive (DP) cells 

(Godfrey et al., 1993; Godfrey and Zlotnik, 1993). These DP cells then migrate back 

towards the CMJ, during which they are screened for their ability to recognise self-

MHC with the correct avidity, a process termed ‘positive selection’ which is 

mediated by cTECs (Anderson et al., 1994). Those thymocytes passing positive 

selection mature into either CD4+ or CD8+ single positive (SP) cells, a fate choice 

based on the strength and duration of MHC-induced T-cell receptor signaling (Liu 

and Bosselut, 2004), before migrating to the medulla. Self-tolerance is established by 

identifying and deleting self-reactive thymocytes at the DP-SP transition in a process 

termed ‘negative selection’ (Page et al., 1996), preventing autoimmune attack. This 

process is in part mediated through contact with antigen presenting cells (APCs), 

such as dendritic cells (Page et al., 1996). SP thymocytes proliferate and undergo the 

final stages of T-cell maturation in the medulla before exiting into the peripheral 

immune system. The population of T-cells leaving the thymus has a diverse receptor 

repertoire, showing that positive selection provides a range of receptor specificities. 

Negative selection of self-reactive lymphocytes ensures that the circulating pool of 

mature T-cells is largely ‘tolerant’ of the normal components of the body but 

responsive to foreign antigens. This rigorous selection process ensures that the T-cell 

repertoire is self-MHC restricted and self-tolerant and as a result, only 3-5% of 

thymocytes that enter the thymus mature into fully functional T-cells 

(Merkenschlager et al., 1997). 
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1.5 Cellular regulation of early thymus organogenesis 

Thymus organogenesis occurs in the pharyngeal region of the developing embryo. 

This region is composed of the pharyngeal arches, bilateral bulges on the ventral side 

of the embryo that are composed of a mesodermal/mesenchymal core, separated by 

invaginations of the ectoderm - the pharyngeal clefts, and out-pocketings of 

pharyngeal endoderm - the pharyngeal pouches. There are five pharyngeal arches in 

the mouse, which form sequentially in a rostral to caudal manner. Within the 

pharyngeal arches, the NC-derived mesenchyme form skeletal and connective tissue, 

while mesodermal cells will form the pharyngeal musculature and the endothelial 

cells that surround the arch arteries (Lindsay, 2001). A schematic representation of 

the pharyngeal region and subsequent thymus organogenesis is shown in Figure 1.3. 

The pharyngeal pouches are transient embryonic structures and give rise to 

craniofacial organs, including the thymus and parathyroid glands. The epithelial 

component of the thymus arises solely from the foregut endoderm of the third 

pharyngeal pouch (3PP), and develops initially within a common primordium with 

the parathyroid gland. This model was proposed by Le Douarin, and confirmed by 

fate mapping and transplantation studies in the mouse, which demonstrated that 

pharyngeal endoderm isolated from E8.0-E9.5 embryos and subsequently grafted 

under the kidney capsule is sufficient to establish complete thymus organogenesis, 

generating both cortical and medullary epithelial compartments (Blackburn et al., 

2002; Gordon et al., 2004; Le Douarin and Jotereau, 1975). Subsequent development 

of the thymus primordium depends on the correct interaction of the endoderm with 

surrounding mesenchyme. The mesenchymal capsule is derived from NCCs that 

migrate into the pharyngeal region and populate the pharyngeal arches from E9.0, 

condensing around the thymus primordium to form the outer capsule (Jiang et al., 

2000; Le Lievre and Le Douarin, 1975). Shortly after capsule formation, the NC-

derived mesenchyme infiltrates the primordium where it differentiates into 

connective tissue structures that support the developing thymus (Foster et al., 2008; 

Muller et al., 2008). The capsule provides mesenchymal-epithelial interactions 

crucial for thymus organogenesis, as shown by perturbed development of TECs in 

E12.5 thymic lobes cultured in absence of mesenchyme (Auerbach, 1960), ablation 



Figure 1.3 Schematic representation of early thymus organogenesis. (A) E9.5 
mouse embryo showing the location of the pharyngeal region (black box). The black 
line depicts plane of coronal section through the pharyngeal region. (B) Coronal sec-
tion from (A) through the pharyngeal region, which consists of pharyngeal arches 
originating from the mesodermal/mesenchymal core (pink/grey) which in turn are 
separated by invaginations of ectoderm (solid blue line) known as the pharyngeal 
clefts and out-pocketings of phayngeal endoderm (solid green line) known as pharyn-
geal pouches. Positioning of the four pharyngeal pouches occurs around E9.5 and are 
numbered in an anterior-posterior direction (1st-4th). The mesenchymal capsule is de-
rived from transient neural crest cells (NCC) that migrate into the pharyngeal region 
and populate the pharyngeal arches from E9.0. (C) Initiation of the third pharyngeal 
pouch (3PP) rudiment outgrowth begins at E10.0 and is dependent on the transcription 
factors Hoxa3, Pax1, Pax9, Eya1 and Six1 of which all are expressed by the endoderm 
and Hoxa3, Eya1 and Six1 also being expressed in NCC. (D) Further outgrowth and 
patterning occurs between E11.5 and E12.5. Patterning of the common primordium 
into a prospective thymus domain located in the ventral aspect of the pouch and pro-
spective parathyroid domain located in the dorsal aspect is marked by the transcription 
factors Foxn1 from E11.25 and Gcm2 as early as E9.5, respectively. (E) At E12.5, the 
common primordium separates from the pharynx and resolves into discrete thymus 
and parathyroid organs which then migrate to their final anatomical locations. During 
this time the thymus starts to differentiate with the appearance of the first cTECs and 
mTECs. Expression of Fgf10 by NCC stimulates epithelial proliferation via Fgfr2-
IIIb. Adapted from Lindsay, 2001 and Blackburn and Manley, 2004).
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of cardiac NCCs in chick embryos which resulted in impairment or inhibition of 

thymus development (Bockman and Kirby, 1984), and by the failure of E12.0 thymic 

primordium to develop in organ culture but co-culture with fibroblast cells restored 

development (Amagai et al., 1995).  

Patterning of the common primordium into a prospective thymus domain located in 

the ventral aspect of the pouch and prospective parathyroid domain located in the 

dorsal aspect is delineated by the transcription factors Foxn1 from E11.25 and Gcm2 

as early as E9.5, respectively. From E10 the 3PP starts to proliferate to form the 

organ primordia. This is followed by a period of further outgrowth that results in the 

expansion of both epithelial and mesenchymal compartments. Colonisation of the 

mouse thymus with the first haematopoietic progenitor cells occurs around E11.5 

(Owen and Ritter, 1969). As vascularisation has not occurred by this stage, the first 

colonising cells migrate through the peri-thymic mesenchyme into the thymic 

epithelium. From here onwards, T-cell development is not only dependent on the 

thymic epithelium but also on the NC-derived mesenchyme, as shown by comparing 

T-cell development in E12.0 lobes cultured in the presence and absence of 

mesenchyme (Suniara et al., 2000). While lobes cultured with attached mesecnhyme 

generated all T-cell subsets in vitro, lobes cultured without mesenchyme were 

blocked at the CD4-CD8- DN stage (Suniara et al., 2000).  To discount secondary 

effects of perturbed TEC development, reaggregate organ cultures of E15.5 lobe 

cultures, previously shown to be capable of supporting later stages of T-cell 

development, were still blocked at the CD4-CD8- DN stage (Anderson et al., 1997). 

At E12.5, the primordium separates from the pharynx and resolves into discrete 

thymus and parathyroid organs. The first cortical and medullary TECs then appear 

(Bennett et al., 2002; Shakib et al., 2009). Development of the two compartments 

proceeds in a lymphocyte independent manner until E15.5 (Klug et al., 2002), at 

which point development of the thymic epithelium into an organised, three-

dimensional (3D) structure is dependent on thymocyte-derived signals, as shown by 

analysis of Ikaros-/- mice, where Ikaros is a transcription factor required by 

haematopoietic progenitors to commit to the lymphoid lineage (Wang et al., 1996). 

Ikaros-/- newborn mice are devoid of thymocytes and exhibit a thymus similar in 
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appearance to that at E13.5-E15.5, with prominent K8+K5+ TEC clusters and absence 

of organised medullary areas defined by K8-K5+ TECs (Klug et al., 2002; Wang et 

al., 1996). Following separation between E12.5 and E13.0, the thymus and 

parathyroid then migrate to their final anatomical locations, the midline and lateral 

margins of the thyroid respectively. TEC surface expression of MHC class II and 

MHC class I is first detected at E12.5 and E16 respectively, followed by appearance 

of CD4+ and CD8+ SP thymocytes, at E15.5 and E17.5 respectively (Jenkinson et al., 

1981; Nowell et al., 2011). A functional thymus is present in neonates, however full 

organisation of the stroma characteristic of a mature organ is not achieved until 2-3 

weeks postnatally (Nowell et al., 2007). 

 

1.6 Molecular regulation of early thymus organogenesis 

Thymus organogenesis can be regarded as several distinct stages, each regulated and 

co-ordinated by a network of interacting signalling molecules and transcription 

factors, that has been revealed mainly through gene inactivation and in situ 

hybridisation experiments, to ensure correct organ formation. A table summarising 

some of these signalling molecules and transcription factors, their null phenotype and 

potential role during thymus organogenesis is shown in Table 1.2. A genetic road 

map indicating the potential order of these transcription factors involved in 

regulating thymus organogenesis is shown in Figure 1.4. 

 

1.6.1 Formation of the third pharyngeal pouch (3PP) 

The earliest events in thymus organogenesis involve formation of the 3PP. The 

transcription factor T-box 1 (Tbx1) and signalling molecules retinoic acid (RA) and 

fibroblast growth factor 8 (Fgf8) are all implicated in this process. 

 

 

 

                                                                                                                                        .



Table 1.2 Key transcription factors and signalling molecules important for 
thymus organogenesis.

See page overleaf.

Table summarising the expression pattern, null phenotype and potential role of key 
genes during thymus organogenesis. CMJ; corticomedullary junction, TEC; thymic 
epithelial cell, 3PP; third pharyngeal pouch, NC; neural crest.
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Pax9

Foregut endoderm from E8.0 and 
all four pharyngeal pouches, 

including the 3PP, from E10.5. 
Expressed throughout the thymic 

epithelium in the adult, with 
potentially more expression in the 

medullary and subcapsular 
regions.

3PP retarded from E11.5. 
Ectopic, cystic thymi located 

in the larynx, which are 
apoptotic from E14.5. Few T-

cells and deregulated NC-
derived mesenchyme and no 

outer capsule (Hetzer-Egger et 
al. 2002).

TEC development 
and function and T-

cell survival 

Gcm2 Dorsal portion of the 3PP from 
E9.5.

Lack parathyroids but display 
normal thymus development 

(Gunther et al., 2000).

Ventral portion of the 3PP from 
E11.25. Later by all TECs.

Pax1

Athymic - 3PP forms but 
apoptotic from E11.5 (Manley 
and Capecchi, 1995 and 1998).

Specification and 
survival of the 3PP

Six1

3PP endodemr, adjacent NC-
derived mesenchyme and 3rd 

pharygeal cleft enctoderm from 
E9.5.

Patterning of 3PP initiatied, 
however apoptosis leads to 
athymia from E12.5 (Zou et 

al, 2006).

Patterning and 
maintenance of the 

3PP

3PP endoderm, adjacent NC-
derived mesenchyame and 3rd 

pharyngeal cleft ectoderm between 
E9.5 and E10.5.

Athymic at E12.5 (Xu et al, 
2002).

Gene Gene Expression Mutant Phenotype Role

Required for the 
mesenchymal-TEC 
cross talk and organ 

migration

Tbx1
Pharyngeal enoderm and 

mesodermal core of the pharyngeal 
arches from E7.5-E12.5.

Absence of the third 
pharyngeal arch and pouch 
(Jerome and Papaioannou, 

2001).

Ventral and medial portion of the 
3PP and NC-derived mesenchymal 

cells at E10.75. Restricted to the 
lateral aspect of the thymic anlage 
by E11.5. Predominantly restricted 
to the mesenchymal cells that from 

the thymic capsule from E12.5.

Hoxa3

Segmentation and 
development of the 
pharyngeal region

Foregut endoderm and non-neural 
crest mesenchyme from E8.0, and 

later in the pharyngeal poches.
Fgf8

Absence of the 3PP (Abu-Issa 
et al, 2002). Increased 

apoptosis of NCCs (Macatee et 
al, 2003).

Bmp4

Eya1

3PP formation and 
epithelial-

mesenchymal 
interactions.

Reduced mesenchymal cell 
condensation and partial 

absence of the thymic capsule. 
Delay in thymus and 

parathyroid separation and 
failed or reduced organ 

migration (Bleul and Boehm, 
2005, Gordon et al. 2010).

Outgrowth and 
patterning of 3PP

3PP endoderm and surrounding 
NC-derived mesenchyme from 

E10.5. Later by TECs.

Mildly hypoplastic/cystic 
thymi, delayed T-cell 

maturation and a 2-5-fold 
reduction in T-cell number 

(Wallin et al. 1996).

TEC development 
and function

Athymic and hairless. Thymic 
primordium forms but arrests 
between E11.5 and E12.5. No 
colonisation by lymphocytes 

(Nehls et al. 1994, Nehls et al. 
1996, Itoi et al. 2001).

Regulates TEC 
differentiation

Foregut endoderm from E8.0 and 
all four pharyngeal pouches, 

including the 3PP, from E10.5. 
Restricted to a subpopulation of 

cTEC in the adult thymus.

Foxn1



Figure 1.4 Genetic road map of thymus organogenesis. While numerous studies 
have defined specific genes as having a role in thymus development, the molecular 
regulation of early thymic organogenesis remains poorly understood. This genetic 
road map highlights the key genes known to be important for thymus organogenesis, 
and where and when they are expressed during this process. Based on their expression 
patterns and phenotypes revealed through in situ hybridisation and gene inactivation 
experiments respectively, the genes have been grouped based on their potential role 
during thymus organogenesis, which can be regarded as several distinct stages: 1) 
positioning of the 3rd pharyngeal pouch (3PP) from E9.5, 2) initiation of 3PP rudiment 
outgrowth from E11.0 and 3) further outgrowth and patterning of the 3PP from E11.5. 
It should be noted that while there is growing evidence for a cascade of transcription 
factors operating during thymus development, it is not yet known whether these genes 
directly interact with one another.
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Tbx1
(Foregut endoderm from E7.5)

Fgf8
(Foregut endoderm from E8.0)

Pax1/Pax9
(Foregut endoderm from E8.5)

 Hoxa3
(3PP endoderm and NC-derived mesenchyme from E9.5)

Eya1
(3PP endoderm and NC-derived mesenchyme from E9.5)

Six1
(3PP endoderm and NC-derived mesenchyme from E9.5)

Pax1/Pax9
(3PP endoderm from E10.5 and E9.5 respectively)

Foxn1
(Ventral portion of 3PP from E11.25)

Gcm2
(Dorsal portion of 3PP from E9.5)

E9.5 - Positioning, formation and segmentation of the 2nd, 3rd and 4th pharyngeal 
pouch/arch.

E11.0 - Initiation of 3PP outgrowth, proliferation and survival.

E11.5 - E12.5 - Outgrowth and patterning of 3PP. Regionalisation of rudiment into 
thymus and parathyroid specific domains.
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1.6.1.1 T-box 1 (Tbx1) 

Tbx1 is a T-box related transcription factor expressed from E7.5-E12.5 in the 

pharyngeal endoderm and mesodermal core of the pharyngeal arches (Chapman et 

al., 1996). Tbx1-/- mutants have severe defects in the pharyngeal region, including 

abnormal patterning of the first pharyngeal arch, hypoplasia of the second 

pharyngeal arch and absence of the third, fourth and sixth pharyngeal arches and 

pouches (Jerome and Papaioannou, 2001). This result suggests a role for Tbx1 in the 

segmentation and development of the whole pharyngeal region. Since Fgf10 and 

Fgf8 are Tbx1 targets, induction or maintenance of proliferation could be one 

mechanism by which Tbx1 mediates its effect. This is supported by the fact that the 

pharyngeal endoderm has reduced levels of proliferation in the absence of Tbx1 at 

E8.5 (Xu et al., 2005). This study also addressed the temporal requirement of Tbx1 in 

pharyngeal region development, highlighting a critical time window for Tbx1 

function in thymus development between E8.5 and E9.5, which coincides with 3PP 

formation. Mice ubiquitously expressing a tamoxifen-inducuble Cre recombinase 

were crossed with mice carrying a conditional Tbx1 allele in which exon 5, encoding 

part of the T-box domain, is flanked by loxP sites. Deletion of Tbx1 at E8.5, during 

3PP formation, resulted in complete absence of the thymus and parathyroid. In 

addition it was shown by fate mapping experiments, where tamoxifen-inducible Cre 

was knocked into the Tbx1 locus and used to activate β-galactosidase expression, that 

cells expressing Tbx1 at E8.5 contribute to the thymus primordium. Tbx1 was also 

deleted at E9.5/10.5, after initial formation of the 3PP, and resulted in mild thymus 

hypoplasia and morphological defects. Fate mapping of cells expressing Tbx1 at 

E9.5/10.5 revealed only a small contribution of cells expressing Tbx1 to the thymus 

(Xu et al., 2005). Tbx1 is therefore crucial for 3PP formation. Expression of Tbx1 in 

the pharyngeal region appears to be regulated by sonic hedgehog (Shh) signalling 

(Garg et al., 2001). 
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1.6.1.2 Retinoic acid (RA) 

RA is also implicated in 3PP formation. A RA antagonist was administered to whole 

embryo cultures causing a block on RA signal transduction at E8.0. This resulted in 

the loss of Fgf8, Fgf3 and Pax9 expression in the 3PP endoderm (Wendling et al., 

2000), suggesting a role of RA signalling in the specification of the 3PP endoderm 

(Neubuser et al., 1995). 

 

1.6.1.3 Fibroblast growth factor 8 (Fgf8) 

Fibroblast growth factors (Fgfs) are a family of secreted molecules that signal via 

cell surface receptor tyrosine kinases and have both mitogenic and differentiative 

effects. Fgf8 is expressed in the foregut endoderm and non-neural crest mesenchyme 

from E8.0, with expression later found in the pharyngeal pouches (Abu-Issa et al., 

2002). While Fgf8 null mice die at E8.5 (Meyers et al., 1998), hindering functional 

studies of Fgf8 during later stages of embryo development, generation of Fgf8 

hypomorphic embryos has shown that the third and fourth pharyngeal pouches fail to 

form suggesting a role of Fgf8 in 3PP formation (Abu-Issa et al., 2002). In addition, 

using transgenic mice containing a conditional allele for Fgf8, in which the coding 

sequence of GFP is inserted into the 3’UTR and exon 5 is flanked by loxP sites, and 

a conditional allele for Hoxa3, in which IRES Cre is inserted into the 3’ UTR 

(Fgf8GFP/Hoxa3IRESCre), ablation of Fgf8 gene function in Hoxa3-expressing cells 

of the third pharyngeal arch and pouch is achieved (Macatee et al., 2003). Analysis 

of these mice revealed that removal of Fgf8 from the 3PP at E9.5, following initial 

pouch formation, resulted in hypoplasia and ectopia of the thymus, as well as 

increased apoptosis of NCCs (Macatee et al., 2003). This indicates a requirement for 

Fgf8 in organogenesis and involvement of Fgf8 in signalling between the 3PP 

endoderm and the surrounding NC-derived mesenchyme. 

A role for the Fgfs in epithelial-mesenchymal interactions in thymus development is 

also evident from the study of two other members of the Fgf family, Fgf7 and Fgf10. 

Analysis of transgenic mice lacking either Fgf10, which is expressed by stromal 

mesenchymal cells, or its receptor FgfR2IIIb, which is expressed by TECs, results in 
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a severely hypoplastic thymus due to growth of the thymic epithelium arresting at 

E12.5 (Revest et al., 2001). In a separate study, administration of exogenous Fgf7 to 

thymocyte depleted E16.0 thymic lobes in culture resulted in expansion of the 

mTECs (Erickson et al., 2002). While these studies indicate an important role for 

these growth factors in the epithelial-mesenchymal communication during thymic 

organogenesis, Fgf7 and Fgf10 may also have a role during the later stages of thymus 

development, possibly proliferation of the epithelial compartment. 

 

1.6.2 Regulation of third pharyngeal pouch (3PP) development 

After 3PP formation continued development of the thymus primordium, including 

further outgrowth and patterning, is dependent on several transcription factors 

including Hoxa3, Eya1 and Six1.  

 

1.6.2.1 Homeobox protein A3 (Hoxa3) 

Homeobox protein A3 (Hoxa3), a member of the homeobox family of transcription 

factors that are known to specify lineage identity (Krumlauf, 1994), is expressed 

from E9.5 in the endoderm of the 3PP and NC-derived mesenchyme of the 

pharyngeal arches. Hoxa3-/- mutants show failure to initiate overt thymus and 

parathyroid organogenesis once the 3PP has formed, and mice are therefore athymic 

(Manley and Capecchi, 1995; Manley and Capecchi, 1998). Since Hoxa3 is restricted 

to the third and fourth pharyngeal region, this suggests Hoxa3 is required for 

specifying the identity of pharyngeal organs that develop from these structures, 

including the thymus, parathyroid and ultimobranchial bodies. Hoxa3 also regulates 

migration of the thymus primordium, since Hoxa3+/-Hoxb3-/-Hoxd3-/- mice, but not 

Hoxb3-/-, Hoxd3-/- or Hoxb3-/-Hoxd3-/- double mutants, have impaired migration of 

the thymic primordia (Manley and Capecchi, 1998).  
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1.6.2.2 Eyes Absent 1 (Eya1) and Sine oculis homeobox 1 (Six1) 

Eyes Absent 1 (Eya1) is a member of Eyes Absent gene family, which are homologs 

of the Drosophila Eyes Absent (Eya) gene, and encodes a transcription co-activator 

that is expressed in the second, third and fourth pharyngeal pouch endoderm, 

adjacent NC-derived mesenchyme and third and fourth pharyngeal cleft ectoderm 

between E9.5 and E10.5 (Xu et al., 2002). Eya1-/- embryos are athymic at E12.5 and 

show reduced expression of sine oculis 1 (Six1) in the 3PP (Xu et al., 2002).  

Six1 is a member of the homeobox Six gene family, which are homologs of the 

Drosophila sine oculis (so) gene, and encodes a transcriptional regulator often co-

expressed with Eya1 (Xu et al., 1997). Six1 is expressed in the pharyngeal endoderm, 

mesenchyme and ectoderm from E9.5, where its expression in the endoderm and 

ectoderm is Eya1-dependent (Xu et al., 2002). Six-/- mice, where the β-galactosidase 

coding sequence replaces exon 1 of the Six1 gene, lack a thymus and parathyroid 

(Laclef et al., 2003) and analysis of the Six-/- 3PP endoderm revealed that the 

patterning of the 3PP into thymus/parathyroid primordia is initiated, however the 

endodermal cells of the primordia fail to maintain expression of the parathyroid-

specific gene Gcm2 and the thymus-specific gene Foxn1 and subsequently undergo 

abnormal apoptosis, leading to complete disappearance of the organ primordia by 

E12.5 (Zou et al., 2006). This suggests that Six1 is required for normal maintenance 

of Gcm2 and Foxn1 expression during early development.  

There is growing evidence to suggest that a Hox-Eya-Six-Pax network cascade 

occurs during thymus development. Hoxa3 expression in the 3PP or NC-derived 

mesenchyme is unaffected in Pax1-/-Pax9-/-, Six1-/-Six4-/- and Eya1-/-Six1-/- double 

mutant embryos (Zou et al., 2006), placing it upstream of these genes. Eya1 and Six1 

expression in the 3PP of Pax1-/-Pax9-/- double mutant embryos is normal (Zou et al., 

2006), suggesting that Eya1 and Six1 expression do not require Pax1 or Pax9 

function and therefore act independently of these genes. However, while Pax1 and 

Pax9 expression at E9.5-E10.5 in Eya1-/- single mutants and at E10.0 in Six1-/- single 

mutants is normal, Pax1 expression was undetectable and Pax9 expression was 

reduced in Six1-/-Eya1-/- double homozygous embryos at E10.5 (Xu et al., 2002; Zou 

et al., 2006). Pax1 and Pax9 expression in the 3PP appear to require both Eya1 and 
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Six1 function and must therefore be downstream of Eya1 and Six1. Eya1 expression 

is normal in Six1-/- and Six1-/-Six4-/- double mutants, confirming that Eya1 is 

genetically upstream of these Six genes during thymus organogenesis (Zou et al., 

2006). It therefore appears that these genes operate as a genetic network, where the 

order of gene function is Hoxa3-Eya1-Six1/4- Pax1/Pax9, with Eya1 and Six1 acting 

downstream of Hoxa3 leading to the initiation of the parathyroid and thymus 

differentiation programme by activation of Gcm2 and Foxn1, whose expression 

requires the function of Eya1, Six1/Six4 and Hoxa3 (Zou et al., 2006). This is similar 

to the Pax-Eya-Six cascade that operates in Drosophila to control proliferation and 

patterning of the eye (Pignoni et al., 1997). However, further work is required to 

elucidate exactly how these and other transcription regulators co-operate in the 

development of the 3PP endoderm and to determine the precise role of each of these 

factors at the cellular level. 

 

1.6.3 Patterning of the third pharyngeal pouch (3PP) into thymus 
and parathyroid specific domains 

In the next stage of thymus organogenesis, the 3PP is patterned into organ specific 

domains, a process thought to involve the transcription factor Gcm2 and the 

signalling molecules Bmp4, Shh and Wnt4.  

 

1.6.3.1 Glial cells missing homologue 2 (Gcm2) 

Glial cells missing homologue 2 (Gcm2) is expressed within epithelial cells in the 

dorsal region of the 3PP endoderm from E9.5, thus complementing Foxn1 expression 

in the ventral region, and represents a parathyroid specific marker (Gordon et al., 

2001). Gcm2 null mice lack parathyroid glands (Gunther et al., 2000). Since its 

expression is down-regulated in the E11.5 3PP of Pax1-/- embryos, further reduced or 

even absent in Hoxa3+/-Pax1-/- compound mutants (Su et al., 2001) and absent in 

Eya1-/- embryos at E9.5-E11.5 (Xu et al., 2002), Gcm2 may operate downstream of 

these transcription factors as part of the Hox-Eya-Six-Pax cascade. Just as Foxn1 

does not specify the thymus, it appears that Gcm2 does not specify the parathyroid. 
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Gcm2-/- embryos lack parathyroids but display normal thymus development (Gunther 

et al., 2000). However, recent studies show that parathyroid-specific markers CCL21 

and CaSR are initiated but not maintained in Gcm2-/- mice (Liu et al., 2007). 

 

1.6.3.2 Bone morphogenic protein 4 (Bmp4) 

There is evidence to suggest that bone morphogenic proteins (BMPs) and sonic 

hedgehog (Shh) play an important role in specification of the thymus and parathyroid 

domains within the 3PP. BMPs are members of the TGF-β superfamily that act as 

signalling molecules in the development of many organ systems. In the thymus, 

Bmp4 expression is restricted to a small number of mesenchymal cells in the third 

pharyngeal arch at E9.5, becoming expressed in TECs in the ventral and medial part 

of the 3PP as well as the NC-derived mesenchymal cells surrounding the thymus at 

E10.75. By E11.5 Bmp4 becomes restricted to the lateral aspect of the thymic anlage, 

and retains strong expression within the thymus and surrounding mesenchyme at 

E12.5 (Bleul and Boehm, 2005; Patel et al., 2006). This spatial and temporal 

expression pattern suggests that Bmp4 could be involved in specifying thymus 

identity in the ventral aspect of the 3PP. Foxn1 is also expressed in the ventral aspect 

form E11.25 and in vitro data suggest Bmp4 treatment can up-regulate Foxn1 

expression in TECs (Tsai et al., 2003), supporting a role in specification.  

Bmp4-/- mice die between E6.5 and E9.5 (Winnier et al., 1995), preventing functional 

studies during thymus development. However, analysis of transgenic mice that direct 

expression of the BMP antagonist noggin to TECs via the Foxn1 promoter, reveals 

that in conditions of reduced BMP signalling a dysplastic thymus results that is 

drastically reduced in size and exhibits an ectopic location at the level of the hyoid 

bone, lateral to the larynx (Bleul and Boehm, 2005), demonstrating that BMP 

signalling is crucial for early growth, differentiation and migration of the thymus. A 

more recent study has revealed a role for Bmp4 in epithelial-mesenchymal 

interactions, as conditional deletion of Bmp4 from the pharyngeal endoderm and 

surrounding mesenchyme in FoxG1-Cre;Bmp4lacZ mice results in reduced 

condensation of mesenchymal cells, partial absence of the thymic capsule and failure 
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of organ migration, while patterning of the thymic primordium was normal, 

discounting a role in specification (Gordon et al., 2010). 

 

1.6.3.3 Sonic hedgehog homolog (Shh) 

Shh is a secreted glycoprotein that is expressed in the dorsal and ventral pharyngeal 

endoderm from E9.5, but absent from the first, second and third pharyngeal pouches 

(Moore-Scott and Manley, 2005). By E10.5, Shh expression is expanded to the first 

and second pouches, but is restricted to the opening of the third and fourth pouches 

(Moore-Scott and Manley, 2005). By E11.5, expression is expanded further into the 

first and second pouches, but absent from the most distal tips (Moore-Scott and 

Manley, 2005). Patched 1 (Ptch1), the receptor involved in Shh signalling, is also 

expressed in the endoderm and mesenchyme from E9.5, in close proximity to the 

Shh-expressing domains (Moore-Scott and Manley, 2005). Shh-/- embryos reveal 

expansion of both the Bmp4 and Foxn1 expression domains in the 3PP, while the 

Gcm2 parathyroid domain is lost. Thus, Shh could play a role in opposing the action 

of BMP signalling to allow specification and development of the parathyroid. 

 

1.6.3.4  Wingless-type 4 (Wnt4) 

Wnts constitute a large family of secreted glycoproteins. In particular, Wnt4 is 

expressed in the thymus by both stromal and lymphoid cells, while Wnt receptors are 

expressed by TECs (Balciunaite et al., 2005; Balciunaite et al., 2002). Wnt4 is 

expressed from E10.5 in the epithelium of the 3PP. It may be involved in Foxn1 

regulation, as when cTEC1-2 cell lines are retrovirally transduced to over-express 

Wnt4, Foxn1 expression is increased, as shown by measuring Foxn1 mRNA levels in 

epithelial cells by RT-PCR (Balciunaite et al., 2002). A recent study has shown that 

by in situ hybridisation, Wnt5b expression is detectable in the 3PP from E10, 

however its expression is reduced in Six1;Six4 double mutants and undetectable in 

Eya1-/- single mutants (Zou et al., 2006). This strongly suggests that Eya1 may 

regulate Wnt signalling during early thymus organogenesis.  
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1.6.4 Molecular regulation of TEC proliferation 

Once the thymus primordium has formed and the epithelial cells have become 

committed to the TEC lineage, there is a period of expansion involving proliferation 

of stromal cells including TECs and an increase in thymocyte numbers. Analysis of 

Foxn1, Pax1 and Pax9 null mice have suggested a role for these genes in TEC 

development and in vitro studies have shown that the growth factors Fgf7 and Fgf10 

stimulate proliferation of foetal TECs (Suniara et al., 2000).  

 

1.6.4.1 Forkhead box protein N1 (Foxn1) 

One particular transcription factor, Foxn1, plays a central role at this stage of 

organogenesis. Forkhead box protein N1 (Foxn1), formerly known as winged-helix 

nude (Whn), is a member of the forkhead family of transcription factors and is the 

earliest specific marker of thymic epithelial identity in the 3PP. Foxn1 is the gene 

mutated in the classical mouse mutant nude, whose phenotype is characterised by 

congenital athymia and hairlessness (Nehls et al., 1996; Nehls et al., 1994). It is 

expressed at high levels in the ventral aspect of the 3PP endoderm from E11.25 

(Gordon et al., 2001), although transcripts can be detected as early as E9.5 by RT-

PCR (Gordon et al., 2001; Nehls et al., 1994). Analysis of Foxn1 reporter mice has 

shown that Foxn1 is expressed by TECs throughout ontogeny (Gordon et al., 2007; 

Nehls et al., 1996). Examination of the thymic rudiment of nude mice has shown that 

thymus organogenesis is correctly initiated and proceeds normally until E11.5-E12.0 

(Cordier and Haumont, 1980). The thymic primordium forms but fails to differentiate 

or be colonised by T-cell precursors, which remain in the surrounding perithymic 

mesenchyme (Itoi et al., 2001). Epithelial cells within the primordium fail to expand 

after E12.5 remaining in an apparently undifferentiated state, and vascularisation of 

the primordium does not occur (Itoi et al., 2001). Overall, a small, cystic, alymphoid 

thymic rudiment develops and the resulting lack of functional T-cells leads to severe 

immunodeficiency.  

While Foxn1 is the earliest specific marker of thymic epithelial identity in the 3PP, it 

does not specify thymic epithelial lineage, as the Foxn1-/- mutation does not affect 
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thymus primordium formation, and cells in the Foxn1-/- primordium are able to 

receive the signal to initiate Foxn1, as shown by β-gal staining of Foxn1lacZ/lacZ 

embryos (Gordon et al., 2001; Nehls et al., 1996). Furthermore, studies in the mouse 

and chick have shown that E9.0 3PP endoderm, isolated free of ectodermal and 

mesenchymal cells, can generate an intact thymus containing both cortical and 

medullary thymic epithelial compartments when ectopically transplanted under the 

kidney capsule (Gordon et al., 2004; Le Douarin and Jotereau, 1975). This suggests 

that the 3PP endoderm already contains cells specified to thymus fate, well before 

onset of high level Foxn1 expression or the time of the Foxn1 phenotype. However, 

once the thymus primordium has formed, further development and/or maintenance of 

all thymic epithelial subtypes are dependent on the cell autonomous action of Foxn1 

(Blackburn et al., 1996). This was shown through analysis of nude-WT aggregation 

chimeras. Staining of the thymi from these chimaeric mice demonstrated that cells 

homozygous for the nude mutation were unable to contribute to the major thymic 

epithelial subset but instead remained in an undifferentiated state, establishing the 

nude gene product, Foxn1, is required cell-autonomously for development and/or 

maintenance of all mature TECs (Blackburn et al., 1996). Although the precise role 

of Foxn1 has not been completely elucidated in the thymic epithelial lineage, recent 

work has demonstrated a complex role for Foxn1 in regulating differentiation of 

cortical and medullary TECs in the fetal and postnatal thymus (Nowell et al., 2011), 

and has also indicated requirement for this protein for maintenance of the postnatal 

thymic microenvironment (Bleul et al., 2006; Chen et al., 2009). The early thymic 

rudiment in nude mice also shows reduced proliferation (Itoi et al., 2001).  

 

1.6.4.2 Paired box protein 1 and 9 (Pax1 and Pax9) 

Pax1 and Pax9 are closely related members of the paired box family of transcription 

factors. They are both expressed in the pharyngeal endoderm from E8.5 and the 3PP 

from E9.5 (Pax9) and E10.5 (Pax1) (Neubuser et al., 1995; Wallin et al., 1996).  

Pax1 is expressed throughout the thymic epithelium at E12.5, however with 

increasing age only a small subset of cTECs retain strong Pax1 expression (Wallin et 
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al., 1996). This was demonstrated through whole mount in situ hybridization and 

immunohistochemical analysis of embryonic and adult (6-week old) thymi. At E14.5, 

a significant fraction of TECs showed Pax1 expression but are more confined to the 

cortex. In the adult mouse, Pax1 expression was detected in the subcapsule and in a 

small subpopulation of cTECs that did not express the mature TEC markers MHC 

class II or ER-TR4 (Wallin et al., 1996). This suggesed that Pax1 expression must be 

maintained in a thymic epithelial precursor population rather than in differentiated 

epithelial cells. Pax1-/- mice exhibit relatively mild thymus hypoplasia, characterized 

by a 2-5-fold reduction in thymocyte numbers that affect mainly the CD4+8+ DP 

immature and CD4+ SP mature thymocyte subsets (Wallin et al., 1996). This is due 

most likely to the unusual pattern of differentiation of TECs resulting in failure to 

support full thymocyte maturation, since both the number of MHC class II+ TECs 

and the level at which MHC class II is expressed are reduced in Pax1-/- mice (Su and 

Manley, 2000). This suggests a role for Pax1 in TEC development. 

Pax9 is also expressed by a large proportion of TECs during early thymus 

development (Neubuser et al., 1995; Peters et al., 1998a; Peters et al., 1998b), but 

analysis of expression in the adult has not been studied to date. Pax9-/- mutants have 

a far more severe phenotype than that of Pax1-/- mutants. In these mice, the third and 

fourth pharyngeal pouches form normally. However subsequent development is 

arrested at E11.5 and at E14.5 the primordia of the thymus, parathyroid and 

ultimobrancial bodies are absent. In situ hybridisation with a Foxn1 specific probe, 

which is a tissue-specific marker of TECs, on histological sections of the neck and 

upper trunk region of a E14.5 mouse embryo detected the presence of thymic 

epithelium (Hetzer-Egger et al., 2002). It was demonstrated that the thymic anlage 

develops in Pax9 null mice as an ectopic polyp-like structure in the larynx. This 

expresses Foxn1, but fails to perform the normal caudo-ventral movement to the 

upper mediastinum. The thymic rudiment contains mesenchymal cells, blood vessels 

and is colonised by T-cell progenitors. However, from E14.5, the size of the Pax9 

mutant thymus is severely reduced such that by E16.5, the primordium is severely 

disorganized containing large numbers of apoptoic cells (Hetzer-Egger et al., 2002). 

This suggests a role of Pax9 in TEC development and T-cell survival. 
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There is evidence suggesting a pathway in which Hoxa3, Pax1, and Pax9 operate in 

synergy and in a dosage-dependent manner. Analysis of Hoxa3-/- mutants revealed 

that Pax1 expression is initiated in the 3PP but is not maintained at WT levels after 

E10.5 (Manley and Capecchi, 1995). Furthermore, analysis of Hoxa3+/-Pax1-/- 

compound mutants revealed that these mice exhibited a markedly more severe 

thymus phenotype than Pax1-/- single mutants, including delayed separation of the 

common thymus/parathyroid primordium from the pharynx that leads to thymic 

ectopia, increased thymic hyplasia due to reduced proliferation and increased 

apoptosis, and a more severe effect on thymocyte maturation (Su and Manley, 2000). 

The fact that the Hoxa3+/-Pax1-/- compound mutants exhibit an ectopic thymus 

suggests a role for Pax1 in thymus migration, a function not apparent in the Pax1-/- 

single mutants or Hoxa3+/-Pax1+/- compound mutants. This implies that Hoxa3 

regulates additional genes important for thymus development, and since an ectopic 

thymus is indicative of the Pax9 null phenotype, possibly Pax9 which could also 

indicate functional redundancy between Pax1 and Pax9 during thymus 

organogenesis. Interestingly, functional redundancy between Pax1 and Pax9 exists 

during vertebral column development in a gene dosage-dependent manner (Peters et 

al., 1999). Pax1 fully compensates for the absence of Pax9 and Pax9 incompletely 

rescues vertebral column formation in Pax1 deficient mice. Also, in Pax1 null 

mutants, Pax9 is up regulated and ectopically induced in structures in which Pax1 is 

usually expressed (Peters et al., 1999). Functional redundancy also exists between 

their paralogous pairs Pax2 and Pax5 during midbrain and cerebellum development 

(Schwarz et al., 1997) and Pax3 and Pax7 during skeletal muscle development 

(Mansouri et al., 1998). Since functional redundancy could exist between Pax1 and 

Pax9 during thymus organogenesis, other roles for these genes could be masked in 

the Pax1 and Pax9 single mutants. For example, the Pax1unex/unexHoxa3+/- compound 

mutants and Foxn1 hypomorphic mutants have similar phenotypes; hypoplastic 

thymi characterised by low levels of MHC class II expression (Su and Manley, 2000) 

(Nowell et al., 2011), possibly placing these genes upstream of Foxn1 with a 

potential role in thymic epithelial lineage specification. Analysis of thymus 

development in the compound mutants of Pax1 and Pax9, which has not been 

presented to date, is therefore essential.  
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1.7 Biology of the Pax genes 

 

1.7.1 Evolution of the Pax genes 

Based on the knowledge that many evolutionary distinct species exhibit sequence 

conservation among genes, several gene families involved in mouse embryogenesis 

have been identified based on their sequence conservation to already known 

Drosophila melanogaster genes. Thus, to determine if the mouse genome contained 

paired-box homologous sequences, two mouse genomic libraries were screened with 

a probe containing the Drosophila gsb-d paired box sequence (Deutsch et al., 1988). 

This probe detected several homologous sequences when hybridised to mouse gDNA 

southern blots, indicative of a multi-gene family later defined as the Pax gene family. 

In Drosophila seven Pax genes exist, while in higher vertebrates there are nine 

members of the Pax family (Dahl et al., 1997), which are classified into four 

paralogous groups based on the sequence homology of the paired box domain and 

the presence or absence of conserved regions coding for a homeodomain or 

octapeptide motif (Buckingham and Relaix, 2007; Walther et al., 1991). These 

groups are shown in Table 1.3. 

Pax1 was the first murine Pax gene isolated, which upon sequencing showed 

extensive nucleotide (between 58% and 63% identity) and amino acid (between 64% 

and 68%) sequence homology of its paired-box to that of the five known Drosophila 

paired-box genes; paired (prd), gooseberry proximal (gsb-p) and gooseberry distal 

(gsb-d), of which all contain a paired-box and a homeodomain and Pox-meso and 

Pox neuro, of which both contain a paired domain but not a homedomian, with 

particular homology to the Pox-meso gene (Deutsch et al., 1988). Pax9 is the most 

recently identified member of the murine Pax family (Wallin et al., 1993); its 

identification followed speculation that group I might include mouse Pax genes in 

addition to Pax1. Thus, probes encoding part of the group I-type paired-box 

sequence were amplified from WT and Pax1Un-s/Un-s mice (which lack Pax1). 

Hybridisation of the WT-derived probe to gDNA detected two genes while 

hybridisation of the Pax1Un-s/Un-s-derived probe detected only one band, which 

following comparison of the derived sequence to other members of the Pax family 



Table 1.3 The Pax family of regulatory transcription factors. The Pax family of 
transcription factors are characterised by the presence of the paried box domain (PD). 
They are subdivided into four paralogous groups based on the absence or presence of 
two other conserved motifs; the paired-type (partial or complete) homeodomain (HD) 
and an octapeptide (OP). The chromosome location and primary expression domains 
of the Pax genes during mouse embryonic development are also summarised. CNS; 
central nervous system. Adapted from Buckingham and Relaix, 2007.

Yes

CNS, kidney, ear

Pax 
gene 

Paralogous 
group

Pax3

Pax7

Chromosome 
location

2

12

19

4

2

1

4

II Paired 
homeodomain 

Yes

Expression in developing 
tissues/organs

Structural characteristics

Homeodomain Octapeptide

6

2

Skeleton, thymus, parathyroid

Skeleton, thymus, craniofacial 
tissue, teeth

Pax5                      

Pax8

CNS, kidney, thyroid

CNS, B-lymphocytes

Pax2

I No       
homeodomain 

Yes
Pax1              

Pax9

Pancreas, gut

CNS, pancreas, gut, nose, eye

CNS, craniofacial tissue, trunk 
neural crest, somites/skeletal muscle           

CNS, craniofacial tissue, 
somites/skeletal muscle

III Full     
homeodomain

Pax4                     

Pax6
IV

Full     
homeodomain No
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was designated Pax9 and classified as a member of the same subgroup as Pax1 

(Wallin et al., 1993).  

Pax1 and Pax9 constitute paralogous group I. The evolutionary relationship between 

Pax1 and Pax9 has been studied by comparing the exon/intron boundary sequences 

by protein alignment of mouse Pax1 and human PAX9 to the single Pax1/Pax9 

related gene AmphiPax1 from the cephalochordate Branchiostoma lanceolatum (also 

known as amphioxus) (Hetzer-Egger et al., 2000). From this analysis, the high 

degree of sequence conservation suggests that Pax1 and Pax9 may have derived 

from a single ancestral gene and that they evolved through sequence divergence at 

the C-terminus. Distinct functions of the Pax1 and Pax9 genes may therefore be 

conferred through the C-terminal part of the proteins (Hetzer-Egger et al., 2000).  

 

1.7.2 Structural characteristics of the Pax genes 

 

1.7.2.1 The paired box domain 

The paired box domain is a common motif shared by Pax proteins (Balling et al., 

1996; Dahl et al., 1997), originally described in the Drosophila segmentation gene 

Prd (Bopp et al., 1986). Crystal structure analysis of the paired domain from the 

Drosophila Prd protein in complex with a 15bp duplex containing an optimised 

binding site (CGTCACGGTTGAC), revealed that the highly conserved paired box is 

a DNA binding domain of 128 amino acids in length that consists of two structurally 

independent helix-turn-helix (HTH) sub domains separated by a short linker: 1) the 

N-terminal sub domain or PAI domain and 2) the C-terminal sub domain or RED 

domain, that consist of three α helixes each (Xu et al., 1995). The HTH of the N-

terminal domain of the paired box is preceded by a short region of antiparallel β-

sheet and a type II β-turn, and is followed by an extended C-terminal tail. This 

structure is schematically illustrated in Figure 1.5 A. The binding site used for crystal 

structure analysis resembles optimised sites that had been previously defined for 

other paired domains, including those of Pax1, Pax2, Pax5 and Pax6 (Xu et al., 

1995).



Pax1            YGEVNQLGGVFVNGRPLPNAIRLRIVELAQLGIRPCDISRQLRVSHGCVS
Pax9            -GEVNQLGGVFVNGRPLPNAIRLRIVELAQLGIRPCDISRQLRVSHGCVS
                 *************************************************

Pax1            KILARYNETGSILPGAIGGSKPRVTTPNVVKHIRDYKQGDPGIFAWEIRD
Pax9            KILARYNETGSILPGAIGGSKPRVTTPTVVKHIRTYKQRDPGIFAWEIRD
                *************************** ****** *** ***********

Pax1            RLLADGVCDKYNVPSVSSISRILR
Pax9            RLLADGVCDKYNVPSVSSISRILR
                ************************

Identity = 120/123 (98%)

A

B

Figure 1.5 Structural characteristics of Pax1 and Pax9. (A) Schematic representation of the mouse 
Pax1 and Pax9 protein domains. The N-terminal (NH2) region of Pax1 and Pax9 protein contains two 
domains: a paired box (Prd) domain (blue), coded in both genes by exon 2 and a conserved octapep-
tide (red), also coded in both genes by exon 2. The paired box domain consists of a well conserved 
128 amino acid region formed by two DNA binding sub-domains; the PAI domain (N-terminal 
domain) and the RED domain (C-terminal domain), joined by a linker region. (N.B. PAI + RED = 
PAIRED). The PAI domain consists of an anti-parallel β-sheet (β1, green) and type II β-turn (β2, 
yellow), followed by a helix-turn-helix (α1-α3, purple) and extended C-terminal tail (orange). The 
RED domain consists of a helix-turn-helix (α4-α6, purple). While both sub-domains have the poten-
tial to bind DNA independently, crystal structure analysis has shown that DNA binding is mainly 
conferred by helix 3 (α3) of the PAI domain. Adapted from Tiziana de Cristofaro and Mariastella 
Zannini, Transcription Factor Encyclopedia. (B) Sequence alignment of the paired box domain of 
Pax1 (amino acids 90-213, accession NP_032806) and Pax9 (amino acids 6-128, accession 
NP_035171) using the NCBI BLAST sequence alignment program. The paired box domain of Pax1 
and Pax9 are 98% identical at the protein level. The three divergent amino acids are highlighted in red.
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The crystal structure also revealed how the paired domain contacts the binding site. 

DNA binding occurs through the N-terminal domain, which interacts with the DNA 

as a monomer. The β-sheet contacts the sugar phosphate backbone of the DNA, the 

β-turn contacts the minor groove, helix two and three of the HTH motif contact the 

phosphate backbone and major groove, respectively while the C-terminal tail also 

contacts the minor groove close to those of the β-turn (Xu et al., 1995). The C-

terminal domain of Prd made no contact with the optimised binding site and 

therefore is not thought to play a role in DNA recognition. However, unlike Prd, 

Pax6 and Pax2, Pax5 and Pax8 all rely on both the N- and C-terminal domains of the 

paired box for DNA binding (Czerny and Busslinger, 1995; Epstein et al., 1994; Jun 

and Desplan, 1996). Thus, both sub-domains of the murine Pax genes have the 

potential to bind to DNA independently, however DNA binding is probably mainly 

conferred by helix 3 of the PAI domain in the major groove.  

Comparison of the Prd paired box crystal structure with the sequences of all the 

murine Pax paired domains showed that the residues involved in the hydrophobic 

contacts that stabilise the protein and the residues involved in contacting the DNA 

are all conserved, apart from one (residue 47) which may be involved in conferring 

specificity of the Pax proteins (Xu et al., 1995). Work supporting the importance of 

the N-terminal domain in binding DNA comes from analysis of the Pax1un mouse, 

which harbours a glycine to serine point mutation at position 15 of the paired 

domain. This point mutation was shown to map to the β-turn of the N-terminal 

domain at a residue shown to make contact with the sugar phosphate backbone at the 

bottom of the minor groove and correlates with the reduced binding affinity of the 

Pax1un protein compared to WT Pax1 (Chalepakis et al., 1991). 

The functional importance of the paired box as a DNA-binding domain was 

demonstrated further following analysis of potential recognition sites of the Prd and 

Pax genes. The binding potential of the paired domain was first shown through 

binding of the Drosophila paired protein (prd) to the e5 sequence found in the 

Drosophila even skipped promoter in vitro (Treisman et al., 1991). Subsequent 

studies, using variations of the e5 sequence to examine DNA binding affinity of the 

Pax1 protein in gel shift assays, showed that murine Pax1 functions as a sequence 
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specific DNA binding protein through its paired domain, via a DNA binding core 

motif (Chalepakis et al., 1991). Following base-specific binding interference assays 

and systematic mutations, the DNA binding core motif of the paired domain was 

designated GTTCC, as it was most sensitive to the chemical modifications and 

mutation of either the second (T) third (T) or fifth (C) base prevented DNA binding 

completely (Chalepakis et al., 1991). The remaining regions contacting the core 

motif were also found to be important for binding affinity and resulted in a Pax1 

recognition site of 24bps (TGGGCTCACCGTTCCGCTCTAGATATCTCGA). 

While Pax1 wild type protein exhibited strong binding affinity to this recognition 

site, Pax1un mutant protein, in which there is a glycine to serine transition at position 

15 of the paired domain, retained only 10% of the binding affinity.  

In the same study, Pax1 expression vectors were co-transfected with reporter 

constructs in which the Pax1 recognition sequence was attached to the herpes 

simplex virus thymidine kinase (HSV TK) promoter, which in turn was linked to the 

bacterial chloramphenicol acetyltransferase (CAT) gene. There was significant 

induction of CAT activity relative to basal levels, demonstrating that the Pax1 

protein can act as a transcriptional activator (Chalepakis et al., 1991). In parallel, co-

transfection of a Pax1un expression vector exhibited only a small induction in CAT 

activity.  

Comparison of the Prd recognition site with those of other paired domains including 

Pax8, Pax2, Pax5 and Pax6, has revealed a shared core motif, GTCACGC/G, with 

exception of Pax6 where the first position is T (Jun and Desplan, 1996). From the 

crystal structure, this position correlates with the only residue that contacts the DNA 

and is not conserved (residue 47) and is a histidine (H) in all paired domains except 

for Pax6 where it is a asparagine (N), highlighting the importance of this residue in 

discriminating between different Pax binding sites. The importance of this core motif 

in binding was demonstrated by using a series of mutations at critical nucleotides 

within the core motif known to be involved in protein-DNA contact. Using gel shift 

assays, it was shown that the binding affinity of the Prd paired domain is reduced by 

65- or 75-fold respectively when either the first position of the core (contacted to the 

major groove) or the seventh position of the core (contacted to the minor groove) are 
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mutated and binding is abolished with all three mutations at position 1, 6 and 7 (Jun 

and Desplan, 1996). Thus, the conserved protein-DNA contacts to the core motif 

underlie the general mechanism of DNA sequence recognition by the paired domain 

(Jun and Desplan, 1996).  

 

1.7.2.2 The homeodomain and octapeptide motif 

As mentioned previously, all Pax genes exhibit a paired box domain. However they 

are grouped based on the presence or absence of a homeodomain and/or octapeptide. 

Pax2, Pax5 and Pax8 (paralogous group II) have a partial homeodomain, while Pax3 

and Pax7 (paralogous group II), and Pax4 and Pax6 (paralogous group IV) have a 

full homeodomain (Table 1.3). The homeodomain is a highly conserved 60 amino 

acid helix-loop-helix paired-type homeodomain (HD), which is often present in Hox 

proteins. It contains a specific S50 conserved among all Pax proteins carrying a 

homeodomain. The PD and HD are independent DNA-binding domains, which 

together have three distinct HTH domains capable of binding DNA. By using their 

HTH domains in different combinations through both intramolecular and 

intermolecular interactions, Pax family proteins can bind a variety of DNA 

sequences, thus allowing the functional diversity of the Pax proteins (Jun and 

Desplan, 1996). Pax1 and Pax9 however, lack a homeodomain. 

All Pax genes apart from Pax4 and Pax6 contain a conserved octapeptide. Analysis 

of mouse and human Pax genes revealed that there is a conserved DNA sequence, 

TN8TCCT where N8 = any combination of eight nucleotides, included within the 

conserved octapeptide-encoding region and that this is a potential protein binding site 

(Ziman and Kay, 1998). When the equivalent amino acid sequences of the conserved 

octapeptides were aligned it was found that only two of the eight amino acids were 

highly conserved; the second and seventh amino acid of the octapeptide are always a 

serine and leucine, respectively, suggesting that the function of the octapeptide varies 

among members of the Pax family (Ziman and Kay, 1998). In addition to the paired 

domain, homeodomain and octapeptide motif, there are also sequence similarities in 
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the remaining coding region, consistent with evolution of the paired box genes via 

duplication events and subsequent divergence. 

 

1.7.2.3 Sequence homology of Pax1 and Pax9 

Pax1 and Pax9 belong to paralogous group I and contain a paired domain and 

conserved octapeptide motif, but lack a homeodmain. The Pax1 coding region is 

1341 nucleotides (nts) in length (NM_008780) and consists of five exons (Figure 1.6, 

A). The paired box domain lies between nucleotide positions 322 and 693 in exon 2, 

while the octapeptide motif, CATTCAGTCAGCAACATCCTGGGC, lies between 

nucleotide positions 895 and 918 in exon 2. The protein is 446 amino acids in length 

(NP_032806), with the paired domain spanning amino acids 90 to 213 and the 

octapeptide motif (HSVSNILG) is located between amino acids 281 and 288. The 

Pax9 coding region is smaller in length, at 1029nts (NM_011041) and consists of 

four exons (Figure 1.6, B). The paired box domain lies between nucleotide positions 

238 and 606 in exon 2, while the octapeptide motif, 

CACTCCGTCACGGACATTCTGGGC lies between nucleotide positions 808 and 

831 in exon 2. The protein is 342 amino acids in length (NP_035171), with the 

paired box domain spanning amino acids 6 to 128 and the octapeptide motif 

(HSVTDILG) is located between amino acids 196 and 203. 

Comparison of the coding sequences of murine Pax1 and Pax9 has revealed that they 

are highly homologous, exhibiting 66% identity at the amino acid level, rising to 

79% when including conservative exchange (Neubuser et al., 1995). The sequence of 

the paired-box domain is 98% identical at the amino acid level (Figure 1.5, B) and 

differs by only 3 amino acids which are located in the less conserved carboxy-

terminal half of the paired domain (Neubuser et al., 1995). While the amino-terminal 

region of the two sequences, between amino acids 132 and 251, exhibits 57% 

identity (75% similarity) the carboxy-terminal region, beyond amino acid 251, 

diverges completely (Wilm et al., 1998). Interestingly, the sequence of mouse Pax9 

(NM_011041) and its human homologue PAX9 (NM_006194) are 98% identical at 

the amino acid level (rising to 99% including conservative exchange) and 93% 



Figure 1.6 Schematic representation of Pax1 and Pax9 gene structure. (A) The 
Pax1 coding region is 1341 nucleotides (nts) in length (NM_008780) and consists of 
five exons. The paired domain (green box) and octapeptide (yellow box) both lie 
within exon 2. (B) The Pax9 coding region is 1029 nts in length (NM_011041) and 
consists of four exons. The paired domain and octapeptide both lie within exon 2. 
Length of coverage (Kb) is indicated. Adapted from Ensembl, transcript summaries 
(Pax1: ENSMUST00000109968 and Pax9: ENSMUST00000153250). 

A

B

21.06 Kb

10.06 Kb
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identical at the nucleotide level (Wilm et al., 1998). Using BLAST sequence 

alignment software, mouse Pax1 (NM_008780) and its human homologue PAX1 

(NM_006192) were found to be 90% identical at the amino acid level (rising to 92% 

including conservative exchange) and 85% identical at the nucleotide level. Once 

again, this highlights the evolutionary conservation of the Pax genes. 

 

1.7.3 Spontaneous and targeted mutations of Pax1 and Pax9 

There are three natural, spontaneous Pax1 mouse mutations that constitute an allelic 

series in Pax1. They are known as the undulated alleles. The undulated (un) 

mutation, also referred to as Pax1un, was the first discovered and results from a 

spontaneous point mutation; this glycine-to-serine transition at position 15, which is 

a highly conserved region of the Pax1 paired-box domain, causes reduced DNA 

binding affinity and altered binding specificity of the mutant protein (Balling et al., 

1988; Chalepakis et al., 1991; Wright, 1947). The undulated extensive (un-ex) 

mutation, also referred to as Pax1unex, carries an approximate 28.2kb deletion that 

removes the terminal exon of the Pax1 gene (exon 5) including the Poly(A) signal, 

leading to unstable Pax1 mRNA, although mutant Pax1 mRNA can still be detected 

by RNase protection assay (Dietrich and Gruss, 1995; Wallace, 1980). The 5’ 

breakpoint of the deletion has been mapped to the middle of intron four of the Pax1 

gene (Dietrich and Gruss, 1995). The undulated short-tail (Un-s) mutation, also 

referred to as Pax1Un-s, consists of complete deletion of the Pax1 locus (all 5 exons of 

Pax1 located within a 10kb region) and therefore no Pax1 protein is detected 

(Blandova and Egorov, 1975). The 5’ breakpoint is 50Kb upstream of exon 1 and the 

3’ breakpoint is 65kb downstream of exon 5. Consequently the entire length of the 

Pax1Un-s deletion interval is 125kb. The phenotypes of the undulated alleles have 

been characterised and reveal that the vertebral column, pectoral girdle including the 

scapula (shoulder blade), sternum (breast bone), and thymus are all affected in size 

and structure (Dietrich and Gruss, 1995; Wilm et al., 1998). 

The undulated alleles exhibit phenotypes of different severity. While the skeletal 

structures affected in the three mutants are the same, including the vertebral column, 

sternum and scapula, differences in the severity of the skeletal abnormalities is 
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evident. The Pax1un and Pax1unex mice exhibit severe skeletal malformations only in 

homozygotes, with mild skeletal abnormalities seen only occasionally in 

heterozygotes (Wallin et al., 1994), while Pax1Un-s mice exhibit clear skeletal 

abnormalities e.g. short, kinky tails in the heterozygotes, and homozygotes die 

perinatally (Dietrich and Gruss, 1995; Wallin et al., 1994). This variation was 

attributed to the Pax1Un-s mutation being considered a null allele, as the entire Pax1 

locus is absent, while Pax1un and Pax1unex alleles were initially regarded as 

hypomorphs.  

To confirm this and to ultimately determine which of the undulated alleles represents 

a null phenotype, a Pax1 mutation was generated by gene targeting in mice, such that 

the first two coding exons were deleted, including exon 1 which contains the 

translational start codon and exon 2 which contains the entire paired box (Wilm et 

al., 1998). It was found via Western analysis, that Pax1 protein was undetectable in 

homozygotes but present at reduced levels in heterozygotes, and thus that this 

mutation represented a defined Pax1 null allele (Pax1null). Based on the appearance 

and skeletal phenotypes, the Pax1un was less severe while the Pax1Un-s was far more 

severe than the Pax1null phenotype. The Pax1unex closely resembled the Pax1null mice, 

exhibiting virtually identical appearance and skeletal phenotype and was therefore 

defined the natural null allele of Pax1 (Wilm et al., 1998). Since the Pax1Un-s is more 

severe, this indicates a contribution of additional genes to the Pax1Un-s phenotype 

rather than Pax1 alone. This was confirmed through determination of the Pax1Un-s 

deletion interval, which was found to cover 125kb in length, and characterisation of 

genes within or near the deletion. It was found that Pax1Un-s mice exhibit ectopic 

activation of the neighbouring gene Nkx2-2 in the scleretome and limb buds, both of 

which normally express Pax1 (Kokubu et al., 2003).  

Since there are no naturally occurring mutations of Pax9, analysis of Pax9 gene 

function in the mouse is based on targeted disruption of the gene. One such mutant, 

the Pax9lacZ, was generated by replacing the endogenous start codon and paired box 

domain (exons 1 and 2) with a promotorless E.coli ATG lacZPoly(A) cassette and 

PGK Neo (Peters et al., 1998b). While the Pax9lacZ/+ mice exhibit no defects and are 

therefore haploid sufficient, analysis of Pax9lacZ/lacZ knockout mice has shown that 
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Pax9 function is essential for normal organ development at multiple sites, including 

the thymus, parathyroid gland, ultimobranchial bodies, limbs, secondary palate and 

teeth and homozygotes die shortly after birth (Peters et al., 1998b). It is therefore 

clear that the Pax1 and Pax9 genes carry out essential roles during embryogenesis.  

 

1.7.4 Pax1 and Pax9 expression in the mouse 

Expression of Pax genes is temporally and spatially restricted during vertebrate 

development (reviewed in Mansouri et al, 1999). With regards to Pax1 and Pax9, in 

situ hybridisation has revealed a highly specific spatial expression pattern of these 

genes during mouse embryogenesis, which correlates with the organs affected in 

Pax1 and Pax9 mutant mice.  

Pax1 is expressed in 1) the ventromedial part of the somites from E8.5 and the 

sclerotomal cells of the differentiated somites from E9.0 (Deutsch et al., 1988) and 

subsequently in the mesenchymal condensations of the perichordal tube from E12.0. 

These represent the anlagen of the intervertebral discs and the perichondria 

surrounding the cartilage blastemas of the vertebral bodies, pedicles and proximal 

ribs (Deutsch et al., 1988; Wallin et al., 1994), 2) the foregut endoderm from E8.5, 

the first and second pharyngeal pouch endoderm from E9.5, and the third and fourth 

pharyngeal pouches from E10.5 (Muller et al., 1996; Wallin et al., 1996), 3) the 

anterior proximal region of the limb buds from E10.5 (Neubuser et al., 1995), and 4) 

the developing intervertebral discs and sternum from E14.0 (Deutsch et al., 1988).  

Pax9 is expressed in 1) the foregut endoderm from E8.5, and the pharyngeal pouches 

and their derivatives (including the thymus, parathyroid glands and ultimobranchial 

bodies associated with the thyroid gland) from E9.5, 2) the developing vertebral 

column, including the somites from E9.5 and the ventrolateral part of the sclerotomes 

and tailbud and underlying mesenchyme from E10.5, 3) the head, including the 

mesenchyme of the maxillary and mandibular arches (first pharyngeal arch) and 

nasal mesenchyme form E12.0, the esophagus at E13.5 and the salivary glands, 

tongue, epithelia of the larynx and mesenchyme of all teeth at E16.5, and 4) the 

developing limb buds from E11.5 (Neubuser et al., 1995; Peters et al., 1998b).  
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As can be seen, Pax1 and Pax9 are expressed in overlapping but not identical 

domains during vertebrate development. They are both expressed in the pharyngeal 

pouches, developing vertebral column and limbs (Neubuser et al., 1995). However, 

Pax9 specific expression domains in the craniofacial regions are correlated with its 

essential role for secondary palate and tooth development (Peters et al., 1998b). In 

structures within which both genes are expressed, expression also varies. For 

example, Pax1 and Pax9 are both expressed by the sclerotomal cells between E9.5 

and E10.5. Condensation of the scleretomal cells medially gives rise to the 

intervertebral discs while condensations of the sclerotomal cells laterally give rise to 

the neural arches, pedicles and ribs. Pax1 expression is strong medially in the 

intervertebral disc primordia and only weak in the lateral condensations, while the 

reverse applies for Pax9 (Neubuser et al., 1995).  

Pax genes are expressed at high levels during early embryogenesis, but are normally 

down regulated in adult stages when development is complete. This is evident in a 

study where Northern blot analysis of mRNA from E9.5-E16.5 mouse embryos and 

adult thymus with a Pax1 and Pax9 probe revealed that Pax1 and Pax9 expression 

increases between E9.5 and E11.5, after which it remains constant until E14.5 and 

then decreases and only weak expression is exhibited in the adult (Deutsch et al., 

1988; Neubuser et al., 1995). Although the expression pattern of the two genes is the 

same, the overall level of Pax9 expression at each stage of development is much 

lower than Pax1. The expression patterns of Pax1 and Pax9 in the thymus during 

development together with the expression levels of these genes in the developing 

embryo, suggests that they may be involved in all critical events during thymus 

organogenesis, including the positioning of the pharyngeal pouches, initiation of the 

3PP outgrowth, patterning of the common primordium and subsequent separation 

and differentiation of the organ. Together with the observation that Pax1 and Pax9 

are expressed in several segmented structures during mouse embryogenesis including 

the somites, pharyngeal pouches and the sternum, this suggests a role for these genes 

in cell fate, early patterning and organogenesis. However their exact roles and 

regulatory targets are yet to be determined.  
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1.7.5 A Role for Pax genes in cell lineage specification 

Functional analyses of Pax genes have revealed a fundamental role for this class of 

transcription factors in cell lineage specification (Mansouri et al., 1998; Nutt et al., 

1999). In one study, Seale et al identified Pax7 as the molecular switch required for 

the specification and maintenance of myogenic satellite cells, a distinct lineage of 

myoblastic precursor cells responsible for the postnatal growth, repair and 

maintenance of skeletal muscle (Seale et al., 2000). It was shown that muscle-derived 

multipotent stem cells from 7-10 day old Pax7-/- mice exhibited a 10-fold increase in 

hematopoietic differentiation and Pax7-/- mice lacked myoblast cells, while muscle-

derived multipotent stem cells from WT mice mainly differentiated into myoblasts 

(Seale et al., 2000). These data indicate that Pax7 directs the specification of satellite 

cells through restricting alternate developmental programmes.  

In addition to a role for Pax genes in cell lineage specification, there is growing 

evidence for functional redundancy between closely related members of the Pax gene 

family. While Pax1 and Pax9 exhibit functional redundancy during vertebral column 

development as described earlier, Pax3 and Pax7 exhibit functional redundancy 

during muscle development during embryogenesis. Pax3 is essential for the proper 

activation of the myogenic determination factor gene, MyoD, during early muscle 

development (Borycki et al., 1999). In Pax3 mutant (Splotch) embryos, MyoD is 

activated normally in the hypaxial somite, but MyoD-expressing cells are 

disorganised and apoptosis is prevalent in newly formed somites, but not in the 

neural tube or mature somites (Mansouri, 1998). In neural tube and somite regions 

where cell survival is maintained, the closely related Pax7 gene is up-regulated, and 

its expression becomes expanded into the dorsal neural tube and somites, where Pax3 

would normally be expressed. Pax3 and Pax7 therefore appear to have a high degree 

of functional redundancy in normal myogenesis (Mansouri, 1998). Thus, where 

functional redundancy may exist between two Pax genes, potential roles for these 

genes may be masked in the single mutants.   
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1.8 Aim 

While numerous studies have defined specific genes as having a role in thymus 

development, the molecular regulation of early thymic organogenesis remains poorly 

understood. In particular, the events involved in the specification and initiation of the 

thymic primordium within the pharyngeal endoderm have not been determined. The 

expression patterns of Foxn1 and Gcm2 clearly define the thymus and parathyroid 

domains of the third pharyngeal pouch (3PP), however these factors appear not to 

specify their respective organs. Evidence showing that Foxn1 does not specify the 

thymus includes: 

i. the Foxn1-/- mutation does not affect thymus primordium formation, and cells 

in the Foxn1-/- primordium are able to receive the signal to initiate Foxn1, as 

shown by β-gal staining of Foxn1-/- embryos (Gordon et al., 2001; Nehls et 

al., 1996). 

ii. transplantation studies in the mouse and chick have shown that E9.0 pouch 

endoderm already contains cells specified to thymus fate (Gordon et al., 

2004; Le Douarin and Jotereau, 1975), well before onset of high level Foxn1 

expression or the time of the Foxn1 phenotype. 

iii. epithelial cells in the ventral domain of the nude thymic rudiment specifically 

express interleukin 7 (IL7), a TEC-specific marker required for T cell 

differentiation throughout development, independently of Foxn1 (Zamisch et 

al., 2005).  

iv. using conditionally reactivatable Foxn1 null mice, rare recombination events 

occurring within these mice from postnatal day 14 led to clonal reactivation 

of Foxn1 and these cells were subsequently able to generate mini thymi with 

both cortical and medullary regions, showing that in the absence of Foxn1, 

bipotent progenitors persist and retain their differentiation potential (Bleul et 

al., 2006). 
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This evidence indicates that specification of thymic epithelial lineage cells is 

mediated by a factor or factors acting upstream of Foxn1. Upstream regulation of 

Foxn1 is currently not understood. Analysis of mutants of potential upstream 

regulators have not been informative: 

i) Hoxa3-/- and Eya-/- embryos do not express Foxn1, but this is due to a block in 

primordium formation prior to the onset of Foxn1 expression (Manley and 

Capecchi, 1998; Zou et al., 2006). 

ii) Six-/- mutants display reduced Foxn1 expression, however the 3PP exhibits 

increased cell death in the absence of Six1, and therefore reduced expression 

of Foxn1 could reflect poor survival of Foxn1 positive cells (Zou et al., 2006). 

iii) Foxn1 expression is reported not to be affected in Pax9-/- and Hoxa3+/-Pax1-/- 

mutants, however redundancy between Pax1 and Pax9 remains a possibility 

(Hetzer-Egger et al., 2002; Su and Manley, 2000). 

The question therefore remains as to how the thymus and parathyroid domains within 

the 3PP are established. Preliminary data suggest that Pax1 and Pax9 may have a 

role in regulating Foxn1.  

i. Pax9-/- and Hoxa3+/-Pax1-/- compound mutants do not grossly affect Foxn1 

expression (Hetzer-Egger et al., 2002; Su and Manley, 2000). However, Pax9 

is highly homologous to Pax1 and they exhibit overlapping expression 

patterns in the epithelium of the 3PP. They also exhibit high sequence 

conservation of the DNA-binding paired domain, indicating potential 

redundancy at sites of co-expression.  

ii. functional redundancy between Pax1 and Pax9 has been demonstrated in 

vertebral column development (Peters et al., 1999). 

iii. Pax1unex/unexHoxa3+/- compound mutants and Foxn1 hypomorphic mutants 

have similar phenotypes; hypoplastic thymi characterised by low levels of 

MHC class II expression (Nowell et al., 2011; Su and Manley, 2000).  
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iv. Pax9 has been shown to be required for dental mesenchymal expression of 

Bmp4, an intracellular signaling molecule, in tooth development (Peters et al., 

1998b) indicating a possible role of Pax9 in the establishment of the 

inductive capacity of the thymic mesenchyme during development. Bmp4 has 

also been shown to up-regulate Foxn1 (Tsai et al., 2003), so it is possible that 

Pax9 may act through Bmp4 to up-regulate Foxn1. 

Based on these data, the aim of this thesis is to test the hypothesis that Pax1 and/or 

Pax9 have a role in thymic epithelial lineage specification. More specifically, it 

aimed to test whether thymic epithelial lineage cells can arise in Pax1-/-Pax9-/- mice 

or from Pax1-/-Pax9-/- ES cells, and to determine if Pax1 and/or Pax9 regulate Foxn1 

expression.
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2 Materials and Methods 

2.1 Mice 

All animals were housed in the Roger Land Animal Facility at the University of 

Edinburgh and treated in accordance with the Animal (Scientific Procedures) Act 

1986.  Mice were housed in a stabilised environment with a 12-hour light/dark cycle 

with food and water provided as required. 

Two male C57BL/6 agouti Pax1unex/+ and two male C57BL/6 black Pax9Lacz/+ 

heterozygous mice were a generous gift from Nancy Manley of the University of 

Georgia (Athens, GA). Embryo transfers were carried out to re-derive the mouse 

lines into the ISCR animal facility, since the mice were transferred from an unclean 

environment. Once established, breeding pairs were set up to obtain appropriate mice 

as described in Chapter 3. 

 

2.1.1 Embryo Transfer 

Pax1unex/+ and Pax9Lacz/+ mice were re-derived by mating superovulated C57BL/6 

wild-type (WT) female mice with Pax1unex/+ and Pax9Lacz/+ males, both cogenic on a 

C57BL/6 background, and transferring the fertilized pre-implantation embryos into 

pseudopregnant recipient females that were housed within the Roger Land Animal 

Facility. Eight to ten 6-week old C57BL/6 WT females were injected with pregnant 

mares serum gonadotropin (PMSG) intraperitoneally (IP) at around 2pm on day one. 

The females received no treatment on day two. On day three the same females were 

injected with human chorionic gonadotropin (HCG) hormone intraperitoneally 

around 11am. Two superovulated females were put with one male of the strain of 

interest. Females were checked for a vaginal plug on day four. Eight to ten separate 

6-week-old C57BL/6 WT females were placed with vasectomised males to provide 

pseudopregnant recipients for embryo transfer. Females were plug checked again on 

day five and on day six the females were sacrificed and the oviducts flushed. E2.5 

morula stage embryos were cultured overnight in KSOM embryo culture medium 

(Millipore) at 37°C and transferred into pseudopregnant females the following day. 
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On the third attempt, one male and two females were born for the Pax1 line and one 

female was heterozygous for Pax1 following genotyping. While on the fourth 

attempt, one female and two males were born for the Pax9 line, and all were 

heterozygous for Pax9 following genotyping.  

 

2.1.2 Embryo Collection 

Routinely, matings were between C57BL/6 females and CBA males or between 

Pax1unex/+Pax9Lacz/+ males and Pax1unex/+Pax9Lacz/+ females. Mice were caged 

together overnight and females examined for the presence of a vaginal plug the 

following morning.  This was taken as embryonic day 0.5 (E0.5).  Pregnant females 

at the desired stage were sacrificed and the uterus dissected into ice-cold phosphate 

buffered saline (PBS) (Sigma). Embryos were removed from the uterus and all 

extraembryonic tissues removed.  Embryos were sacrificed by the removal of heads. 

 

2.1.3 Genotyping 

To determine the genotype of the mice, ear punches or yolk sacs were collected and 

added to a 1.5ml microcentrifuge tube containing 50µl tissue and cell lysis buffer. 

Samples were incubated overnight in a shaking waterbath at 55°C. The following 

day, samples were incubated in a hot block at 95°C for 10 minutes to inactivate any 

remaining proteinase K and then placed on ice for 5 minutes. The particulate material 

was pelleted at 13,000rpm for 10 minutes and the supernatant, containing the gDNA, 

was transferred to a new, clean tube and used directly for PCR analyses. 

 

2.1.3.1 Tissue and Cell Lysis Buffer 

10mM Tris.HCl, pH 8.3 (Roche) 

50mM Potassium Chloride (KCl) 

2.5mM Magnesium Chloride (MgCl2) 

0.1mg/ml Gelatin 
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0.45% NP40 

0.45% Tween20 

To 50ml in distilled water (Autoclave without NP40 and Tween20) 

50µg/ml Proteinase K (Promega) added as required 

 

2.1.3.2 PCR Reaction Mix:  

Each 50µl PCR reaction contained:  

2µl ear punch or yolk sac gDNA 

1X PCR Reaction Buffer (Qiagen) (containing 1.5mM MgCl2) 

200µM dNTPs, (Invitrogen)  

0.2µM of each primer 

1.25U Taq DNA polymerase (Qiagen)  

38.75µl sterile water 

 

A no template water only control, a positive control (tissue from a Pax1 or Pax9 

heterozygous mouse) and a negative control (tissue from a WT mouse) were run 

alongside samples. The primers used to genotype Pax1 and Pax9 mice are listed in 

Table 2.1. The PCR conditions used for both primer sets were as follows: 94°C for 4 

minutes then 30 cycles of 94°C for 30 seconds, 60°C for 30 seconds and 72°C for 1 

minute, followed by 72°C for 10 minutes. Samples were held at 4°C until analysis. 

Following PCR, the amplified products were run on a 1% agarose TBE gel with 

0.5µg/ml ethidium bromide (Sigma) at 100V for 2hrs. 0.5µg of 1kb ladder 

(Invitrogen/NEB) was loaded as a size standard. Genotyping of the Pax9 mice 

yielded a 900bp product for the WT allele and a 950bp product for the LacZ allele. 

Genotyping of the Pax1 mice yielded a 300bp product for the WT allele and a 430bp 

product for the unex allele. 
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2.2 ES Cell Culture 

 

2.2.1 Thawing of Frozen ES Cells 

To thaw ES cells, a T252 culture flask (Iwaki) was coated with pre-warmed 0.1% 

gelatin (Sigma) for 1 hour and excess gelatine was then aspirated off. Cells were 

retrieved from the liquid nitrogen, and thawed quickly in a 37°C water bath. The 

cells were then transferred to a universal tube containing 9.5ml of pre-warmed media 

using a plugged pasteur pipette, to dilute out the dimethyl sulfoxide (DMSO) (VWR) 

in which the cells were frozen, and spun down in a bench top centrifuge (ALC PK 

120, DJB Labcare) at 1000rpm for 5 minutes. The media was removed by aspiration 

and the cell pellet re-suspended in 10mls of pre-warmed media and transferred to the 

appropriate flask. The cells were checked under a microscope (Nikon TMS inverted 

phase contrast microscope) and placed in a 37°C CO2 incubator. When possible, the 

cells were thawed in the morning and the media changed at the end of the day to 

remove any dead cells and to dilute out any remaining DMSO. 

 

2.2.2 Passaging of ES Cells 

Pax1-/- ES cells were grown on 0.1% gelatin-coated flasks in 1X Glasgow Minimum 

Essential Medium (GMEM) (Sigma) supplemented with 10% Foetal Calf Serum 

(FCS) (Stem Cell Technologies, lot#08L28172), 1X MEM Non-essential amino 

acids (Invitrogen), 2mM L-glutamine and 1mM sodium pyruvate (Invitrogen) and 

0.1mM 2-Mercaptoethanol (BDH). 1µl of leukaemia inhibitory factor (LIF) per ml of 

media (100000units/ml) was added to the culture medium. To passage the cells, the 

media was removed using a vacuum aspirator and the cells were rinsed twice in pre-

warmed PBS (Sigma). Pre-warmed 1X trypsin (Invitrogen) (0.025% trypsin in PBS 

containing 1.3mM EDTA) was added ensuring complete coverage of the cell 

monolayer and the flask was placed in the 37°C incubator for 30 seconds or until the 

cells had detached. Pre-warmed media was added to the trypsinsed cells to neutralise 

the trypsin, and pipetted gently until colonies were dissociated into a single cell 

suspension. The cell suspension was transferred to a universal tube and pelleted at 
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1200rpm for 3 minutes. The supernatant was aspirated off and the pellet re-

suspended in 5ml media. Cells were counted using a haemocytometer and diluted 

and split into the desired number of flasks for further expansion and returned to the 

37°C CO2 (7%) incubator. For routine passaging of Pax1-/- ES cells, 3x106 cells were 

added to 20ml media in a T752 flask (Iwaki) and passaged after two days. 

 

2.2.3 Freezing Down of ES Cells 

To freeze down ES cells, cells were harvested as for normal cell passaging. 

Dissociated cells were re-suspended in culture media and added to a universal tube 

and pelleted at 1000rpm for 5 minutes. The supernatant was carefully aspirated off 

and the cell pellet re-suspended in the appropriate volume of freezing solution (10% 

DMSO (VWR) in culture media). Cells were gently mixed and 0.5ml-1ml of cell 

suspension was added to each 1ml cryotube vial (nuncTM). The number of vials was 

dependent on the flask size. Routinely, a T752 flask would yield 4 vials, each 

containing 5x106 cells. Cryotubes were placed in the -80°C freezer overnight and 

then transferred to the cell bank the following day.  

 

2.2.3.1 COS-7 Cells 

Thawing, passaging and freezing down of COS-7 cells was carried out as for Pax1-/- 

ES cells, however flasks were not coated with 0.1% gelatin and LIF was omitted 

from the culture media. 

 

2.3 ES Cell Line Derivation 

To derive Pax1-/- ES cells, F1 C57BL/6 x 129 Pax1unex/+ females were crossed with 

F1 C57BL/6 x 129 Pax1unex/+ males and females were checked for a vaginal plug. At 

E3.5, females were sacrificed and the uterus removed into ice-cold PBS. E3.5 

blastocyst embryos were flushed out and individual embryos were suspended in a 

drop of PB1 solution. Embryos were then transferred to pre-warmed N2B27 
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derivation medium (Stem Cell Sciences) in a 4-well plate and placed in a 37°C 

incubator. After 3-5 days the outgrowths from the attached embryos were 

disaggregated by gently detaching each cell clump using a mouth-controlled finely 

drawn plugged glass pasteur pipette. Each cell clump was washed twice in serial 

drops of PBS and transferred to a 5µl drop of 0.025% trypsin. Cell clumps were 

incubated at 37°C until dissociated. Each outgrowth was then transferred to a new 4-

well plate containing fresh pre-warmed N2B27 derivation medium. Subsequent ES 

cell colonies were expanded gradually in wells of increasing size and frozen down in 

1ml of freezing media (N2B27 supplemented with 10% FCS and 10% DMSO). ES 

cells were genotyped using the same method as for ear punches, however 30µl of cell 

sample following passaging (from 96-well plates) was spun down at 2000rpm for 3 

minutes and the pellet re-suspended in 30µl tissue and cell lysis buffer and incubated 

at 55°C for 1 hour. Samples were stored at 4°C until required. Newly derived cell 

lines were mycoplasma tested, chromosome counted and genotyped for the sex of the 

cell line by the transgenic services facility (ISCR). 

 

2.3.1 PB1 Solution 

0.14M Sodium Chloride (NaCl)  

2.7mM Potassium Chloride (KCl) 

1.1mM Calcium Chloride (CaCl2) 

1.5mM Potassium Dihydrogen Phosphate (KH2PO4) 

0.5mM Magnesium Chloride Hexahydrate (MgCl2.6H2O) 

8.1mM Disodium Hydrogen Orthophosphate (Na2HPO4) 

0.3mM Sodium Pyruvate (C3H3NaO3) 

5.6mM Glucose 

0.2mM Penicillin and 0.1mM Steptomycin 

0.05mM BSA - Fraction V 
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Made up to a final volume of 1L with sterile water and the solution filtered through a 

No.1 Whatman filter and aliquoted.  

 

2.3.2 N2B27 Derivation Medium 

1X DMEM/F12-N2 with 1X Neurobasal/B27 medium in the ratio of 1:1 (SCS) 

0.1mM β-mercaptoethanol (Sigma) 

1µM PD (Stem Cell Sciences) 

10ng/ml LIF (ISCR TC facilities) 

0.005µg/ml Recombinant Human BMP4 (R&D systems)  

1:100 Penstrep (Invitrogen) 

Solution was aliquoted and stored at 4°C for up to 1 month. 

 

2.4 Tissue Isolation 

 

2.4.1 Mouse Embryos 

Embryonic thymi were removed by microdissection under a dissecting microscope 

(Olympus SZ40). E12.5-E16.5 thymic lobes were dissected free of surrounding 

tissue where possible and collected into ice-cold PBS and stored on ice. Depending 

on the experiment, the thymi were either lysed for RNA extraction, embedded in 

OCT embedding medium (Tissue Tek, Agar Scientific) for sectioning or dissected 

into FACs wash for FACs analysis.  
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2.5 Reverse Transcription-PCR (RT-PCR) 

 

2.5.1 RNA Isolation 

When conducting any RNA work, sterile, filtered pipette tips (Alpha Laboratories) 

and RNase-free eppendorf tubes (Ambion or Sarstedt) were used. All equipment and 

bench tops were treated with DNAZap (Ambion) to degrade any contaminating DNA 

and RNA.  

COS-7 cells stably over-expressing Pax9 were either harvested as described 

previously or lysed directly on the culture plate. The cells were lysed in 1ml of 

TRIzol reagent (Qiagen) per 5-10x106 cells. To ensure complete lysis of the cells, the 

sample was passed twice through a 30G1/2” needle (BD MicrolanceTM3) attached to 

a 1ml syringe (BD PlastipakTM). Cells were left to incubate at room temperature (RT) 

for 5 minutes before undergoing phase separation through the addition of 0.2ml 

chloroform (BDH) per 1ml TRIzol. Cells were shaken vigorously for 15 seconds, 

incubated for 2-3 minutes at RT and then spun down in a microcentrifuge (centrifuge 

5417R, Eppendorf) at 12000 x g for 10 minutes at 2-8°C. The upper aqueous phase, 

containing the RNA, was transferred to a fresh tube. The RNA was then precipitated 

by addition of 0.5ml 100% isopropyl alcohol (Fisher Scientific) per 1ml TRIzol, 

incubated for 10 minutes at RT and centrifuged at 12000 x g for 10 minutes at 2-8°C. 

The RNA pellet was then washed in 1ml 75% ethanol per 1ml of TRIzol by gentle 

vortexing followed by centrifugation at 7500 x g for 5 minutes at 2-8°C. The RNA 

pellet was allowed to air-dry for 10 minutes and then re-dissolved in 15µl RNase-

free water and incubated at 55-60°C for 10 minutes to aid re-suspension. RNA 

concentration and purity was determined using the NanoDrop ND-1000 

Spectrometer (Labtech) and RNA preparations were stored at -80°C until required.  

RNA isolation from single E13.5 and E15.5 thymic lobes was carried out using the 

RNeasy Mini Kit (QIAGEN) according to the manufacturer’s guidelines, as it was 

better suited for the efficient purification of total RNA from small amounts of 

starting material. 



Molecular Regulation of Thymic Epithelial Lineage Specification 

Chapter 2: Materials and Methods  55 

2.5.2 Pre-step DNase Treatment 

RNA samples were treated with DNase to eliminate any DNA contamination from 

the RNA samples according to the RQ1 RNase-free DNase (Promega) protocol. In 

brief, 1µl of 10X RQ1 RNase-Free DNase buffer and 1µl (1U/µl) RQ1 RNase-Free 

DNase was added to 8µl (1µg) of total RNA sample and incubated at 37°C for 30 

minutes. 1µl of RQ1 DNase Stop Solution was added to terminate the reaction and 

incubated at 65°C for 10 minutes to inactivate the DNase. The treated RNA sample 

was then used directly for RT-PCR. 

 

2.5.3 cDNA Synthesis 

Full-length cDNA synthesis from total RNA was carried out using SuperscriptTM 

First-Strand Synthesis System for RT-PCR (Invitrogen), according to the 

manufacturers guidelines. First strand synthesis was primed using oligo(dT). 

Typically, 1µg of total RNA was used as the starting material. An additional step to 

remove RNA complementary to the cDNA was carried out by adding E.coli RNaseH 

and incubating at 37°C for 20 minutes, followed by an inactivation step of 15 

minutes at 70°C. cDNA was stored at -20°C until required. 

 

2.5.4 PCR 

 

2.5.4.1 Standard PCR Reaction Mix: 

Synthesised cDNA was then used as a template to amplify the desired product using 

PCR. Standard PCR reactions were carried out using Taq DNA polymerase (Qiagen).  

Each standard reaction contained the following components: 

200µM each dNTP (Invitrogen) 

0.5µM Forward Primer 

0.5µM Reverse Primer 
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1X PCR Reaction Buffer (containing 1.5mM MgCl2) (Qiagen) 

1.25U Taq DNA Polymerase (Qiagen) 

1-2µl of template DNA (10ng-250ng gDNA or 0.1ng-15ng plasmid DNA) 

Sterile water to a 50µl total reaction volume 

Equivalent reactions for the water only and no reverse transcriptase controls were run 

in parallel. The primers used for standard PCR amplification are listed in Table 2.2. 

 

2.5.4.2 Standard PCR Cycling Conditions 

All PCR reactions were run using a GeneAmp 9700 thermal cycler (PE Applied 

Biosystems). The standard thermal cycling profile was 94°C for 4 minutes followed 

by 30 cycles of 94°C for 30 seconds; 60°C for 30 seconds; 72°C for 1 minute; 

followed by 72°C for 10 minutes and a hold at 4°C. The annealing temperature 

varied depending on the melting temperature of the primers and the elongation time 

was dependant on the length of the product to be amplified.  

 

2.5.4.3 Primer Design 

Primers were either designed manually or using the Primer 3 design software. 

Primers for real-time PCR were designed using Roche Universal Probe Library 

Assay Design Centre. All DNA oligonucleotides were purchased from Sigma using 

the standard synthesis and purification method. All oligonucleotides came 

lyophilised and were re-suspended in deionised water to give a 100µM stock solution 

and were stored at -20°C. 10µM primer solutions were also made and stored at -20°C 

to avoid repeat freeze/thawing of stock primers. 
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2.6 Molecular Techniques 

 

2.6.1 TOPO TA Cloning 

PCR amplification of full length Pax9 cDNA was carried out using the Easy-A™ 

High-Fidelity PCR Cloning Enzyme (Stratagene), to ensure maximum efficiency of 

amplification, in combination with the TOPO TA cloning kit (Invitrogen) according 

to the manufacturers guidelines. Briefly, 100ng of template cDNA was used in the 

PCR amplification and subsequently 4µl of fresh PCR product with 1µl (10ng) of 

pCR2.1-TOPO vector and 1µl of salt solution were combined in a 6µl TOPO cloning 

reaction. The sample was incubated at RT for 5 minutes and then stored on ice. The 

primers used to amplify full-length Pax9 are shown in Table 2.2. PCR reaction and 

cycling conditions were the same as for standard PCR however an annealing 

temperature of 61°C was used. Transformation of the TOPO cloning reaction into 

TOP10 competent cells was carried out according to the One Shot Chemical 

Transformation protocol (Invitrogen).  

 

2.6.2 Restriction Digests 

Restriction enzymes used in this thesis include PvuII, PvuI, AscI, MfeI, MluI, XhoI, 

EcoRV (Roche), HindIII (Roche), KpnI and I-SceI, all of which were purchased from 

NEB, unless stated otherwise. Restriction digests were set up according to the 

manufacturer’s guidelines. Generally, digests were carried out in a 50µl total reaction 

volume with the addition of 1U of enzyme per 1µg of DNA, 1X NEBuffer and 

supplemented with 100µg/ml BSA if required. Reactions were left overnight at 37°C. 

 

2.6.3 Agarose Gel Electrophoresis 

Gels were made using Seakem LE agarose (Lonza) in TBE buffer. The percentage 

gel depended on the band size being analysed. Agarose was dissolved in the TBE 

buffer in the microwave. Once all the agarose had dissolved, the solution was 

allowed to cool briefly until warm to the touch. Ethidium bromide (Sigma) was 
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added to a final concentration of 0.5µg/ml and swirled to allow even distribution and 

then poured into the gel apparatus. The appropriate comb was placed in position and 

the gel was allowed to cool completely. 1X Orange G loading buffer (NEB) was 

added to all samples before loading. A 1kb DNA ladder (NEB), 1kb Plus DNA 

ladder (Invitrogen) or 100bp ladder (NEB) was used as a molecular weight marker. 

The majority of gels were run at 80-100V and following electrophoresis, were 

visualised under a UV transilluminator at 312nm (Gene Flash, Syngene, UK) and 

photographed. 

 

2.6.4 DNA Clean Up 

Ethanol precipitation was used to desalt and concentrate DNA from PCR amplified 

or restriction digested DNA samples when appropriate. Ethanol precipitation was 

carried out by adding 1/10 the sample volume of 3M sodium acetate, pH 5.2 and 

2.5X the sample volume of 100% ethanol (Fisher Scientific) to the DNA solution and 

incubated at -20°C for 20 minutes. The sample was spun down at 12000 x g for 10 

minutes. The supernatant was removed and the pellet was washed twice in 125µl 

70% ethanol. The sample was finally spun down at 7500 x g for 10 minutes, the 

supernatant removed and the cell pellet was air dried and re-suspended in the desired 

volume of sterile water or Tris-EDTA (TE) buffer, pH 8.0.  

 

2.6.5 Gel Extraction of PCR Product 

PCR products were run on an agarose gel until suitable separation had occurred to 

isolate single bands. The bands of interest were excised using a sterile, steel scalpel 

(Swann-Morton) under a UV transilluminator (Herolab, GmbH Laborgerate) that 

emits at a wavelength of 254nm. To reduce UV exposure of the DNA, a perspex 

plate was placed between the transilluminator and the gel. Gel slices were placed into 

a 1.5ml microcentrifuge tube. Extraction of DNA fragments from the agarose gel in 

TBE buffer was carried using the QIAquick Gel Extraction Kit (QIAGEN), 

according to the manufacturer’s guidelines. 
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2.6.6 Blunt-end Cloning 

Cohesive ends were blunted using the NEB Quick Blunting Kit (NEB) according to 

the manufacturer’s guidelines. Briefly, each blunting reaction consisted of up to 5µg 

of purified DNA in 1-19µl of sterile water, 1X Blunting Buffer, 0.1mM dNTPs, 1µl 

Blunt Enzyme Mix and sterile water to give a total reaction volume of 25µl. The 

reaction was incubated at RT for 30 minutes, and then heat inactivated at 70°C for 10 

minutes. 

 

2.6.7 Ligation 

Ligation of cohesive end or blunt end DNA fragments was carried out using either 

the Quick Ligation Kit (NEB) or standard T4 Ligase (NEB) according to the 

manufacturer’s guidelines. Briefly, linearised vector backbone was dephosphorylated 

using Antarctic Phosphatase (NEB) to reduce the vector background in the 

subsequent cloning strategy. 1µg of digested DNA was incubated with 1µl (5U) of 

Antarctic Phosphatase in 1X Antarctic Phosphatase Reaction Buffer for 1 hour at 

37°C, then at 65°C for 5 minutes to inactivate the Antarctic Phosphatase. Subsequent 

ligation involved combining 50ng of vector with a 3-fold molar excess of insert in 

10µl of water, mixed with 1X Ligation Reaction Buffer and 1µl of T4 DNA Ligase 

in a 20µl total reaction volume. A vector alone control reaction was set up to 

determine vector background. Ligation reactions using T4 ligase were carried out 

overnight at 16°C in the cold room instead of at RT. 

 

2.6.8 Transformation 

Transformations were carried out in One Shot TOP10 Chemically Competent E.coli 

(Invitrogen) using the One Shot Chemical Transformation protocol. Streaked plates 

were incubated inverted overnight at 37°C and colonies picked and grown up in 

Luria-Bertani (LB) broth supplemented with 100µg/ml ampicillin (Roche). Due to 

the instability of the PTT5 targeting vector and Pinv2 exchange vector, these 

constructs were transformed into Max Efficiency Stbl2 Competent Cells 
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(Invitrogen). Plates were grown inverted overnight at 30°C and colonies were picked 

and grown up in Terrific Broth (TB) supplemented with 100µg/ml ampicillin. 

 

2.6.8.1 Luria-Bertani Broth 

10g Bacto-tryptone (BD Biosciences) 

5g Bacto-yeast extract (BD Biosciences) 

10g Sodium Chloride (NaCl) 

Make up to 1L with deionised water and adjust pH to 7.5 with NaOH and autoclave. 

 

2.6.8.2 Terrific Broth 

12g Bacto-tryptone  

24g Bacto-yeast extract  

4ml Glycerol ≥ 99.0% (GC) (Sigma-Aldrich) 

Make up to 1L with deionised water and autoclave. Once cooled, add 100ml sterile 

solution of 0.17M KH2PO4, 0.72M K2HPO4. 

 

2.6.8.3 Ampicillin and Kanamycin Plates 

Selection plates were made from LB agarose (1.5% w/v agar in LB) supplemented 

with either 100µg/ml ampicillin or 50µg/ml kanamycin. Plates were poured using 

aseptic techniques and allowed to cool before being stored at 4°C. Plates were pre-

warmed inverted in an appropriate incubator prior to plating. 

 

2.6.9 Plasmid Isolation 

Colonies obtained after transformation were picked using aseptic technique and 

grown up in either LB or TB broth containing the appropriate selective antibiotic, 
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depending on the plasmid. 5ml of starter culture was inoculated with a single colony 

and incubated at 37°C for 8 hours with vigorous shaking (300rpm). Starter cultures 

were then diluted 1/500 into 100ml fresh selective LB medium and grown overnight 

with vigorous shaking (300rpm). Plasmid purification was then carried out using the 

QIAGEN Plasmid Maxi Kit (Qiagen) according to the manufacturers protocol. DNA 

was re-suspended in elution buffer (1.25M NaCl, 50mM Tris.HCl, pH8.5 and 15% 

Isopropanol). DNA concentration and purity were measured on the NanoDrop ND-

1000 Spectrometer (Labtech) and samples were stored at -20°C until required. 

 

2.6.9.1 PCR Screening of Colonies 

To screen for positive pPyCAGPax9IP colonies, a sterile tip was dipped into a 

colony and suspended into a PCR tube containing PCR reaction mix and pipetted up 

and down. PCR reaction conditions and amplification were the same as for standard 

PCR using 0.5µM Pax9 forward (Pax9-F (FL)) and IRES reverse (IRES-R) primers, 

listed in Table 2.2 and 2.4. A positive clone yielded a 1301bp or 1418bp product. 

 

2.6.9.2 Long-term Storage of Plasmid DNA 

15% glycerol stocks were made for each plasmid. 0.85ml of starter culture was 

mixed with 0.15ml of glyceroll and transferred to a cryovial and stored at -80°C. 

 

2.6.9.3 Constructs 

pPyGAGGFPIP was provided by Ian Chambers (ISCR, Edinburgh University). 

pH1tet-flex, Pinv2 and PTT5 were purchased from Freider Schwenk, Artemis 

Pharmaceuticals. Constructs were sent suspended in absorbent paper. Plasmid DNA 

was eluted by suspending absorbent paper in 30µl elution buffer and leaving 

overnight at 4°C. Plasmids were subsequently transformed and miniprep or maxiprep 

stocks were made. 
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2.6.9.4 shRNAs 

siRNAs were designed using Dharmacon siDesign Centre. shRNA oligonucleotides 

were ordered from Sigma, and are listed in Table 2.3. Oligonucleotides were 

annealed by combining 11.25µl of each oligonucleotide (100µM stock) with 2.5µl 

10X NEBuffer2 and placed in a thermocycler overnight at 98°C for 5 minutes, 

followed by -1°C per cycle for 73 cycles. The sample was then cooled to 4°C.  

 

2.6.10 Sequencing 

Sequencing was carried out to ensure high fidelity PCR amplification of the PCR 

product and to determine if the inserts were in the correct orientation following blunt 

end ligation. Up to 1µg of plasmid DNA in 4µl sterile water was added to 3.2pmol of 

the forward or reverse sequencing primer in 2µl sterile water to give a 6µl total 

sequencing reaction. 1µl of DMSO was added to the sequencing reactions that 

contained hairpins. Sample reactions were performed by The GenePool Facility, 

School of Biological Sciences Sequencing Service, using the Big Dye Terminator 

reaction mix (ABI). Sequences were analysed using either Chromas Lite version 2.01 

or DNAstar Lasergene version 6.1.4 software. Sequencing primers are listed in Table 

2.4. 

 

2.6.11 Transfection 

 

2.6.11.1 Transfection of COS-7 Cells 

Transfection of plasmid DNA into COS-7 cells was carried out using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s guidelines. To obtain the highest 

transfection efficiency and lowest cytotoxicity, transfection conditions were 

optimised by varying cell density and DNA:Lipofectamine 2000 ratios. Transfections 

were carried out in either a 6-well plate, containing 2x105 cells in 2ml growth 

medium or a 10cm plate, containing 15x105 cells in 15ml growth medium, using a 
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DNA(µg):Lipofectamine(µl) ratio of 1:2 (3µg of vector DNA combined with 6µl 

Lipofectamine2000, unless otherwise stated). 

To obtain stable cell lines, transfected cells were passaged into fresh growth medium 

24 hours after transfection, and plated by serial dilution in order to obtain clonal 

density. Selective medium was added the following day. Puromycin (Sigma) was 

added to give a final concentration of 1.5µg/ml. 

 

2.6.11.2 Transfection of Pax1-/- ES cells 

Transfection of plasmid DNA into Pax1-/- ES cells was carried out using 

electroporation. Plasmid DNA was prepared by taking 50µg of PTT5 Rosa26 

targeting vector or Pinv2 exchange vector and incubating with 50U of I-SceI in 1X 

NEBuffer, I-SceI, 1X BSA and sterile water to 100µl, at 37°C overnight. The 

following morning, the linearised sample was ethanol precipitated and a sample 

aliquot was run on a 1% agarose gel to ensure the vector had completely linearised. 

Pax1-/- ES cells were prepared by changing the medium two hours prior to 

harvesting. The cells were then harvested as for normal passaging of ES cells and 

2.5x107 - 5x107 cells were pelleted and re-suspended in 400µl PBS. 100µl (50µg) of 

linearised and purified DNA was added to the cells to give a final volume of 600µl. 

Cells were added to a gene pulsar cuvette (BIO-RAD, 0.4cm electrode gap) and 

mixed gently, ensuring no air bubbles were introduced. Cells were electroporated at 

0.8hV, 3uFD, ensuring the time constant was 0.1 following the pulse. Cells were left 

to recover for 10 minutes in the cuvette, and then transferred to a universal 

containing 4.4ml pre-warmed ES cell medium. Cells were serially diluted into 

gelatin-coated 10cm plates, 2 plates per dilution. Cells were allowed to settle 

overnight and the appropriate selection was added the following day. Hygromycin B 

(Roche) was added to give a final concentration of 120µg/ml. Neomycin (G418) 

(PAA) was added to give a final concentration of 300µg/ml for the first 24 hours, 

followed by a concentration of 200µg/ml thereafter. 
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2.6.12 Colony Picking 

For COS-7 cells stably over-expressing Pax9, the medium was aspirated off and the 

colonies washed twice in 2ml PBS. Each colony was pipetted up using a p20 pipette 

set at 20µl with a p200 wide-bored tip and pipetted into a 96-well bacteriological 

plate (sterilin, U-bottomed plate) containing 20µl 1X trypsin. Cells were allowed to 

incubate for 1 minute at 37°C before addition of 200µl culture media. The cell 

suspension was gently pipetted up and down ensuring single cell suspension and 

transferred to a 96-well culture plate (Iwaki). Cells were incubated at 37°C 

overnight, and the media was changed the following day. After 48 hours, wells were 

split into duplicate 96-well plates. The individual clones of one 96-well plate were 

expanded, keeping the passage number to a minimum, and frozen down and stored in 

liquid nitrogen. The individual clones of the duplicate plate were harvested, and 

gDNA extraction was performed for screening purposes.  

For Pax1-/- ES cells targeted with PTT5 or Pinv2, the same protocol was followed, 

however a 96-well plate was gelatinised with 50µl 0.1% gelatin 1 hr prior to plating. 

Initially 96 colonies were picked. However, following round one of targeting, 

Southern blot analysis established a targeting efficicency of 63%. In addition, a 

targeting efficiency of >90% has been demonstrated using the same system in a 

separate study (Seibler et al., 2007). Therefore, a smaller number of clones were 

picked in subsequent targeting rounds to reduce time and to improve the efficiency 

and quality of selection. 

 

2.7 Southern Hybridisation 

 

2.7.1 gDNA Purification and Digest 

Rapid purification of total gDNA from targeted Pax1-/- ES cells was carried out using 

the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s 

guidelines. Following purification, 3-5µg gDNA was digested in sterile water 

supplemented with 80U of concentrated EcoRV (Roche, 40U/µl) or HindIII (Roche, 
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40U/µl), 1X NEBuffer B and 1X spermidine to a 30µl total reaction volume at 37°C 

overnight. To each digested sample, 5µl of 5X TAE loading buffer (20% Ficoll in 5X 

TAE buffer plus bromophenol blue) was added and the samples were loaded onto a 

0.8% TAE agarose gel. The gel was run in a gel tank containing 1X TAE running 

buffer overnight at 20V. The gel was then stained with 0.5µg/ml ethidium bromide 

(Sigma) and photographed under the UV Transilluminator (Syngene) to ensure 

digestion of DNA had occurred. 3-5µg of gDNA in 22µl of sterile water  

 

2.7.2 DNA Transfer 

The gel was washed twice in 500ml denaturing solution for 20 minutes, rinsed in 

distilled water and then washed twice in neutralising solution for 20 minutes. To set 

up the transfer apparatus, a glass plate was placed over the top of a tray containing 

1L 20X SSC. Two strips of 3mm Whatman paper soaked in 20X SSC was placed 

over the glass and the ends suspended in the 20X SSC. The gel was turned out onto 

the Whatman paper and any air bubbles removed. A positively charged nylon 

membrane (Roche) soaked in 2X SSC was placed on top of the gel, 2x 3mm 

Whatman paper soaked in 2X SSC on top of the membrane followed by 2x 3mm dry 

Whatman paper. Pressure was applied evenly to the gel by placing a 10cm stack of 

paper towels and weight on top of the blot to ensure even contact between the gel 

and the membrane. Buffer transfer was by capillary action and was left overnight. 

The membrane was rinsed in 2X SSC, allowed to dry and baked at 120°C for 1 hour.  

 

2.7.2.1 20x SSC 

3M Sodium Chloride (NaCl) 

0.3M Trisodium Citrate (Na3C6H5O7) 

Made up to 1L with sterile water. 
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2.7.2.2 Denaturing Solution 

0.7M Sodium Chloride (NaCl) 

2M Sodium Hydroxide (NaOH) 

Made up to 1L with sterile water. 

 

2.7.2.3 Neutralising Solution 

0.5M Sodium Chloride (NaCl) 

1M Tris.HCl (C4H12ClNO3) 

Made up to 1L with sterile water. 

 

2.7.3 Probe Preparation 

The Rosa26 5’ and Rosa26 3’ hybridisation probes were provided by Nick 

Bredenkamp. The primer sequences used to amplify the probes are listed in Table 

2.5. The Rosa26 5’ and Rosa26 3’ hybridisation probes and λ DNA were prepared 

using the Redprime II DNA Labelling System (Amersham) in conjunction with the 

RedivueTM stabilised [32P]dCTP (Amersham). 25ng of probe DNA was radiolabelled 

with 32P in a 50µl total reaction volume.  

 

2.7.4 Hybridisation 

To hybridise the labelled probe to the membrane, the membrane was soaked in 2X 

SSC in a hybridisation bottle. Excess liquid was drained off and 30ml of 

prehybridisation solution was added. The membrane was then incubated in the 

hybridisation oven at 65°C for 1 hour.  The prehybridisation buffer was drained off 

and 15ml hybridisation solution, containing 42µl (2.8ng/ml) of labelled probe and 

600µl of boiled salmon sperm in 0.2M Tris.HCl, pH 8.0. The membrane was 

incubated in the hybridisation buffer overnight at 65°C in a hybridisation oven. The 

following day, the membrane was washed to remove excess probe by rinsing twice in 
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2X SSC, 0.1% SDS, washing twice in 2X SSC, 0.1% SDS for 15 minutes at 65°C 

and a final wash in 0.5X SSC, 0.1% SDS for 30 minutes at 65°C. The filter was 

removed and wrapped in Saran wrap and placed in an autoradiography cassette with 

X-ray film and stored at -80°C. The pattern of hybridisation was visualised on Kodak 

Biomax XAR Film (Sigma) by autoradiography using an SRX-101A Medical Film 

Processor (Konica Minolta).  

 

2.7.5 Blastocyst Injections 

All blastocyst injections were carried out by the transgenic service within the ISCR. 

In brief, E3.5 blastocysts and single-cell suspensions of Pax1-/- ES cells were placed 

in a microdrop of KSOM embryo culture medium (Millipore) under a microscope. 

Ten to twelve ES cells were collected by aspiration into a bevelled capillary pipette 

and injected into the blastocoel cavity of a host blastocyst in hanging drops of 

KSOM on a cooled stage. Embryos were allowed to recover for 1-2 hours in KSOM 

at 37°C and were then transferred to E2.5 pseudopregnant females. On one occasion, 

ES cells were laser injected into E2.5 morula stage embryos using the same protocol 

as for blastocysts. Targeted Pax1-/- ES cells to be injected went through two passages 

before being plated at serial dilutions two days prior to injections. The first well 

contained 5 x 105 cells and went through five sequential 1:2 dilutions. Medium on 

the cells was changed two hours prior to injections. 

 

2.8 Histology 

 

2.8.1 Frozen Sectioning 

Freshly dissected thymi were embedded in OCT embedding compound (Tissue Tek, 

Agar Scientific) and OCT blocks (Agar Scientific) were snap frozen on dry ice and 

stored at -80°C until required. For sectioning, blocks were removed from the -80°C 

and placed in a cryostat (Leica CM1900) and allowed to equilibrate to temperature (-

20°C). 8µm sections were collected onto poly-L-lysine coated glass slides (VWR 
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International), 3-4 sections per slide. The sections were allowed to air dry before 

being placed in a slide box (VWR) and stored at -80°C until required. 

 

2.8.2 Haematoxylin and Eosin Staining of OCT Embedded 
Sections 

For whole embryo sections, slides were removed from the -80°C and allowed to 

equilibrate to RT for 20 minutes. The sections were then fixed in RT 10% neutral 

buffered formalin for 10 minutes. Slides were rinsed for two minutes in running tap 

water and then stained in Ehrlich’s Haematoxylin Solution (Thermo Fisher 

Scientific) for 5 minutes. Slides were then rinsed for 3 minutes in running tap water, 

blued up in saturated lithium carbonate (Fisher Scientific) for 5 seconds and rinsed 

again for 3 minutes in running tap water. Sections were then stained in Eosin for 15 

seconds, quickly rinsed in tap water and washed twice in 100% industrial methylated 

spirit (IMS) () for 2 minutes. The slides were finally cleared in xylene (Fisher 

Scientific) for two minutes, allowed to air dry and then mounted with DPX mounting 

medium (Agar Scientific). For thymus sections, the tissue was stained and mounted 

as for whole embryo sections, however the tissue was fixed for 2 minutes in 100% 

acetone (Fisher Scientific) (-20°C), rinsed in PBS for 2 minutes and placed in the 

microwave in fresh PBS for 2.5 minutes. PBS was allowed to cool and the slides 

were rinsed in deionised water. Mounted slides were stored at RT. 

 

2.8.2.1 Eosin Stain 

3 parts 1% Aqueous Eosin (Raymond A Lamb, Fisher Scientific) 

1 part 1% Ethanol (Fisher Scientific) 

Acetic acid to 0.05% final concentration (Fisher Scientific) 

 

2.8.2.2 Neutral Buffered Formalin 

4% Formalin 
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30mM Sodium Dihydrogen Orthophosphate (monhydrate) (BDH) 

50mM Disodium Hydrogen Orthophosphate (anhydrous) (Fisher Scientific) 

Distilled water to 1L final volume. 

 

2.8.2.3 Imaging 

Haematoxylin and Eosin (H&E) stained images were captured using the Q Imaging 

Micropublisher 3.3 camera attached to an Olympus BX1 microscope, using Volocity 

software. Images were processed using Adobe Photoshop CS4. 

 

2.8.3 X-gal Staining of OCT Embedded Sections 

Cryosections were removed from the -80°C and allowed to air dry for 20 minutes. 

Sections were then fixed in either X-gal fix for 10 minutes or paraformaldehyde 

(PFA) for 7 minutes at 4°C and subsequently washed 3 times for 10 minutes in X-gal 

wash at RT. Pre-warmed X-gal stain was applied to each section and the slides were 

then transferred to a humidified, foil-covered chamber which was subsequently 

sealed and placed in an incubator at 37°C or 25°C +/- 1°C for 48 hours. The slides 

where then returned to a staining jar and washed twice in pre-warmed X-gal buffer 

for 5 minutes at 37°C. Sections were then rinsed twice in 1X PBS for 2 minutes, with 

a final rinse in ultrapure water, and mounted with DPX. Sections were subsequently 

analysed under a brightfield microscope. 

 

2.8.3.1 PFA Fix 

4% PFA 

2mM MgCl2 

5mM EGTA 
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2.8.3.2 X-gal Wash Buffer 

2mM MgCl2 

0.1% Sodium Deoxycholate 

0.02% NP-40 

0.05% BSA 

Made up in 0.1M Sodium Phosphate buffer (pH7.3), made up from 0.1M disodium 

hydrogen orthophosphate and 0.1M sodium dihydrogen orthophosphate in PBS. 

Stored at 4°C. 

 

2.8.3.3 X-gal Stain 

0.024% Spermidine 

5mM Potassium Ferricyanide (K3FE(CN)6) 

5mM Potassium Ferrocyanide (K4FE(CN)6) 

0.0014% NaCl 

2.5mM X-gal 

0.1% Dimethylformamide (DMF) 

Made up in 1X X-gal wash buffer. Stored at -20°C and protected from light. 

 

2.8.3.4 X-gal Fix 

0.1M Phophate buffer (pH7.3) 

0.2% Glutaraldehyde 

2mM MgCl2 

5mM EGTA 
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2.9 Immunoflurescence 

 

2.9.1 Staining 

Thymi were embedded in OCT and sectioned using a cryostat (Leica CM1900) as 

described previously. Sections were removed from the -80°C and allowed to air dry 

for 20 minutes. Sections were then fixed in 100% acetone (-20°C) (Fisher Scientific) 

for 2 minutes then allowed to air dry for a further 20 minutes. Individual sections on 

each slide were circled with Pap pen (Vector Laboratories) and allowed to dry for 30 

minutes and then soaked in PBS for 1-2 minutes. Sections were then blocked in PBS 

containing 5% serum of the species the secondary antibody was raised in and left for 

15 minutes. The blocking serum was removed and 100µl of the primary antibody at 

the appropriate dilution was applied to each section and they were then left for either 

1 hour or sealed overnight in the fridge, depending on the antibody added. Primary 

antibody was removed and the sections were soaked in 3 changes of PBST (PBS 

supplemented with 0.1% Tween-20) each wash lasting 5 minutes. Sections were then 

incubated with 100µl of the secondary antibody at the appropriate dilution at RT for 

45 minutes, contained within in a box filtering out all light sources. The secondary 

antibody was then removed and the sections were again soaked in 3 changes of 

PBST each lasting 5 minutes, this time covered in foil to protect from the light. The 

sections had a final rinse in water before being left to air dry and were then mounted 

using vectorshield hard set mounting medium for fluorescence (Vector Laboratories). 

Slides were stored in a sealed box in the fridge overnight and analysed the following 

day.  

 

2.9.1.1 Foxn1 Staining 

Staining was carried out as above, however sections were fixed in 4% PFA at RT for 

5 minutes, washed in PBST (PBS supplemented with 0.05% Tween) and blocked in 

10% serum in PBST for 1 hour. The Foxn1 G-20 antibody was prepared in PBST 

supplemented with 0.1% serum and incubated at 4°C overnight. 
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2.9.2 Imaging 

Fluorescent images were captured using a Leica AOBS confocal microscope under 

the appropriate excitation conditions. Images were processed using Adobe Photoshop 

CS4. 

 

2.10 Flow Cytometry 

 

2.10.1 Cell Preparation and Staining for Cell Sorting and FACS 
Analysis 

Thymi were dissected into ice-cold FACs wash (1X PBS, 10% FCS, 1U of DNaseI 

Per 10ml) in 1.5ml tubes on ice. Thymi were allowed to settle and the supernatant 

removed. Thymi were washed three times in RT PBS (supplemented with MgCl2 and 

CaCl2) and then suspended in 1ml pre-warmed dissociation mix and incubated at 

37°C for 20 minutes, with gentle pipetting every 5 minutes to aid dissociation. For 

older than E12.5 thymi, subsequent incubation in 200µl 1X trypsin at 37°C for 5-10 

minutes was necessary for full dissociation. Once fully dissociated, the sample was 

transferred to a round-bottomed FACs tube (BD Falcon) containing 1ml FACs wash 

and spun down in a centrifuge (Heraeus Labofuge 400R, Thermo Scientific) at 

1200rpm for 3 minutes at 4°C. The supernatant was removed and the cell pellet re-

suspended in 350µl FACs wash and kept on ice. A 20µl aliquot was removed in 

order to conduct cell counts using a haemocytometer and in the presence of 0.4% 

trypan blue solution (Sigma) to distinguish viability, which was used at a working 

concentration of 0.04%. Directly conjugated EpCam-FITC and CD45-APC at the 

appropriate concentrations were added to the cells and incubated for 10 minutes on 

ice in the dark. The cells were then washed in 2ml FACS wash and centrifuged at 

1200rpm for 4 minutes. The supernatant was removed, the cell pellet re-suspended in 

250µl FACs wash and the cells were stored on ice in the dark until analysis. Negative 

controls were provided by unstained cells. 7-aminoactinomycin D (7-AAD) (BD 

Biosciences) or propidium iodide (PI) (Sigma) was added as a cell viability marker. 

For dead cell exclusion, PI was used at a working concentration of 1.5µg/ml. 
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2.10.1.1 Dissociation Mix 

1.4mg/ml Hyaluronidase (Sigma) 

0.7mg/ml Collagenase (Roche) 

0.05mg/ml Deoxyribonuclease (DNaseI) (Roche) 

Made up in PBS, containing MgCl2 and CaCl2 (Sigma), and pre-warmed to 37°C. 

 

2.10.1.2 FACs Wash 

10% FCS 

1U/10ml DNaseI 

Made up in PBS. 

 

2.10.2 Cell Sorting and FACS Analysis 

Cell sorting and isolation was carried out by J. Vrana on a MoFlo MLS high-speed 

sorting flow cytometer (Beckman Coulter), into cold FACS wash using isotonic 

sheath fluid.  Cell sorting and analysis was performed on a FACSCalibur (BD 

Bioscience), and data were analysed using CellQuest software (BD Biosciences). In 

both cases, cells were gated to exclude dead cells and red blood cells. Data was 

analysed using FlowJo flow cytometry analysis software (version 9.3.1). 

2.11 Antibodies 

Primary antibodies used for immunofluorescence and FACs analysis, along with 

their clone, source, isotype and dilution factor, are described in Table 2.6. Secondary 

antibodies, which were raised in either donkey or goat and were conjugated to either 

alexa flour-647 or alexa flour-488, are described in Table 2.7. Isotype control 

antibodies are listed in Table 2.8. To reduce non-specific background staining, the 

antibodies were centrifuged briefly before use to eliminate any protein aggregates 

that may have formed during storage. 
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2.12 Quantitative Real-time PCR (QRT-PCR) 

 

2.12.1 PCR Reaction Mix 

Real-time PCR was carried out according to the LightCycler 480 Probe Master 

(Roche) manufacturer’s guidelines using the Lightcycler 480 system. In brief, each 

reaction mix contained the following components: 

0.5µM Forward primer 

0.5µM Reverse Primer 

0.1µM Universal Probe (Roche) 

1X Light Cycler 480 Probes Master Mix (Roche) 

PCR-grade water to 7.5µl total reaction volume 

The reaction mix was kept on ice and shielded from the light. 7.5µl of reaction mix 

was added to each well of a LightCycler 480 multiwall plate 384 (Roche), and 2.5µl 

of a 1:4 dilution of cDNA template was added to give a final reaction volume of 

10µl. The multiwell plate was sealed with LightCycler 480 sealing foil (Roche) and 

the plate was centrifuged at 1500 x g (GS-6R refrigerated table top centrifuge, 

Beckman Coulter) for 2 minutes. The multiwell plate was then loaded into the 

LightCycler 480 instrument and the PCR program started. The real-time primers 

used are listed in Table 2.9 and are all intron-spanning. 

 

2.12.2 Cycling Conditions 

Pre-incubation of 95°C for 5 minutes, then 45 cycles of amplification: 

95°C for 10 seconds 

61°C for 10 seconds 

72°C for 1 second 

1 cooling cycle of 40°C for 10 seconds 
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Relative quantification was performed using the LightCycler 480 software. Standard 

curves were designed for each of the target and reference genes by preparing 

duplicate reactions of four serial dilutions of cDNA; Neat (1:2.5), and 1/10, 1/100 

and 1/1000 dilutions of the neat sample. Standard curves were set up first and a 

calibrator ran at a 1:10 dilution in subsequent runs. Efficiency of the standard curves 

was between 1.7 and 2.0. Triplicates of sample cDNA were run at a 1:3 dilution, 

since in most cases the amount of starting material was small and subsequent cDNA 

concentrations were low. 
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Table 2.1 Primer sequences used for genotyping, as well as their respective melting 

temperature (Tm) and binding position within the target gene. 

 

Table 2.2 Primer sequences used for PCR amplification, as well as their respective 

melting temperature (Tm) and binding position within the target gene. 
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Table 2.3 shRNA oligonucleotide sequences. 

 

Table 2.4 Primer sequences used for sequencing, as well as their respective melting 

temperature (Tm) and binding position within the target gene. 
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Table 2.5 Rosa26 3’ and Rosa26 5’ primer sequences used to amplify the Rosa26 3’ 

and Rosa26 5’ hybridisation probes. 
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Table 2.6 Primary antibodies list. 

Table 2.7 Secondary antibodies list. 

Table 2.8 Isotype control list.  
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Table 2.9 Real-time PCR primer sequences, as well as their respective melting 

temperature (Tm) and binding position within the target gene of interest. The 

corresponding universal probe for each primer pair is also listed.  
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3 Investigation of the role of Pax1 and Pax9 in regulating 

the morphology and phenotype of the foetal and postnatal 
thymus 

3.1 Introduction 

The Pax1 and Pax9 single homozygote phenotypes have already been well 

documented. In brief, Pax1-/- mutants exhibit relatively mild thymus hypoplasia, 

characterized by a 2-5-fold reduction in thymocyte numbers, while Pax9-/- mutants 

exhibit severe thymus hypoplasia; the thymic anlage develops ectopically in the 

larynx and is apoptotic from E14.5. However, since functional redundancy between 

these genes may occur within the thymus, as in vertebral column development, a role 

in specification of the TEC lineage may be masked in the single homozygotes. It was 

therefore important to determine whether compound Pax1/Pax9 mutants exhibited 

more profound phenotypes than single mutants, and most importantly to establish if 

the double homozygote exhibited an ectopic thymus or was completely athymic. This 

Chapter describes morphological and phenotypic analysis of prenatal (E13.5 and 

E15.5) and neonatal (E18.5) mutant embryos, and postnatal (6-week old) mutant 

thymi, which aimed to gain an understanding of whether interactions between Pax1 

and Pax9 are important in thymus development.  

 

3.2 Breeding Strategy 

Having re-derived the Pax1unex/+ and Pax9lacZ/+ mouse lines (as described in Chapter 

Two), a breeding strategy was implemented in order to obtain the appropriate mice 

(Figure 3.1). Since there are problems with breeding Pax1unex/+Pax9lacZ/+ compound 

mutant mice on a pure C57BL/6 background (Professor Nancy Manley, personal 

communication), as well as maintaining them on this background they were out-

crossed to the 129 strain to determine whether the breeding phenotype was specific 

to the genetic background. As detailed in Figure 3.1, a three-generation breeding 

program developed. A C57BL/6 female Pax1unex/+ mouse and C57BL/6 female 



Pax1unex/+ (BL/6) WT (129) Pax9lacZ/+ (BL/6)

Pax1unex/+ (BL/6;129) Pax9lacZ/+(BL/6;129)

Pax1unex/+Pax9lacZ/+ (BL/6;129)

Pax1+/+

Pax9+/+
Pax1unex/+

Pax9+/+
Pax1unex/unex

Pax9+/+
Pax1unex/+

Pax9lacZ/+
Pax1unex/unex

Pax9lacZ/+
Pax1unex/unex

Pax9lacZ/lacZ
Pax1+/+

Pax9lacZ/+
Pax1+/+

Pax9lacZ/lacZ
Pax1unex/+

Pax9lacZ/lacZ

F0

F1

F2

Pax1unex/+Pax9lacZ/+ (BL/6;129)

Pax1unex/+ (BL/6;129) Pax9lacZ/+(BL/6;129)

Pax1unex/unex (BL/6;129) Pax9lacZ/lacZ(BL/6;129)

F3

Figure 3.1 Breeding program for the Pax1unex/+ and Pax9lacZ/+ mice. A three genera-
tion breeding program to derive the compound mutants of Pax1 and Pax9. Re-derived 
Pax1unex/+ and Pax9lacZ/+ female mice (F0) were mated with WT 129 males to give 
Pax1unex/+ and Pax9lacZ/+ mice on a mixed C57BL/6 x 129 (BL/6;129) background (F1), 
at a frequency of 2 in 4. Pax1unex/+ and Pax9lacZ/+ mice were either mated with their F1 
littermates to give rise to the Pax1unex/unex and Pax9lacZ/lacZ population (F2) or mated 
with each other to give rise to the Pax1unex/+Pax9lacZ/+ population (F2), both at a 
frequency of 1 in 4. Finally, Pax1unex/+Pax9lacZ/+ littermates were mated to give rise to 
the various compound mutants of Pax1 and Pax9. In addition to this breeding 
program, Pax1unex/+ and Pax9lacZ/+ mice were maintained on a pure C57BL/6 back-
ground. It should be noted that although congenic on a pure C57BL/6 background, the 
Pax1unex/+ F0 mice appear agouti as the Pax1 locus and agouti locus are linked. 

x x

x x x

x
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Pax9lacZ/+ mouse were individually crossed with a WT 129 male mouse. These 

female mice were designated the founder mice (F0), and gave rise to the first 

generation (F1) progeny, of which 50% were heterozygous for either the Pax1unex/+ 

or Pax9lacZ/+ genotype. The second-generation progeny (F2) resulted from 

intercrossing either Pax1unex/+ or Pax9lacZ/+ C57BL/6 x 129 (BL6;129) F1 siblings to 

give rise to the Pax1 and Pax9 single homozygotes, or from crossing Pax1unex/+ 

female and Pax9lacZ/+ male BL6;129 F1 siblings to give rise to the Pax1unex/+Pax9lacZ/+ 

double heterozygous population. Finally, Pax1unex/+Pax9lacZ/+ BL6;129 F2 littermates 

were crossed to give rise to the compound mutants of Pax1 and Pax9. Figure 3.2 A 

shows a Punnett square used to predict the probability of the offspring having a 

particular genotype. As predicted, breeding of the Pax1unex/+Pax9lacZ/+ mice on a pure 

C57BL/6 background was unsuccessful. However breeding on the mixed C57BL/6 x 

129 background proved to be favourable. On the mixed C57BL/6 x 129 background, 

all of the 9 possible genotypes were obtained at roughly the expected Mendelian 

ratio, with the WT and Pax1-/-Pax9-/- double homozygote mutants being observed at 

half of the expected frequency (Figure 3.2, B). This may be due to the fact that there 

were occasionally small litters, with the uterus exhibiting reabsorption sites or 

severely under-developed embryos. The average litter size (out of 26) was around 7-

8 embryos, compared to that of WT breeding, which were around 10-11 embryos. 

Alternatively, analysis of more litters may result in the expected ratios. Pax9 

homozygotes died shortly after birth, as documented in the literature (Peters et al., 

1998b). The Pax1unex/unexPax9lacZ/+ mutant mice also died shortly after birth. 

It should be noted that in subsequent analyses, prenatal and neonatal thymi are from 

F3 mice and postnatal thymi were from F2 mice, and therefore will vary a lot in 

terms of C57BL/6 and 129 contribution. 

 

 

 

 

                                                                                                                                        .



A

B

Figure 3.2 Expected and observed genotypic frequencies following intercross 
between Pax1unex/+Pax9lacZ/+ mice. (A) Punnet square showing the genotypes of mice 
that can result from a genetic cross between a Pax1unex/+Pax9LacZ/+ female and a 
Pax1unex/+Pax9lacZ/+ male. Note that + indicates a WT allele while - indicates a mutant 
allele, in this case either the unex or lacZ allele. (B) Table showing the frequency of 
the genotypes you would expect following intercross, as well as the observed 
frequencies from 27 litters. The number of embryos observed for each genotype, out 
of a total of 228 embryos analysed, is also indicated.

Pax1+Pax9+ Pax1+/+Pax9+/+ Pax1+/+Pax9+/- Pax1+/-Pax9+/+ Pax1+/-Pax9+/-

Pax1+/-Pax9-/+ Pax1+/-Pax9-/-

Pax1 -Pax9+ Pax1-/+Pax9+/+ Pax1-/+Pax9+/- Pax1-/-Pax9+/+ Pax1-/-Pax9+/-

Pax1+Pax9 - Pax1+/+Pax9-/+
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Pax1 -Pax9- Pax1-/+Pax9-/+ Pax1-/+Pax9-/ - Pax1-/-Pax9-/+ Pax1-/-Pax9-/ -

Gametes Pax1+Pax9+ Pax1+Pax9 - Pax1 -Pax9+ Pax1 -Pax9-

Pax1+/+Pax9-/-

Expected Observed

22

34

10

13

7

No. of 
Embryos

8

36

36

62

Pax1-/+Pax9+/+

1 in 16

1 in 8

1 in 8

Genotype

Pax1+/+Pax9+/+

Pax1+/+Pax9-/+

Pax1-/-Pax9-/ -

1 in 4

1 in 8

1 in 8

1 in 16

Pax1-/+Pax9-/+

Pax1-/+Pax9-/ -

Pax1-/-Pax9-/+

Pax1-/-Pax9+/+

Pax1+/+Pax9-/-

1 in 33

Frequency

1 in 4

1 in 10

1 in 7

1 in 23

1 in 181 in 16

1 in 16

1 in 29

1 in 6

1 in 6
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3.3 Prenatal analysis 

3.3.1 Histological analysis of the thymus of the Pax1 and Pax9 
mutant series at E13.5 and E15.5 

The first stage of analysis was to determine and compare the location of the thymus 

across the complete Pax1/Pax9 mutant series prenatally. The location of the 

Pax1unex/unex thymus is normal (Su and Manley, 2000; Wallin et al., 1996) and the 

location of the Pax9lacZ/lacZ thymus has been previously reported as being ectopic, 

residing within the laryngeal cavity (Hetzer-Egger et al., 2002). Histological analysis 

of the thymus in Pax1 and Pax9 compound mutants has not been documented. The 

only data presented on compound mutants to date are E10.5 coronal sections of the 

pharyngeal region of a Pax1-/-Pax9-/- double mutant embryo, showing normal Hoxa3, 

Six1 and Eya1 expression in the 3PP (Zou et al., 2006). 

Thus, E13.5 and E15.5 mouse embryos from Pax1unex/+Pax9lacZ/+ matings were 

collected and processed for cryosectioning as described in Chapter 2. Serial 7µm 

transverse sections from E13.5 and E15.5 embryos were collected between planes a 

and f, as detailed in Figure 3.3, A and B respectively. Individual H&E stained 

sections were analysed under a light microscope to determine the location of the 

thymi for each genotype of the mutant series. Results for the E13.5 thymi are 

displayed in Figure 3.4 and results for the E15.5 thymi are displayed in Figure 3.5.  

At E13.5 the WT, Pax1unex/+, Pax9lacz/+ and Pax1unex/+Pax9lacz/+ thymus were located 

at the midline (mediastinum) of the thoracic cavity (shown for WT and 

Pax1unex/+Pax9lacz/+ in Figure 3.4). The location of the Pax1unex/unex thymi was also 

normal, however the lobes were notably smaller in size than the WT thymus of 

equivalent age, as described previously (Su and Manley, 2000; Wallin et al., 1996). 

The Pax9lacZ/lacZ thymi were ectopic, located within the laryngeal cavity of the mouse 

and drastically smaller in size, again as documented previously (Hetzer-Egger et al., 

2002).  

The compound mutants were then analysed. It should be noted that since the 

Pax9lacZ/lacZ ectopic rudiment has been previously confirmed as thymus tissue 

through in situ hybridisation with the thymic epithelial specific marker Foxn1 



Figure 3.3 Normal and ectopic locations of the thymus in WT and Pax1/Pax9 
mutant mice during thymus organogenesis. Schematic representation of an (A) 
E13.5, (B) E15.5 and (C) E18.5 mouse embryo, identifying the location of the trans-
verse section planes through which the embryos were sectioned. At all three stages 
of development, the embryo was sectioned through between plane a and f. Plane e 
represents the location of the WT thymus, plane d the location of the ectopic 
Pax1unex/unex/Pax9lacZ/+ thymus and plane b the location of the ectopic Pax9lacZ/lacZ 

thymus. At E15.5, plane c denotes the location of the Pax1unex/+/Pax9lacZ/lacZ thymus 
and plane b also denotes the location of the Pax1unex/unexPax9lacZ/lacZ thymus. Adapted 
from The Atlas of Mouse Development, M. Kaufman.
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Figure 3.4 Location and gross morphology of the thymic primordium in 
embryos carrying different combinations of Pax1 and Pax9 mutant alleles at 
E13.5.

See following page.

Images show hematoxylin and eosin staining of transverse sections from E13.5 WT, 
Pax1unex/+Pax9lacZ/+, Pax1unex/unex, Pax9lacZ/lacZ, Pax1unex/unexPax9lacZ/+, 
Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ mouse embryos. Columns A, B, C 
and D represent transverse planes e, d, c and b, respectively (see Figure 3.3). Abbre-
viations: oe, oesophagus, tr, trachea, th, thymus, ca, carotid arteries, ty, thyroid, ep, 
epiglottis, la, larynx, sg, sympathetic ganglia, as, arytenoid swelling, op, orophar-
ynx. Location of the ectopic thymi are indicated by arrows and position of the WT 
thymi are indicated by an asterisk (*). Sections were imaged at 4-fold magnification. 
Scale bar = 100μm. N=2. At E13.5, there is a progressive decrease in the size of the 
thymic anlage and a variable ectopic location among the compound mutants of Pax1 
and Pax9 in a gene dosage-dependent manner, such that Pax1unex/unexPax9lacZ/lacZ mice 
are athymic.
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(Hetzer-Egger et al., 2002), tissue located in an identical position to that of the 

Pax9lacZ/lacZ thymus formed the criteria for thymus rudiment identification in the 

Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ mice. At E13.5, the thymic lobes in 

the Pax1unex/unexPax9lacZ/+ mouse embryo were slightly ectopic, residing beside the 

thyroid glands, anterior to their typical location (plane d of Figure 3.3 A). They were 

also significantly reduced in size. Analysis of the Pax1unex/+Pax9lacZ/lacZ mouse 

embryo revealed a possible budding of the right thymic lobe within the laryngeal 

cavity (indicated by a black arrow, Figure 3.4). Due to the reduction in size of the 

thymus in the compound mutants, to further ensure the presence or absence of the 

thymus in the Pax1unex/unexPax9lacZ/lacZ mouse embryo, the number of slides examined 

by H&E was increased from every 10th to every 5th slide. The 

Pax1unex/unexPax9lacZ/lacZ embryo initially appeared completely athymic, however 

closer inspection revealed potential candidate thymic tissue in the laryngeal cavity 

just beside the arytenoid swelling (indicated by a black arrow, Figure 3.4). A distinct 

outline where the thymus should reside within the embryo was evident in all embryos 

with a genotype containing two mutant alleles of Pax9 (indicated by asterisks in 

Figure 3.4), however, this space could pertain to an enlarged pericardial cavity. 

At E15.5, the thymi for the WT, Pax1unex/+, Pax9lacz/+, Pax1unex/+Pax9lacZ/+, 

Pax1unex/unex, Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/+ mouse embryos were in the same 

locations as for the E13.5 embryos (shown for WT, Pax1unex/+Pax9lacZ/+, Pax1unex/unex, 

Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/+ in Figure 3.5). The ectopic Pax9lacZ/lacZ thymi 

occupied the laryngopharynx, as in the E13.5 embryo, but also extended upwards 

towards the oropharynx, as revealed by subsequent serial sections, and had greatly 

increased in size compared to E13.5. The Pax1unex/+Pax9lacZ/lacZ thymi were also 

ectopic, residing within the laryngeal cavity, but were slightly posterior to those of 

the Pax9lacZ/lacZ embryo, and were further reduced in size relative to the Pax9 

homozygote.  

In the Pax1unex/unexPax9lacZ/lacZ mutant, an extremely small, disorganised accumulation 

of cells was present in the laryngeal cavity, in the same location as the Pax9lacZ/lacZ 

thymi. This structure was much smaller than any other ectopic thymus exhibited in 

the genotypic series and appeared far more irregular and disorganised, as can be seen 



Figure 3.5 Location and gross morphology of the thymic primordium in 
embryos carrying different combinations of Pax1 and Pax9 mutant alleles at 
E15.5.

See following page.

Images show hematoxylin and eosin staining of transverse sections from E15.5 WT, 
Pax1unex/+Pax9lacZ/+, Pax1unex/unex, Pax9lacZ/lacZ, Pax1unex/unexPax9lacZ/+, 
Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ mouse embryos. Columns A, B, C 
and D represent transverse planes e, d, c and b of an E15.5 mouse embryo, respec-
tively (see Figure 3.3). Abbreviations: oe, oesophagus, tr, trachea, th, thymus, ca, 
common carotid arteries, ty, thyroid, ep, epiglottis, la, larynx, as, arytenoid swelling, 
hb, hyoid bone. Location of the ectopic thymi are indicated by arrows and position 
of the WT thymi are indicated by an asterisk (*). Sections were imaged at 4-fold 
magnification. Scale bar = 100μm. N=2. At E15.5, there is a progressive decrease in 
the size of the thymic anlage and a variable ectopic location among the compound 
mutants of Pax1 and Pax9 in a gene dosage-dependent manner. 
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in the higher magnification images (Figure 3.6 B). The cells looked bigger and 

rounder, suggesting they could be undergoing apoptosis. Increased cell death and 

reduced cell proliferation in the sclerotomes of the developing vertebral column in 

Pax1unex/unexPax9lacZ/lacZ mice, most likely caused by absence of mesenchymal 

condensations, has been documented (Peters et al., 1999) as has increased apoptosis 

in the ectopic thymi of Pax9lacZ/lacZ mice (Hetzer-Egger et al., 2002). The presence of 

a small accumulation of cells higher up in the oropharynx, just behind the tongue, 

was also identified (Figure 3.6 C). It is possible that this is equivalent to a cervical 

thymus, however the nature of this structure is yet to be determined. The laryngeal 

cavity opening also appears larger in all mutants relative to that of the WT E15.5 

embryo, most likely a consequence of skeletal malformations of the laryngeal 

cartilage which have been observed in Pax9lacZ/lacZ mice (Peters et al., 1998b).  

To quantify the fold reduction in the size of the mutant thymi relative to WT at 

E15.5, the width and height of the transverse plane of the thymus was measured and 

used to calculate the surface area (µm2). The transverse sections measured 

represented the greatest surface area of the thymus. The fold reduction in surface 

area relative to WT was used as an approximate fold reduction in the size of the 

thymus, and results are shown in Table 3.1. There was a progressive reduction in the 

size of the thymus with increasing loss of Pax1 and Pax9, with the most dramatic 

reductions being in the Pax1unex/+Pax9lacZ/lacZ, Pax1unex/+Pax9lacZ/lacZ and 

Pax1unex/+Pax9lacZ/lacZ mutant thymi, which exhibited 5-, 23- and 281-fold reductions 

in size, respectively.  

Overall, there is a progressive decrease in the size of the thymic anlage and a 

variable ectopic location among the compound mutants of Pax1 and Pax9 in a gene 

dosage-dependent manner. 

 

3.3.2 Structural analysis of the thymus of the Pax1 and Pax9 
mutant series at E15.5 

An array of antibodies can be used to define the structure of the developing thymus. 

To gain insight into the role of Pax1 and Pax9 during thymus organogenesis, and to 

help determine if functional redundancy exists between the genes within the thymus 





WT 675 500 337,500 -
Pax1unex/+ 600 500 300,000 1.1
Pax9lacZ/+ 500 450 225,000 1.5
Pax1unex/+Pax9lacZ/+ 450 450 202,500 1.7
Pax1unex/unex 500 350 175,000 1.9
Pax9lacZ/lacZ 350 375 131,250 2.6
Pax1unex/unexPax9lacZ/+ 300 225 67,500 5.0
Pax1unex/+Pax9lacZ/lacZ 150 100 15,000 22.5
Pax1unex/unexPax9lacZ/lacZ 40 30 1,200 281.3

Genotype Width   
(µm)

Height   
(µm)

Area    
(µm2)

 fold reduction in 
µm2 relative to WT

Table 3.1 Fold reduction in the size of the thymic rudiment in the Pax1/Pax9 
mutant series. For each genotype the width and height of the transverse plane of the 
thymus, representing the greatest surface area of the section, was measured and used 
to calculate the surface area (μm2). The fold reduction in surface area (μm2) realtvie 
to WT was then calcualted and was used to provide an approximate fold reduction in 
the size of the thymus. These values are based on the mean of two individual lobes for 
each genotype analysed. At E15.5, the size of the thymus in the Pax1/Pax9 mutant 
series is reduced in a gene dosage dependent manner.
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domain, immunohistochemical analysis of the Pax1 and Pax9 mutant series was 

therefore carried out. Adjacent sections to those exhibited in Figure 3.5 were used for 

the various antibody stains.  

 

3.3.2.1 Keratin 5 (K5) and Keratin 8 (K8) 

Expression of cytokeratins can be used to define the developing thymic epithelium. 

At E11.5, epithelial cells of the thymic primordium are K5+K8+, with K5 and K8 co-

localising in the Foxn1 expressing domain, suggestive of an undifferentiated 

progenitor cell type (Bennett et al., 2002). Overt differentiation of the TECs begins at 

E12.5 and K5 starts to predominantly mark the differentiating mTECs and K8 the 

differentiating cTECs. In the adult, the thymus is defined by distinct cortical and 

medullary sections, where the cortex is marked by a predominant K5-K14-K8+K18+ 

subset and minor K5+K14-K8+K18+ subset and in the medulla, most epithelial cells 

have a K5+K14+K8-K18- phenotype, however a minor K5-K14-K8+K18+ medullary 

subset is also present (Klug et al., 1998). With this in mind, K5 and K8 staining of 

the Pax1 and Pax9 mutant series was carried out to determine how the TEC structure 

is affected in these mice. In the E15.5 WT thymus the emerging cortical and 

medullary compartments were apparent, with K5 marking the inner mTECs and K8 

marking the outer cTECs (Figure 3.7 A). The Pax1unex/+ (Figure 3.8 A), Pax9lacZ/+ 

(Figure 3.9 A), Pax1unex/+Pax9lacZ/+ (Figure 3.10 A) and Pax1unex/unex (Figure 3.11 A) 

thymi all exhibited normal K5/K8 staining. However the thymic epithelium of the 

Pax1unex/unex thymus appeared less structured into distinct medullary and cortical 

regions, suggesting a developmental delay. In Pax9lacZ/lacZ (Figure 3.12 A), 

Pax1unex/unexPax9lacZ/+ (Figure 3.13 A) and Pax1unex/+Pax9lacZ/lacZ (Figure 3.14 A) 

embryos, although the thymic primordia exhibited K5 and K8 staining, no clear 

cortical and medullary areas were evident. In each of these mutants, there appeared 

to be an increased K5+K8+ population relative to the WT of equivalent age, revealed 

by co-localisation of K5 and K8, which is indicative of a more rudimentary thymus. 

For the Pax1unex/unexPax9lacZ/lacZ, K5 and K8 staining was not studied.  

                                                                                                                                        .



Figure 3.7 Immunohistochemical analysis of transverse sections through an 
E15.5 WT thymus. 

See following page.

Adjacent sections to those shown for the WT thymus in Figure 3.5 were stained with 
the following markers; (A) K5 and K8, (B) Plet-1, (C) CD45, (D) MHC class II, (E) 
ER-TR7 and (F) CD31. Costaining with panK (B-F) identified the epithelial com-
partment of the thymus. Sections were imaged at 20-fold magnification. Scale bar = 
150μm. Data shown are representative of two thymic lobes. 
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Figure 3.8 Immunohistochemical analysis of transverse sections through an 
E15.5 Pax1unex/+ thymus.

See following page.

Adjacent sections to those shown for the Pax1unex/+ thymus in Figure 3.5 were stained 
with the following markers; (A) K5 and K8, (B) Plet-1, (C) CD45, (D) MHC class II, 
(E) ER-TR7 and (F) CD31. Costaining with panK (B-F) identified the epithelial 
compartment of the thymus. Sections were imaged at 20-fold magnification. Scale 
bar = 150μm. Data shown are representative of two thymic lobes. The Pax1unex/+ 
thymus appears morphologically normal, apart from the presence of a large cyst.
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Figure 3.9 Immunohistochemical analysis of transverse sections through an 
E15.5 Pax9lacZ/+ thymus.

See following page.

Adjacent sections to those exhibited for the Pax9lacZ/+ thymus in Figure 3.5 were 
stained with the following markers; (A) K5 and K8, (B) Plet-1, (C) CD45, (D) MHC 
class II, (E) ER-TR7 and (F) CD31. Costaining with panK (B-F) identified the 
epithelial compartment of the thymus. Sections were imaged at 20-fold magnifica-
tion. Scale bar = 150μm. Data shown are representative of two thymic lobes. The 
Pax9lacZ/+ thymus appears morphologically normal, apart from marginally less mesen-
chyme compared to the WT.

100





Figure 3.10 Immunohistochemical analysis of transverse sections through an 
E15.5 Pax1unex/+Pax9lacZ/+ thymus. 

See following page.

Adjacent sections to those exhibited for the Pax1unex/+Pax9lacZ/+ thymus in Figure 3.5 
were stained with the following markers; (A) K5 and K8, (B) Plet-1, (C) CD45, (D) 
MHC class II, (E) ER-TR7 and (F) CD31. Costaining with panK (B-F) identified the 
epithelial compartment of the thymus. Sections were imaged at 20-fold magnifica-
tion. Scale bar = 150μm. Data shown are representative of two thymic lobes. The 
Pax1unex/+Pax9lacZ/+ thymus appears morphologically normal, apart from marginally 
less mesenchyme compared to the WT.
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Figure 3.11 Immunohistochemical analysis of transverse sections through an 
E15.5 Pax1unex/unex thymus.

See following page.

Adjacent sections to those exhibited for the Pax1unex/unex thymus in Figure 3.5 were 
stained with the following markers; (A) K5 and K8, (B) Plet-1, (C) CD45, (D) MHC 
class II, (E) ER-TR7 and (F) CD31. Costaining with panK (B-F) identified the 
epithelial compartment of the thymus. Sections were imaged at 20-fold magnifica-
tion. Scale bar = 150μm. Data shown are representative of two thymic lobes. The 
Pax1unex/unex thymus is slightly reduced in size, exhibits a marginal developmental 
delay and less ER-TR7 and CD31 staining, but is otherwise structurally normal com-
pared to the WT.
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Figure 3.12 Immunohistochemical analysis of transverse sections through an 
E15.5 Pax9lacZ/lacZ thymus.

See following page. 

Adjacent sections to those exhibited for the Pax9lacZ/lacZ thymus in Figure 3.5 were 
stained with the following markers; (A) K5 and K8, (B) Plet-1, (C) CD45, (D) MHC 
class II, (E) ER-TR7 and (F) CD31. Costaining with panK (B-F) identified the 
epithelial compartment of the thymus. Sections were imaged at 20-fold magnifica-
tion. Scale bar = 150μm. Data shown are representative of two thymic lobes. The 
Pax9lacZ/lacZ thymus is ectopically located within the laryngeal cavity, is severely 
reduced in size, lacks an outer NC-derived mesenchymal capsule and exhibits a 
generally disorganised structure compared to the WT. 
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Figure 3.13 Immunohistochemical analysis of transverse sections through an 
E15.5 Pax1unex/unexPax9lacZ/+ thymus.

See following page.

Adjacent sections to those exhibited for the Pax1unex/unexPax9lacZ/+ thymus in Figure 3.5 
were stained for the following markers; (A) K5 and K8, (B) Plet-1, (C) CD45, (D) 
MHC class II, (E) ER-TR7 and (F) CD31. Costaining with panK (B-F) identified the 
epithelial compartment of the thymus. The outline of the thymic primordium is indi-
cated (dashed white line). Sections were imaged at 20-fold magnification. Scale bar 
= 150μm. Data shown are representative of two thymic lobes. The 
Pax1unex/unexPax9lacZ/+ thymus is ectopically located residing adjacent to the thyroid, is 
severely reduced in size, exhibits more Plet-1 staining but less CD45, MHC class II, 
ER-TR7 and CD31 staining compared to the WT, indicative of a more immature 
thymic rudiment. 
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Figure 3.14 Immunohistochemical analysis of transverse sections through an 
E15.5 Pax1unex/+Pax9lacZ/lacZ thymus.  

See following page.

Adjacent sections to those exhibited for the Pax1unex/+Pax9lacZ/lacZ thymus in Figure 3.5 
were stained with the following markers; (A) K5 and K8, (B) Plet-1, (C) CD45, (D) 
MHC class II, (E) ER-TR7 and (F) CD31. Costaining with panK (B-F) identified the 
epithelial compartment of the thymus. The outline of the thymic primordium is indi-
cated (dashed white line). Sections were imaged at 20-fold magnification. Scale bar 
= 150μm. Data shown are representative of two thymic lobes. Compared to the WT, 
the Pax1unex/+Pax9lacZ/lacZ thymus is ectopically located within the laryngeal cavity, is 
further reduced in size and exhibits a severely disorganised structure characterised by 
more K5+K8+ but less MHC class II staining and is ER-TR7 and CD31 negative.
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3.3.2.2 Plet-1 

Plet-1 is a marker of thymic epithelial progenitor cells (TEPC) (Blackburn et al., 

1996; Godfrey et al., 1990), and was used to mark undifferentiated TECs within the 

thymic primordium. In the E15.5 WT thymus, a few isolated Plet-1+ cells exist 

(Figure 3.7 B). A similar pattern was observed in the Pax1unex/+ (Figure 3.8 B), 

Pax9lacZ/+ (Figure 3.9 B), Pax1unex/+Pax9lacZ/+ (Figure 3.10 B), and Pax1unex/unex 

(Figure 3.11 B) thymus. The Plet-1 staining in the Pax1unex/+ and Pax1unex/unex 

mutants is concentrated around cysts. The presence of cysts in the Pax1unex/unex 

mutant thymus has been previously documented (Su and Manley, 2000). The 

Pax1unex/unexPax9lacZ/+ mutant thymi contained a slightly higher proportion of Plet-1+ 

cells (Figure 3.13 B).  

Work conducted in this lab has shown that during foetal development, the proportion 

of Plet-1+ cells decreases from 66% at E13.5 to 18% at E15.5 as a result of the 

growing TEC Plet-1- compartment, with the absolute numbers remaining consistant 

(Cook, 2010). The apparent increase in Plet-1+ cells in the Pax1unex/unexPax9lacZ/+ 

mutant therefore most likely reflects a reduction in production or maintenance of 

Plet-1- TEC, leading to the drastically reduced size of the thymus relative to the WT.  

An interesting finding was that in the Pax9lacZ/lacZ (Figure 3.12 B) and 

Pax1unex/+Pax9lacZ/lacZ (Figure 3.14 B) thymi, where Plet-1 appeared absent from the 

thymic primordium by immunofluorescence staining, strong staining was apparent 

along the epithelial lining of the pharynx within which the thymi are enclosed. The 

outer walls of the oropharynx and laryngopharynx are made up of the pharyngeal 

constrictor muscles, while the inner lining consists of non-keratinising stratified 

squamous epithelium derived from foregut endoderm. Whether this staining is 

specific to the epithelial lining of the larynx or is synonymous to the thymic rudiment 

remains unclear. For example, the staining could reflect remnants of the inpocketing 

of the foregut endoderm that was destined to become thymus. Staining of the 

laryngeal cavity of a WT equivalent would help to resolve this issue. For the 

Pax1unex/unexPax9lacZ/lacZ mutant embryo, in addition to the epithelial lining of the 

pharynx, the mass of candidate thymic tissue appeared entirely Plet-1 positive, 
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suggesting it could be trapped in a progenitor cell-like state (Figure 3.15 A and B) 

Further analysis of a later staged embryo, such as an E18.5 newborn embryo, would 

help to determine whether the thymus progresses from this progenitor cell-like state 

and whether any mature TECs can emerge. 

 

3.3.2.3 CD45 

CD45, also know as leukocyte common antigen (LCA), is a transmembrane 

glycoprotein specifically expressed on the surface of all hematopoietic cells 

excluding mature erythrocytes and platelets and plays an important role in the 

activation of lymphocytes (Virts et al., 1997). Various isoforms of CD45 exist, 

however the 30-F11 mAb used in this thesis reacts with all isoforms of mouse CD45. 

Hence, CD45 was used as a measure of colonising lymphocytes. In the E15.5 WT 

thymus, a high percentage of CD45+ thymocytes are present throughout the thymus 

(Figure 3.7 C).  All of the mutants were positive for CD45 to varying degrees, except 

for the double homozygote, which appeared CD45- (Figure 3.15 C and D). Staining 

in the Pax1unex/unexPax9lacZ/+ thymus was not as widespread and appeared more 

centrally localised (Figure 3.13 C). In the Pax1unex/+Pax9lacZ/lacZ (Figure 3.14 C) and 

Pax9lacZ/lacZ (Figure 3.12 C) mutant embryos the pattern of CD45 staining was less 

uniform and it appeared that thymocytes were still colonising the thymus, as shown 

by the presence of CD45+ cells in the extracellular space surrounding the thymus. 

Colonisation of the mouse thymus with the first haematopoietic progenitor cells 

occurs around E11.5 (Owen and Ritter, 1969) and by E15.5 the first mature CD4+ SP 

thymocytes are detectable (Jenkinson et al., 1981), and so the thymi of these mutants 

may be immature relative to WT. As documented for the Pax9lacZ/lacZ thymus 

(Hetzer-Egger et al., 2002), the ectopic location of all Pax9lacZ/lacZ thymi in the 

Pax1/Pax9 mutant series did not itself effect the initiation of thymopoesis, apart from 

the thymi of the Pax1unex/unexPax9lacZ/lacZ mutant. 

  

 

                                                                                                                                        .



Figure 3.15 Immunohistochemical analysis of transverse sections through an 
E15.5 Pax1unex/unexPax9lacZ/lacZ thymus. 

See following page.

Adjacent sections to those exhibited for the Pax1unex/unexPax9lacZ/lacZ thymus in Figure 
3.5 were stained for the following markers; (A-B) Plet-1, (C-D) CD45, (E-F) MHC 
class II and (G-H) ER-TR7. Costaining with panK (A-H) identified the epithelial 
compartment of the thymus. The candidate thymic primordium is indicated (dashed 
white line). Sections were imaged at 20-fold magnification (A, C, E and G) and 
40-fold magnification (B, D, F and H). Scale bar = 150μm (A, C, E and G) and 75μ
m (B, D, F and H). N = 1. The candidate Pax1unex/unexPax9lacZ/lacZ thymic primordium 
appears trapped in a progenitor cell-like state, lacks staining for MHC class II and 
ER-TR7 and does not contain CD45+ cells.
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3.3.2.4 MHC class II 

MHC antigens are expressed within the thymic stroma, including on epithelial cells, 

reticular fibroblasts, macrophages and dendritic cells (Boyd et al., 1993; Jenkinson et 

al., 1981). MHC class II, which is first detected at E13.5 (Jenkinson et al., 1981), is a 

marker of thymic epithelial identity, as this is the only non-hematopoietic cell type 

known to constitutively express MHC class II. They play a role in the generation of a 

complex T-cell repertoire and therefore signify a functional thymic 

microenvironment (Boyd et al., 1993; Jenkinson et al., 1981). For this reason, TEC 

surface expression of MHC class II was used as a measure of TEC differentiation 

and progression towards a fully functional thymus. In the E15.5 WT thymus, MHC 

class II expression is characterised by intense staining in the medullary region, with 

small clusters of staining throughout the cortex (Figure 3.7 D). This was the same in 

Pax1unex/+ (Figure 3.8 D), Pax9lacZ/+ (Figure 3.9 D), Pax1unex/+Pax9lacZ/+ (Figure 3.10 

D) and Pax1unex/unex (Figure 3.11 D) mutant thymi. In Pax9lacZ/lacZ thymi, the MHC 

class II expression appeared strongest in the medulla when compared to the K5/K8 

stain, however there appeared to be more clusters of MHC class II staining in the 

K8+ cortical region compared to WT (Figure 3.12 D). For the Pax1unex/unexPax9lacZ/+, 

only a small cluster of MHC class II staining was apparent, in what appears to be the 

K5+ medullary region, with a few single positive cells within and surrounding the 

thymus (Figurre 3.13 D). For the Pax1unex/+Pax9lacZ/lacZ only small clusters of staining 

existed throughout the epithelium (Figure 3.12 D). The Pax1unex/unexPax9lacZ/lacZ 

thymic rudiment was MHC class II negative (Figure 3.15 E and F). Overall, there is a 

progressive loss of MHC class II+ cortical and medullary TECs across the Pax1/Pax9 

mutant series, suggesting a role for Pax1 and Pax9 in maturation of the TEC 

compartment. 

 

3.3.2.5 ER-TR7 

ER-TR7 is a marker of reticular fibroblasts, which play a role in synthesising and 

maintaining the extracellular matrix (ECM) of many tissues. Their main role is to 

provide a structural framework for the tissue. Thus, ER-TR7 was used to stain the 
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NC-derived mesenchymal connective tissue framework within the thymus. In the 

E15.5 WT thymus, ER-TR7 marks the fibroblasts that form a network between the 

TE cells throughout the thymus, including the outer capsule and mesenchymal 

structures of larger vessels (Figure 3.7 E). This was the same for the Pax1unex/+ 

(Figure 3.8 E) thymus, with marginally reduced levels in the Pax9lacZ/+ (Figure 3.9 

E), Pax1unex/+Pax9lacZ/+ (Figure 3.10 E) and Pax1unex/unex (Figure 3.11 E) mutant 

thymi. In the Pax9lacZ/lacZ mutant, a different pattern of ER-TR7 expression was 

observed. There did not appear to be a distinct outer capsule of connective tissue, 

while internally, strong staining appeared throughout the thymic rudiment with no 

obvious structure, unlike the loosely entwined network of the WT thymus (Figure 

3.12 E). There also appeared to be an apparent lack of intrathymic septea formation 

between the TEC and connective tissue, characteristic of the WT thymus. 

Interestingly, the large cavity present within the thymic rudiment, which was not 

lined with the epithelial marker panK and was therefore not a cyst, appeared to be 

outlined with ER-TR7 staining. This suggests that the disordered mesenchyme is 

leading to unusually large blood vessel structures. In the Pax1unex/unexPax9lacZ/+ 

mutant, ER-TR7 expression appeared normal within the developing thymus, with a 

minor reduction in the level of intrathymic staining (Figure 3.13 E), however this 

could be a reflection of the reduced size of thymus. The Pax1unex/+Pax9lacZ/lacZ mutant 

thymus also lacked an outer capsule of connective tissue, and in addition to this the 

thymic rudiment itself lacked any internal ER-TR7 staining at the 

immunohistochemical level (Figure 3.14 E), suggesting a defect in the migration of 

NC-derived mesenchyme. The whole laryngeal cavity of the Pax1unex/unexPax9lacZ/lacZ 

mutant embryo was ER-TR7 negative (Figure 3.15 G and H). Therefore, ER-TR7 

staining reveals a role for Pax1 and particularly Pax9 in controlling the migration of 

the mesenchymal precursors to the thymus, as well as their subsequent maturation 

and patterning within the rudiment. 

 

3.3.2.6 CD31 

CD31, also known as PECAM-1 (platelet endothelial cell adhesion molecule), is an 

integral membrane protein that mediates cell-to-cell adhesion. It is expressed 
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constitutively on the surface of both adult and embryonic endothelial cells and was 

thus used as an endothelial marker of the small and large blood vessels of the 

thymus. In a WT mouse, vascularisation of the thymus is initiated at E12.5 with 

endothelial cells forming luminal structures by E13.0 (Mori et al., 2010). In this 

study, CD31 expression was found throughout the WT E15.5 thymus (Figure 3.7 F). 

This was the same in the Pax1unex/+ (Figure 3.8 F), Pax9lacZ/+ (Figure 3.9 F) and 

Pax1unex/+Pax9lacZ/+ (Figure 3.10 F) mutant thymi. The Pax1unex/unex mutant thymus 

appeared to have slightly reduced levels of CD31 staining (Figure 3.11 F), although 

quantitative analysis is required to determine if this was significant. In the 

Pax9lacZ/lacZ thymic rudiment, CD31 expression was visible throughout the thymus, 

however clusters of expression appeared more concentrated and less evenly 

distributed (Figure 3.12 F). As seen for ER-TR7, CD31 also appeared to line a 

number of large cavities that were not apparent in the WT thymus, again suggesting a 

disordered vascular system within the Pax9lacZ/lacZ thymic rudiment. Within the 

Pax1unex/unexPax9lacZ/+ thymic rudiment, the proportion of CD31+ cells was notably 

reduced (Figure 3.13 F) and in the Pax1unex/+Pax9lacZ/lacZ thymic rudiment, CD31 was 

not detectable (Figure 3.14 F). CD31 was not studied in the Pax1unex/unexPax9lacZ/lacZ 

mutant. Overall, this suggests a role for Pax1 and Pax9 in the normal development of 

the blood vessels within the thymus. 

 

3.3.2.7 Foxn1 

Analysis of Foxn1 expression, a TEC-specific marker, was carried out for the WT, 

Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ mutants. During normal thymus 

development, high levels of Foxn1 are first seen at E11.25, from which point all 

mature TECs express Foxn1 throughout development (Gordon et al., 2007). The 

Foxn1 antibody used (G-20, polyclonal) exhibits a degree of background, and Foxn1 

staining was analysed relative to the goat IgG isotype control to account for this. The 

E15.5 WT thymus exhibited regular nuclear Foxn1 staining throughout the thymus 

(Figure 3.16 A and Figure 3.17 A). Foxn1 expression was observed in the 

Pax9lacZ/lacZ thymus, however there appeared to be less nuclear staining 

proportionally and staining appeared clustered as opposed to the widespread nuclear 
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staining of the WT thymus (Figure 3.16 B and 3.17 B). The Pax1unex/unexPax9lacZ/lacZ 

thymic primordium was completely Foxn1 negative (Figure 3.16 C and D and Figure 

3.17 C and D). This indicates a role for Pax1 and Pax9 in regulating Foxn1 

expression.  

 

3.4 Neonatal analysis 

3.4.1 Histological and structural analysis of the Pax9lacZ/lacZ and 
Pax1unex/unexPax9lacZ/+ mutant thymus at E18.5 

Analysis of the thymus beyond birth in the Pax9lacZ/lacZ, Pax1unex/+Pax9lacZ/lacZ, 

Pax1unex/unexPax9lacZ/+ and Pax1unex/unexPax9lacZ/lacZ mutant mice is prevented due to 

death shortly after birth. So analysis of E18.5 newborn mice was carried out. Only 

Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/+ mutants were obtained and analysed. The 

E18.5 newborn Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/+ mutant embryos from 

Pax1unex/+Pax9lacZ/+ matings were collected and processed for cryosectioning as 

described in Chapter 2. Serial 7µm transverse sections from these embryos were 

collected between planes a and f, as detailed in Figure 3.3, C.  

H&E staining revealed that the Pax9lacZ/lacZ thymic rudiment was located in the same 

ectopic position as at E15.5 (Figure 3.18), which represents plane b of a newborn 

mouse as shown in Figure 3.3, C. The most striking difference between the 

Pax9lacZ/lacZ thymic rudiment at E18.5 relative to that at E15.5 was a huge reduction 

in the size of the thymus. At E15.5, the rudiment was around 375µm in width and 

450µm in height, compared to 95µm in width and 140µm in height at the newborn 

stage, representing an approximate 4-fold decrease in size. This suggests that the 

thymus could be undergoing apoptosis, however whether this is a direct effect of the 

lack of Pax9, suggesting a role in cell survival, or as a secondary effect such as the 

perturbed patterning of the mesenchyme leading to TEC death remains to be 

investigated.  

H&E staining of the Pax1unex/unexPax9lacZ/+ thymic rudiment revealed that it had 

migrated further relative to that at E15.5, from beside the thyroid glands to almost 

the same position as a WT thymus at the equivalent age (represented by plane e of a 
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newborn mouse as shown in Figure 3.3, C). It was slightly anterior to the position of 

the WT thymus and the lobes sat beside the trachea as opposed to side by side 

immediately below the trachea (Figure 3.18). This suggests a delay in budding and 

subsequent migration and that the thymi of a Pax1unex/unexPax9lacZ/+ mouse eventually 

reach their intended location and are essentially not ectopic. In contrast to the 

Pax9lacZ/lacZ newborn thymus, the Pax1unex/unexPax9lacZ/+ thymus had increased in size 

relative to that at E15.5. At E15.5, the rudiment was around 300µm in width and 

225µm in height, compared to 600µm in width and 525µm in height at the newborn 

stage, representing an approximate 4.7-fold increase in size. This shows that the 

Pax1unex/unexPax9lacZ/+ mutant thymus continues to develop. However, the thymic 

rudiment was still greatly reduced in size relative to a WT equivalent. 

Serial sections of thymic tissue adjacent to those used for the H&E stains for both 

mutants were subsequently stained with the same markers used for the embryonic 

thymi studied at E15.5. In addition to the observed reduction in size, K5 and K8 

staining showed that the Pax9lacZ/lacZ thymic rudiment lacked clear cortical and 

medullary regions (Figure 3.19 A). The rudiment itself was also Plet-1 negative, 

contained CD45+ cells throughout and was MHC class II positive, as for the 

rudiment at E15.5, however the amount of ER-TR7 and CD31 staining had 

drastically reduced such that only a small number of cells exhibited positive staining 

(Figure 3.19 B, C, D, E and F, respectively). This suggests a role for Pax1 and Pax9 

in the maintenance of the thymic epithelial and mesenchymal cells.  

The most obvious feature following staining of the E18.5 Pax1unex/unexPax9lacZ/+ 

thymic rudiment was the presence of four large cysts within the rudiment that stained 

strongly for the epithelial marker panK (Figure 3.20), a feature characteristic of the 

Pax1unex/unex thymus (Su and Manley, 2000). However, the Pax1unex/unexPax9lacZ/+ 

mutant appears to have an increased cystic structure. Staining also revealed a more 

mature staining pattern relative to that at E15.5, as shown by the increase in CD45 

and MHC class II staining (Figure 3.20 C and D respectively). Proportionally, the 

amount of ER-TR7 and CD31 staining relative to that at E15.5 appeared the same 

(Figure 3.20 E and F respectively). The epithelial compartment of the thymic 

rudiment appeared more diffuse with reduced cortical and medullary regions present 



Figure 3.19 Immunohistochemical analysis of transverse sections through a 
E18.5 newborn Pax9lacz/lacZ thymus.

See following page.

Adjacent sections to those shown for the Pax9lacz/lacZ thymus in Figure 3.18 were 
stained with the following markers; (A) K14 and CDR1, (B) Plet-1, (C) CD45, (D) 
MHC class II, (E) ER-TR7 and (F) CD31. Costaining with panK (B-F) identified the 
epithelial compartment of the thymus. The outline of the thymic primordium is indi-
cated (dashed white line). Sections were imaged at 20-fold magnification (I-III) and 
63-fold magnification (IV). Scale bar = 150μm (I-III) and 47.62μm (IV). Data 
shown are representative of two thymic lobes. The E18.5 Pax9lacz/lacZ thymus exhibits 
a severely disorganised structure characterised by a K5+K8+ epithelial compartment 
lacking cortical and medullary regions and markedly reduced ER-TR7 and CD31 
staining.
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Figure 3.20 Immunohistochemical analysis of transverse sections through a 
E18.5 newborn Pax1unex/unexPax9lacZ/+ thymus.

See following page.

Adjacent sections to those shown for the Pax1unex/unexPax9lacZ/+ thymus in Figure 3.18 
were stained for the following markers; (A) K14 and CDR1, (B) Plet-1, (C) MHC 
class II, (D) ER-TR7 and (E) CD31. Costaining with panK (B-E) identified the 
epithelial compartment of the thymus. Sections were imaged at 20-fold magnification 
(I-III) and 40-fold magnification (IV). Scale bar = 150μm (I-III) and 75μm (IV). 
Data shown are representative of two thymic lobes. The Pax1unex/unexPax9lacZ/+ thymus 
is substantially reduced in size, is profoundly cystic and exhibits a sparse epithelial 
structure with reduced cortical and medullary regions and reduced ER-TR7 staining.
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that were less defined (Figure 3.20 A). In addition to K14 and Ly51 staining of the 

medullary and cortical epithelial cells, respectively, staining with UEA1 and B5T, 

which also mark the medullary and cortical regions, respectively, was carried out 

(data not shown). This staining correlated with that of K14 and Ly51, revealing a 

very diffuse cortical region with the medullary TECs existing as clusters 

concentrated around the large cysts. This indicates a role for Pax1 and Pax9 in the 

differentiation, proliferation and patterning of cortical and medullary TECs, 

confirming and extending previous studies.  

 

3.5 Postnatal analysis 

3.5.1 Histological and structural analysis of the thymus in the 6-
week old adult mouse 

WT and Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+ and Pax1unex/unex mutant mice were 

sacrificed at 6-weeks old and their thymi were processed for cryosectioning as 

described in Chapter 2. Serial 7µm sections were collected and subsequently stained 

with H&E or antibodies as for the embryonic thymi. As mentioned previously, the 

remaining genotypes of the Pax1/Pax9 mutant series could not be analysed at this 

time point since they all die shortly after birth.  

The overt structure of the 6-week adult thymus of the four mutants relative to an age-

matched WT thymus was essentially normal, as shown by H&E staining (Figure 

3.21) and immunostaining with antibodies recognising markers specific for epithelial 

cells (K14, CDR1 and panK), TEPCs (Plet-1), functional epithelial cells (MHC class 

II), mesenchymal cells (ER-TR7) and endothelial cells (CD31) (shown for WT, 

Figure 3.22, Pax1unex/+, Figure 3.23, Pax9lacZ/+, Figure 3.24, Pax1unex/+Pax9lacZ/+, 

Figure 3.25 and Pax1unex/unex, Figure 3.26). However, there was one striking feature 

of the Pax1unex/unex 6-week old thymus, which was the presence of enlarged cavities. 

It was initially thought that these were thymic cysts, but immunostaining revealed 

that these cavities were not lined with the epithelial marker panK and were therefore 

not cystic. This suggested that these large cavities may be vessels. In order to address 

this, blood vessel and lymphatic vessel markers were used to distinguish between the 
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two different types of vessels. Alpha-smooth muscle actin (α-SMA) was used to 

stain the smooth muscle cells in the blood vessel walls and CD31 was used as a 

marker of endothelial cells that line the interior surface of blood vessels. Lymphatic 

vessel marker (Lyve1) was used to stain the lymphatic endothelium lining the 

lymphatic vessels within the thymus, in order to distinguish these from the blood 

vessels from which it is completely absent. Confocal analysis revealed that the large 

cavities stained strongly for α-SMA (Figure 3.27 A, B and C) and CD31 (Figure 

3.27 D, E and F) but were Lyve1 negative, confirming that they were enlarged blood 

vessels. The vessel in Figure 3.27 E presents a diameter of around 350µm at its 

widest, compared to an average diameter size of 50µm in an age-matched WT 

thymus. The Pax1unex/unex thymic sections analysed in this study exhibited four large 

cavities of this scale, of which three are shown in Figure 3.27 (A and B represent one 

vessel, D and E a second vessel and C and F represent different sections of a third 

vessel). This indicates a role for Pax1 in development of the thymic vasculature.  

 

3.5.2 Pax9 expression in the thymus of a 6-week old Pax9 
heterozygote mouse 

While expression of Pax9 has been loosely documented in the thymus during mouse 

embryogenesis, expression in the adult mouse has not. Expression of Pax9 is 

initiated in the pharyngeal endoderm from E8.0 and by E9.5 all pharyngeal pouches 

exhibit strong Pax9 expression (Neubuser et al., 1995). From E9.5 through E13.5, as 

the thymus separates from the pharyngeal endoderm, Pax9 expression is maintained 

throughout the thymic rudiment (Peters et al., 1998b). From this point onwards, Pax9 

expression in the developing thymus has not be studied and so the Pax9lacZ mice 

were used to detect Pax9 expression levels. Previous work has compared lacZ 

expression to a equivalent section hybridised with a Pax9 specific RNA probe in this 

mouse strain and has confirmed that the lacZ expression pattern was identical to that 

of endogenous Pax9 expression (Peters et al., 1998b). X-gal staining was thus used 

as a marker of Pax9 promoter activity and hence Pax9 expression.  

Thymi from 6-week old Pax9lacZ/+ were dissected and processed for cryosectioning 

and X-gal staining as described in Chapter 2. The results shown in Figure 3.28 A and 



Figure 3.27 Immunohistochemical analysis of large blood vessels in a 6-week 
adult  Pax1unex/unex thymus.  

See following page.

Adjacent sections to those shown for the Pax1unex/unex thymus in Figure 3.26 were 
stained with the following markers; (A-C) alpha-smooth muscle actin (α-SMA) and 
(C-D) CD31. These markers stain the smooth muscle cells and endothelial cells 
lining the large blood vessels, respectively. Costaining with ER-TR7 (A-C) identified 
the mesenchymal compartment of the thymus, while costaining with panK (D-F) 
identified the epithelial compartment of the thymus. Sections were imaged at (A, D) 
20-fold magnification and (B,C, E, F) 40-fold magnification. Scale bar = (A, D) 150
μm and (B, C, E, F) 75μm. Data shown are representative of two thymic lobes. The 
6-week adult Pax1unex/unex thymus exhibits abnormally enlarged blood vessels.
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Figure 3.28 X-gal staining of transverse sections from a 6-week adult Pax9lacZ/+ 
thymus depicting Pax9 expression. 

See following page.

Adjacent sections to those shown for the Pax9lacZ/+ thymus in Figure 3.21 were stained 
with X-gal. (A-B) X-gal staining alone and  (C-D) X-gal staining with a light eosin 
counter stain. (E) WT control. Areas of nuclear X-gal staining are indicated by an 
arrow. Sections were imaged at 10-fold magnification (left) and 20-fold magnifica-
tion (right). Scale bar =  50μm (left) and 25μm (right). Data shown are representative 
of three thymic lobes. Pax9 is expressed throughout the 6-week adult thymus, with 
potentially higher concentrations in the sub-capsular and medullary regions.  
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B represent sections that were fixed in X-gal fix; those in C and D represent slides 

fixed in PFA and which were also counterstained with eosin prior to mounting, to 

enable distinction between the medulla and cortex. As can be seen, Pax9 expression 

was detected throughout the thymus, particularly in the presumptive medullary 

region and towards the edge, possibly sub-capsular region. Counter staining with 

antibodies recognising markers specific for epithelial cells (panK) and mesenchymal 

cells (ER-TR7) was attempted to help determine the exact nature of Pax9 expression, 

but was not successful. In two of the three thymi analysed small pockets of intense, 

nuclear X-gal staining was observed on the outer edge of the thymus (Figure 3.28 B) 

as well as similar pockets of staining within the thymus. Following addition of the 

light eosin stain, the X-gal staining became masked and it would be useful to attempt 

to amplify the X-gal signal or even try an anti-β-galactosidase antibody, which may 

work better when co-staining with other antibodies. However, it is shown that Pax9-

expressing cells persist in the 6-week old adult thymus, although the exact nature of 

the cell types is yet to be determined. 

 

3.6 Discussion 

In this chapter, the size, location and structure of the thymus in the Pax1/Pax9 

mutant series was investigated prenatally, neonatally and postnatally, in order to 

investigate the genetic interaction between Pax1 and Pax9 during thymus 

organogenesis. Prenatally and neonatally, the main findings of this work were; 1) the 

size, location and structure of the thymus were all affected in a Pax1/Pax9 gene 

dosage-dependent manner, demonstrating genetic interaction and suggesting that 

Pax1 and Pax9 are functionally redundant during thymus organogenesis, or that they 

are needed to regulate a different aspect of the thymic programme, 2) an increasing 

reduction in the size of the thymic rudiment with loss of Pax1 and Pax9 alleles, such 

that the Pax1unex/unexPax9lacZ/lacZ thymic rudiment exhibited a 281-fold reduction in 

size relative to the WT thymus at E15.5, 3) the Pax9lacZ/lacZ, Pax1unex/+Pax9lacZ/lacZ 

and Pax1unex/unexPax9lacZ/lacZ mutants all exhibited an ectopic thymic rudiment that 

appeared to evaginate into the laryngeal cavity, 4) an increasingly disorganised 
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thymic structure characterised by a gradual reduction and eventual loss of NC-

derived mesenchyme migrating into the thymic primordium and subsequent 

perturbed maturation and patterning, suggesting a role for Pax1 and Pax9 in these 

processes, and 5) Pax1unex/unexPax9lacZ/lacZ embryos exhibited a non-functional, 

ectopic thymic rudiment in an apparent progenitor cell-like state that lacked 

expression of the TEC-specific marker Foxn1, establishing the requirement for Pax1 

and Pax9 in the regulation of Foxn1 during TEC differentiation, and suggesting a 

role for these genes in the specification of the TEC compartment of the thymus. 

Postnatally, the main finding was that the Pax1unex/unex mutant thymus exhibited 

enlarged blood vessels, revealing a role for Pax1 in development of the thymic 

vasculature. 

 

3.6.1 Prenatally, the size, location and structure of the thymus is 
affected by Pax1 and Pax9 in a gene dosage-dependent 
manner 

Prenatal analysis of the compound mutants revealed a gene dosage-dependant co-

operation between Pax1 and Pax9 during thymus development. The 

Pax1unex/+Pax9lacZ/+ double heterozygote thymi, although marginally smaller, 

exhibited no overt structural phenotype and were considered normal. The 

Pax1unex/unexPax9lacZ/lacZ double homozygote mutant was functionally athymic, whilst 

in the Pax1unex/unexPax9lacZ/+ and Pax1unex/+Pax9lacZ/lacZ mutants, intermediate 

phenotypes existed. These showed progressive severity with increasing absence of 

functional Pax1 and Pax9 alleles. The Pax1 and Pax9 single and double 

heterozygous thymi were normal in location, and both the Pax9 heterozygote and 

Pax1/Pax9 double heterozygote were marginally smaller in size compared to WT. 

The Pax1 homozygote thymus was also slightly reduced in size and was cystic. 

Introduction of a Pax9 heterozygote genotype on a Pax1unex/unex background resulted 

in a more profound phenotype of severe hypoplasia of the thymic rudiment, which 

also exhibited a higher proportion of cysts and an ectopic location. Introduction of 

the Pax1 heterozygote genotype on the Pax9lacZ/lacZ background further compounded 

the phenotype, with an even further reduction in size and ectopic location. A 

decrease in the number of thymic mesenchymal cells was observed across the mutant 
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series, such that the Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ mutants 

exhibited complete absence of thymic mesenchyme as shown by ER-TR7 staining. 

This correlated with perturbation in TEC differentiation, as shown by K5/K8 and 

MHC class II expression, and reduction in thymopoesis, as shown by the decreasing 

CD45 staining. Indeed, the Pax1unex/unexPax9lacZ/lacZ thymus was MHC class II and 

CD45 negative. These data suggest that overlapping functions are redundantly 

encoded by Pax1 and Pax9 during thymus organogenesis, in particular during TEC 

differentiation and migration and patterning of NC-derived mesenchymal cells within 

the developing thymic rudiment.  

 

3.6.1.1 Lack of Pax1 and Pax9 results in generation of a non-
functional, ectopic thymic rudiment 

Analysis of the Pax1unex/unexPax9lacZ/lacZ compound mutant revealed a mass of 

candidate thymic tissue in a location equivalent to the thymic rudiment of the 

Pax9lacZ/lacZ mutant embryo. This tissue stained strongly for the TEPC marker Plet-1, 

but was negative for the maturational marker MHC class II, the functional marker 

CD45 and the mesenchymal marker ER-TR7. Furthermore, expression of the TEC-

specific marker Foxn1 could not be detected. It therefore appears that the 3PP can 

form and the early thymic rudiment can separate away from the foregut endoderm, 

all be it ectopically, but is developmentally arrested at an immature stage thereafter. 

This phenotype is characteristic of the Foxn1-/- (nude) thymus, where a non-

functional cell aggregation in the anterior mediastinum forms which consists of a few 

TECs in a undifferentiated progenitor (Plet-1+) cell state that lack markers associated 

with mature TECs such as major histocompatibiliy complex (MHC) class II 

(Blackburn et al., 1996; Nehls et al., 1996).  

The data presented here establishes that Pax1 and Pax9 are both required for 

differentiation of TECs, through regulation of Foxn1. It will now be important to 

establish that the cells of the Pax1unex/unexPax9lacZ/lacZ thymic rudiment are not 

specified to the thymic epithelial lineage. This could be addressed by investigating 

the following; 1) analysis of the thymic rudiment at later stages of development, for 
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example at the newborn stage, to ensure that the epithelial compartment does not 

progress beyond that exhibited at E15.5, 2) analysis of the thymic rudiment with 

markers specific for cortical and medullary TEC lineages, and 3) analysis of the 

thymic rudiment with the early TEC-specific marker interleukin 7 (IL-7), which is 

initiated and expressed throughout the 3PP endoderm at E11.5 (Zamisch et al., 

2005). 

 

3.6.2 Proposed model for the ectopic location of the thymus in the 
Pax9lacZ/lacZ, Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ 
mutant embryos 

To help understand the ectopic location of the thymus, it is important to understand 

how the thymus and the laryngeal cavity form during mouse embryogenesis. The 

endoderm constitutes the innermost layer of the three germ layers in the developing 

embryo and goes on to form the lining of the primitive gut. Regional differentiation 

of the primitive gut tube is organised along the anterior-posterior axis. The most 

anterior part of the gut tube is known as the foregut, which later differentiates into 

the pharynx. Both the thymus and the larynx are formed from epithelial out-pockets 

of the foregut endoderm or pharynx. As described previously, the thymus is derived 

from the foregut endoderm of the 3PP as a common primordium with the parathyroid 

gland. Positioning of the foregut endoderm into distinct pharyngeal pouches occurs 

at around E9.5. By E10.0, the 3PP begins to proliferate to form the organ primordia, 

which is followed by a period of further outgrowth that results in the expansion of 

both epithelial and mesenchymal compartments. At E12.5, the primordium separates 

from the pharynx and resolves into discrete thymus and parathyroid organs, which 

migrate ventro-caudally to the mediastinum just anterior to the heart, and adjacent to 

the thyroid, respectively.  

The larynx is first seen as an outgrowth of foregut endoderm, known as the 

respiratory diverticulum or lung bud, which sprouts from the pharyngeal floor, 

caudal/posterior to the pharynx, between the fourth pair of pharyngeal pouches 

(Cardoso and Lu, 2006). This ventral diverticulum of endoderm eventually forms a 

groove called the laryngotracheal groove, which deepens and grows caudally and 

eventually the two lips of the groove fuse, dividing the foregut into two separate 
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tubes; the trachea ventrally and esophagus dorsally. The trachea, also known as the 

laryngotracheal tube, is lined by foregut endoderm from which develops the 

epithelial lining of the respiratory tract, and is divided into the larynx anteriorly, 

trachea centrally and bronchi, alveoli and the lungs posteriorly. The muscles and 

cartilage surrounding the respiratory tract are derived from the mesodermal 

mesenchyme cells of the 4th and 6th pharyngeal arches.  

With the normal development of the thymus and larynx in mind, at E10, the 

pharyngeal pouches of the Pax9lacZ/lacZ mutant appear normal. However, by E11.5, 

the 3PP has started to separate from the pharynx epithelium in a WT mouse, whilst in 

the Pax9lacZ/lacZ mouse, the 3PP is retarded (Peters et al., 1998b). By E12.0, 

individual thymus organ primordia are visible as epithelial buds in WT, and these are 

absent in Pax9lacZ/lacZ mice. In parallel to thymus development, the lung bud is 

initiated at around E9.5 (Cardoso and Lu, 2006), around the same time as the 3PP. 

Therefore it could be possible that as the lung buds emerge from each ventro-lateral 

side of the foregut endoderm, as they grow caudally they could carry with them the 

epithelial rudiment of the 3PP, and as they protrude away from the gut and fuse at the 

ventral surface to form the primordial lining of the respiratory gut, the rudiment 

could become confined within the laryngeal cavity. Instead of the 3PP rudiment 

pointing outwards from the foregut, as in a WT mouse, it has now folded in on itself 

and faces inwards towards the laryngeal cavity. As development of the rudiment 

proceeds, the thymus appears to have evaginated as opposed to invaginated, into the 

empty laryngeal cavity.  

A schematic representation of this process is illustrated in Figure 3.29. Both the H&E 

staining and immunohistochemical analysis of the mutant series between E13.5 and 

E15.5, suggests that the thymus is budding away from the epithelial lining of the 

foregut endoderm lining the larynx to eventually exist as a separate entity. This 

apparent evagination has also been noted during the ectopic maturation of the thymus 

in Ripply3-/- embryos, where Ripply3 is a Tbx1 regulator during pharyngeal 

development and is expressed in the pharyngeal ectoderm and endoderm from E8.5 

(Okubo et al., 2011). However, the ectopic location of the thymus in Ripply3-/- 

embryos appears to be due to an up-regulation as opposed to a down-regulation of 



Figure 3.29 Hypothetical model for the ectopic location of the thymus in the 
Pax9lacZ/lacZ, Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ mice. 

See following page.

(A) Coronal section through the pharyngeal region showing the position of the third 
pharyngeal pouch (3PP) in relation to the laryngotracheal groove. Adapted from 
Langman’s Medical Embryology 11th edition, page 271. (B) Schematic representation 
of the model at the level indicated in A. (i) In a WT embryo at E11.5, the 3PP has 
started to separate away from the foregut endoderm, however, in the Pax9 mutant 
mice the 3PP is retarded and remains attached to the foregut enoderm. The larynx is 
first seen as a ventral outgrowth of foregut endoderm known as the laryngotracheal 
groove, posterior to the 3PP between the forth pair of pharyngeal pouches. The laryn-
gotracheal groove deepens and grows caudally to form a pouch-like evagination. (ii) 
the model proposes that as the two folds on either side of the laryngotracheal groove 
emerge from each ventro-lateral side of the foregut endoderm, as they grow caudally 
they could carry with them the epithelial rudiment of the 3PP. (iii) Eventually the two 
folds fuse, dividing the foregut into two separate tubes; the trachea ventrally and 
esophagus dorsally. During this time, as the two folds protrude away from the gut and 
fuse at the ventral surface to form the primordial lining of the respiratory gut, the 
thymic rudiments could become confined within the laryngeal cavity. (iv) the thymic 
rudiment then evaginates into the empty laryngeal cavity. Adapted from Langman’s 
Medical Embryology 11th edition, page 202.
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Figure 3.29 Hypothetical model for the ectopic location of the thymus in the 
Pax9lacZ/lacZ, Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ mice. 
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Pax9 expression. Whether this phenotype reflects a role for Pax9 in the ventro-

caudal movement of the thymus to its final anatomical position is yet to be 

established. However, if the hypothetical model proposed here is true, another 

plausible explanation is that due to a delay in budding and hence the ectopic 

evagination of the thymus into the laryngeal cavity, prevention of the normal caudal-

ventral movement could be the cause as the thymus is trapped within the cavity. 

Evidence supporting this notion comes from analysis of the thymus is E12.5 

Pax3Sp/Sp embryos. Splotch is a null allele of Pax3 (Epstein et al., 1991), another 

member of the Pax gene family, which inhibits Pax3 protein function resulting in 

NCC deficiency and reduction or absence of NCC derivatives, including the thymus 

(Conway et al., 1997). Analysis of E12.5 Pax3Sp/Sp embryos revealed ectopic thymi 

above the laryngeo-tracheal groove where normally only the anterior tip of the WT 

thymus is evident (Griffith et al., 2009). A delay in separation of the shared 

primordium from the laryngeal endoderm is more likely the cause as opposed to a 

direct defect in migration since at E14.5, the thymi of these mutants are normally 

located (Griffith et al., 2009). This finding therefore fits well with the proposed 

model. The Pax3Sp/Sp thymus phenotype is not as severe as that of the Pax9lacZ/lacZ 

thymus in relation to NCC contribution; the Pax3Sp/Sp thymus retains a partial NC-

derived capsule while Pax9lacZ/lacZ thymi exhibit complete absence of an outer 

capsule. Thus, the delay in separation of the 3PP primordium may be shorter in the 

Pax3Sp/Sp embryos resulting in budding before the 3PP rudiments become enclosed 

within the cavity leading to an ectopic location just above the larynx. Interestingly, 

the ectopic rudiment was often observed attached to the outside of the larynx 

(Griffith et al., 2009). Undoubtedly, this model requires investigating, possibly via 

lineage tracing experiments in order to trace the movement or fate of the 3PP cells. 

For example, using Pax9lacZ mice to conduct X-gal staining in order to follow the 

movement of the 3rd pouch rudiment in conjunction with the budding of the lung 

bud at E11.5-E13.0, the critical time point in budding of both organs. 
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3.6.3 A role for Pax9 in the regulation of mesenchymal-epithelial 
interactions during thymus development 

The thymic mesenchyme is derived from transient NCCs that migrate into the 

pharyngeal region and populate the pharyngeal arches from E9.0, where they 

subsequently condense around the thymus primordium forming a NC-derived 

mesenchymal capsule (Jiang et al., 2000; Le Lievre and Le Douarin, 1975). This 

capsule provides mesenchymal-epithelial interactions crucial for thymus 

organogenesis, as shown by perturbed development of thymic epithelial cells (TEC) 

in E12.5 thymic lobes cultured in absence of mesenchyme (Auerbach, 1960).  

There is mounting evidence for a role of Pax9 in the involvement in mesenchymal-

epithelial interactions during embryo development. One such example is during tooth 

development. It has been shown that Pax9 is expressed in the NC-derived 

mesenchyme of the first branchial arch and that this expression is at its highest in the 

immediate vicinity of the epithelium (Peters et al., 1998b). In addition, tissue 

recombination experiments have shown that Pax9 function is required for 

condensation of the mesenchyme around the epithelial tooth bud and interaction with 

the dental epithelium to enable tooth development to proceed beyond the bud stage 

(Peters et al., 1998b). This study also revealed that Pax9lacZ/lacZ mice are born with a 

cleft secondary palate, an organ that is also formed from the NC-derived 

mesenchyme of the first branchial arch, highlighting the crucial role of Pax9 in 

organs derived from NC-derived mesenchyme.  

The essential role of mesenchyme-epithelial interactions during thymus organogensis 

appears to be reflected in the phenotypes of the Pax1/Pax9 compound mutants 

analysed in this study. The increasing loss of mesenchyme along the mutant series 

appears to correlate with the reduction in TEC structure, such that complete absence 

of mesenchyme in the Pax1unex/unexPax9lacZ/lacZ compound mutant correlates with an 

extremely small epithelial compartment that is still in a TEC precursor cell-like state 

suggesting an essential role for Pax9 in the cross-talk between the NC-derived 

mesenchyme and the thymic epithelium. It is important, however, to consider two 

other mutants that exhibit a defect in NC-derived mesecnhyme. In these mutants, 

while the thymus is ectopic it develops normally and is fully functional. One of these 
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mutants is deficient in Pax3 expression. Pax3Sp/Sp embryos show a delay in 

separation of the thymic primordium due to deficient contribution of mesenchyme to 

the 3PP. However, it appears that the amount of mesenchyme is enough to maintain 

normal development of the thymic primordium (Griffith et al., 2009). The second 

mutant lacks ephrin-B2 expression. Ephrin-B2Lx/Lx;Wnt1-Cre embryos exhibit a 

migratory delay as opposed to a separation delay of the thymic primordium; the 

primordium separates from the pharynx but subsequently remains ectopically located 

in the cervical region instead of migrating to the thoracic region (Foster et al., 2010). 

The migratory defect appears to be due to impaired motility of NCCs due to 

defective EphB receptor signalling, however NC association with the developing 

thymus and mesenchymal differentiation are normal and adult mice have normal 

thymus architecture (Foster et al., 2010). In contrast to these two mutants, the 

Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ compound mutants exhibit 

complete absence of mesenchyme as well as an extremely small epithelial 

compartment, which is still in a TEC precursor cell-like state in the double 

homozygote. This could suggest that a certain amount of mesenchyme is required for 

the thymic primordium to develop normally, the amount of which is dependent on 

Pax1 and Pax9. However, recent studies have shown that Foxn1 regulates thymic 

mesenchyme colonisation (Itoi et al., 2001; Nowell et al., 2011), and work presented 

in this Chapter has revealed that Pax1 and Pax9 are both required for the initiation of 

Foxn1 in the Pax1unex/unexPax9lacZ/lacZ embryo. These data together could therefore 

explain the perturbed mesenchyme observed across the Pax1/Pax9 mutant series.  

Further evidence suggesting an involvement of Pax9 expression in mesenchymal-

epithelial cross-talk comes from the X-gal staining of 6-week old Pax9lacZ mice, 

which reveal substantial X-gal staining, representative of endogenous Pax9 

expression, closest to the epithelial/mesenchymal junction. Pockets of intense 

expression, patterned into oval clusters of X-gal staining, were also present lining the 

surface of the thymus.  

In addition to a role in the mesenchymal-epithelial interactions, it would appear that 

Pax9, and to a lesser degree Pax1, is also involved in the migration of NC-derived 

mesenchyme to the thymic rudiment and for their subsequent patterning within the 
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rudiment. While the exact role of Pax9 in the migration and patterning of the NC-

derived mesenchymal cells is unknown, hypotheses can be drawn; 1) the lack of an 

outer mesenchymal capsule in the Pax9lacZ/lacZ and Pax1unex/+Pax9lacZ/lacZ mice could 

result from a delay in budding and the subsequent ectopic location, preventing the 

mesenchyme from condensing around the thymic rudiment, 2) the fact that the NC-

derived mesenchymal cells can still populate the ectopic thymic rudiment means that 

the rudiment can still signal to the NC-derived mesenchymal cells. If functional 

redundancy between Pax1 and Pax9 does exist during thymus organogenesis, as 

suggested through this study, Pax1 could be partially compensating for the absence 

of Pax9, resulting in the condensation of mesenchyme into the thymus, albeit in a 

disorganised state, but in the Pax1unex/+Pax9lacZ/lacZ mutant the complete absence 

could be due to additional reduction in Pax1 transcript levels which can no longer 

partially compensate for the loss of Pax9, 3) in addition to attributing the gradual loss 

of NC-derived mesenchyme to functional redundancy between Pax1 and Pax9 it is 

also plausible that the expression of these genes is required at precise levels for the 

migration of NC-derived mesenchyme into the thymic rudiment and their subsequent 

patterning throughout the primordium. This theory is supported by a recent study 

which has shown that Ripply3-/- embryos lack the third and fourth pharyngeal arches, 

with only a few mesodermal and NCCs present within this region, however Ripply3 

is not expressed in NCCs of the pharyngeal endoderm between E8.5 and E11.5 

(Okubo et al., 2011). Perturbed development of the NCCs is therefore likely to be a 

secondary consequence of Ripply3 absence. Intriguingly, these mice exhibit up-

regulation of Pax9 expression with ectopic development of the thymus in the 

oropharynx (Okubo et al., 2011), resembling that observed in the Pax9lacZ/lacZ and 

Pax1/Pax9 compound mutants in this study. However, the ectopic location of the 

thymus correlates with increased levels of Pax9 expression as opposed to reduced or 

absent levels of Pax9, suggesting that a certain threshold of Pax9 expression must be 

met but not exceeded for the normal population of NC-derived mesenchyme and 

migration of the thymus primordium. 

The reduced migration of NC-derived mesenchyme to the thymic rudiment in the 

Pax1/Pax9 compound mutants could also be the result of perturbed TEC 

differentiation. The role of TECs in recruiting mesenchyme to the developing thymic 
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rudiment is further emphasised through related research conducted in our lab. In an 

allelic series of four genotypes that exhibit gradual loss of Foxn1 expression, the 

number of ER-TR7+PDGFRα- cells migrating into the E15.5 thymic epithelium was 

perturbed, increasing in severity as the level of Foxn1 decreased, such that these cells 

are largely absent in the thymic rudiment of Foxn1lacZ/lacZ mice (Nowell et al., 2011). 

However, all mutants retained a prominent ER-TR7+PDGFRα+ outer capsule. This 

phenotype in mice expressing reduced levels of Foxn1 is similar in mice expressing 

reduced levels of Pax1 and Pax9. The gradual loss of Foxn1 expression levels and 

the gradual loss of Pax1 and Pax9 expression levels in TECs both lead to a 

corresponding decrease in the levels of ER-TR7+ mesenchymal cells migrating into 

the thymic primordium, such that in both the Foxn1lacZ/lacZ and Pax1unex/+Pax9lacZ/lacZ 

mutants, these cells were absent. These data show that during thymus organogenesis 

Pax1, Pax9 and Foxn1 expression in TECs is necessary for the proper migration of 

thymic mesenchyme into the thymic rudiment and for their subsequent 

differentiation, and is in keeping with the finding that Pax1 and Pax9 regulate Foxn1 

levels. It could be that the cross talk between the mesenchyme and epithelium at this 

stage is mediated by interaction between these genes. Overall, a role for Foxn1, Pax1 

and Pax9 in the migration and differentiation of the thymic mesenchyme is evident, 

however further investigation is required to determine the precise mechanism. 

 

3.6.4 A role for Pax1 in the development of the thymic vasculature 

The presence of enlarged blood vessels in the 6-week old postnatal Pax1unex/unex 

thymus relative to an age-matched WT establishes that Pax1 is involved in the 

formation of the thymic vasculature. Initiation of the thymic vasculature begins with 

endothelial cells from surrounding blood vessels proliferating and migrating into the 

thymus towards angiogenic stimuli, such as Vegf (Leung et al., 1989), which is 

expressed by thymic epithelial and mesenchymal cells within the thymic rudiment 

(Mori et al., 2010; Muller et al., 2005). This is followed by the recruitment of 

perivascular cells, including smooth muscle cells, to the vessel walls via PDGFR-β 

signalling to provide structural support to the growing vessel network (Lindahl et al., 

1997). Two recent studies showed that NC-derived mesenchyme, which is known to 
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surround blood vessels within the thymus (Le Douarin and Jotereau, 1975), is a 

source of smooth muscle cells (Foster et al., 2008; Muller et al., 2008), and this 

relationship between NC-derived mesenchyme and perivascular cells could help to 

explain the occurrence of these large vessels. Perturbed mesenchyme development is 

seen across the Pax1/Pax9 mutant series as detailed earlier in this Chapter, and in the 

E15.5 Pax1unex/unex thymus ER-TR7 staining appears to be reduced relative to WT. 

This could reflect a decrease in the normal level of NC-derived mesenchyme, which 

in turn may affect the number of smooth muscle cells produced, thus resulting in less 

support to the growing vessels and hence abnormal vessel structures. Co-localisation 

of ER-TR7, a marker of NC-derived mesenchyme, and α-SMA in the blood vessel 

walls of the thymus in the 6-week old Pax1unex/unex mutant is apparent (Figure 3.25 B 

and C), reaffirming that some vessel-associated mesenchymal cells express α-SMA. 

Notably, enlarged vessels were not visible in the thymus of Pax1unex/unex mice at 

E13.5 or E15.5, indicating that the phenotype develops later. However, thymic 

vascularisation is not initiated until E12.5 and α-SMA is not detected by 

immunostaining until after E15.5 (Foster et al., 2008). Whether the enlarged blood 

vessels result from perturbed NC-derived mesenchyme development or a direct 

effect of Pax1 expression on other genes involved in the developing perivascular 

network, remains to be resolved.  

Another plausible explanation comes from analysis of the thymus from Vegf-/- 

chimeras, obtained by injecting Foxn1+/+ ES cells bearing a homozygous null 

mutation for Vegf into Foxn1nu/nu blastocysts. The diameter of blood vessels in Vegf-/- 

chimeras was larger compared to those in Vegf+/+ chimeras (Muller et al., 2005). The 

larger vessel structures in the absence of Vegf could therefore implicate Pax1 in 

regulating Vegf expression in TECs. Since mesenchymal cells also express Vegf, 

perturbed mesenchyme development in Pax1unex/unex mutant thymi could lead to a 

further reduction in Vegf levels. Vegf expression in epithelial and mesenchymal cells 

of the Pax1unex/unex mutant thymi should therefore be analysed. 
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3.6.5 Summary 

Having identified the phenotypes of the compound mutants of Pax1 and Pax9, in 

particular that of the double homozygote, it is clear that Pax1 and Pax9 are both 

required for differentiation of TECs through regulation of Foxn1, as hypothesised. 

While this finding suggests a role for Pax1 and Pax9 in specification of thymic 

epithelial lineage cells, this remains to be established. It is also apparent that Pax1 

and Pax9 play a central role in the mesenchymal-epithelial interactions during 

thymus organogenesis. Furthermore, an essential role for Pax1 in development of the 

thymic vasculature has been demonstrated. The molecular mechanisms underlying 

these critical pathways in which Pax1 and Pax9 are involved now requires 

exploration. The effect of removing/reducing Pax1 and/or Pax9 expression on other 

genes during thymus organogenesis is therefore investigated in Chapter 4. 
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4 Cellular and molecular analysis of foetal thymus 

development in the Pax1/Pax9 mutant series 

4.1 Introduction 

The anatomical, morphological and phenotypic studies conducted in Chapter 3 

revealed a progressive decrease in the size and structure of the thymic anlage with 

decreasing Pax1/Pax9 gene dosage. It was therefore of interest to investigate the 

cellular and molecular basis underpinning these phenotypes. Therefore, to determine 

how each compartment of the thymic stroma was altered, the total number of cells 

per thymus lobe and proportion of TECs and thymocytes in the developing thymus of 

each of these mutants was quantified.  

The results of the studies conducted in Chapter 3 also suggested functional 

redundancy between Pax1 and Pax9 and it was therefore necessary to determine if 

either of these genes was up-regulated within the thymus in the absence of the other. 

To address this, QRT-PCR was used to determine the expression profiles of Pax1 

and Pax9 in the TEC (EpCam+) compartment during normal thymus development, as 

well as to quantify Pax9 expression in the Pax1unex/+, Pax1unex/unex and 

Pax1unex/unexPax9lacZ/+ mutant thymi and to quantify Pax1 expression in the Pax9lacZ/+ 

mutant thymus.  

Having demonstrated in Chapter 3 that Pax1unex/unexPax9lacZ/lacZ mice are functionally 

athymic and that Foxn1 is not expressed in the Pax1unex/unexPax9lacZ/lacZ thymic 

rudiment, the expression profiles of Pax1, Pax9 and Foxn1 were compared in the 

TEC (EpCam+) compartment during normal thymus development and the expression 

of Foxn1 in the Pax1/Pax9 mutant series was analysed, to help ascertain if Pax1 and 

Pax9 regulate Foxn1 expression. Furthermore, knowing that Pax1 and Pax9 play a 

major role in the developing thymus, in particular during the crosstalk between the 

mesenchyme and TECs, attention was turned to exactly how these genes are exerting 

their effect. Most importantly, what are the potential targets of these genes during 

early thymus organogenesis? To address this issue, QRT-PCR was carried out on 
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mutant thymi on a number of genes known to be expressed and play important roles 

during thymus organogenesis.  

 

4.2 Flow cytometric analysis of Pax1/Pax9 mutant thymi at 

E13.5 and E15.5 

To determine how thymus cellularity was affected in each of the Pax1/Pax9 single 

and compound mutants, the absolute cell number and the proportion of TEC and 

thymic haematopoietic compartments were determined. Thus, single thymic lobes 

were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 

Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and subsequently dissociated into a 

single cell suspension. The total number of cells present in each of the mutant thymi 

and a WT thymus at E13.5 and E15.5 was determined by counting using a 

haemocytometer. These data are compiled in Table 4.1, and are graphically 

represented in Figure 4.1 A and B, respectively.  

At both E13.5 and E15.5, a gradual reduction in the total cell number was observed 

with increasing mutant alleles of Pax1 and Pax9. The most significant reduction in 

size was observed in the Pax1unex/unex thymus, which exhibited a 2.9-fold and 2.2-fold 

reduction in total cell number at E13.5 and E15.5 respectively, and the 

Pax1unex/unexPax9lacZ/+ thymus, which exhibited a 5.5-fold and 5.2-fold reduction in 

total cell number at E13.5 and E15.5 respectively, relative to a WT of equivalent age 

(Figure 4.1 A and B). These findings are consistent with data described in Chapter 3, 

where the estimated size reduction based on surface area of the transverse section of 

the thymus in Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos at E15.5 was 2.0-fold 

and 5.0-fold, respectively (Table 3.1).  

While a slight reduction in total cell number was observed for the Pax1unex/+ and 

Pax9lacZ/+ mutant thymi at both E13.5 and E15.5, these differences relative to the WT 

were not significant (at E13.5, p = 0.3012 and 0.1257 respectively and at E15.5, p = 

0.3971 and 0.1628 respectively). However, the Pax1unex/+Pax9lacZ/+ thymus at E15.5 

exhibited a significant 1.5-fold decrease (p = 0.0102). This significant reduction in 

total cell number by flow cytometry at E15.5 correlates with the slight decrease in 



Table 4.1 Total cells in the embryonic thymus at E13.5 and E15.5 across the Pax1/Pax9 
mutant series. 

See following page.

Table summarising the total cell number per thymus at E13.5 and E15.5 for the geno-
types listed. Data shown are the mean of at least two independent experiments, or as 
indicated by the number of lobes analysed. Error is represented by standard deviation 
(SD).

Figure 4.1 Total thymus cellularity at E13.5 and E15.5 in the Pax1/Pax9 mutant series. 

See following page.

Bar graphs illustrating the total cell number per thymic lobe for a WT embryo and 
Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, Pax1unex/unex and Pax1unex/unexPax9lacZ/+ mutant 
embryo at (A) E13.5 and (B) E15.5. Data shown are the mean of at least two independ-
ent experiments. Error bars show standard deviation (SD). * represents a significant 
difference in total cell number relative to the WT of equivalent age, using a t-test where p ≤ 
0.01. Declining Pax1 and Pax9 levels results in a dosage-dependent reduction in the 
overall size of the thymic primordium with regard to total cell number. 
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Table 4.1 Total cells in the embryonic thymus at E13.5 and E15.5 across the Pax1/Pax9 
mutant series, compared to a WT thymus of equivalent age. For legend, see previous page.

Figure 4.1 Total thymus cellularity at E13.5 and E15.5 in the Pax1/Pax9 mutant series. For 
legend, see previous page.
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size relative to the WT observed on sections, where the estimated size decrease based 

on surface area of the transverse plane of the thymus was 1.7-fold (Table 3.1).  

Following quantification of total cell number for each individual sample, the 

remaining cells were stained with markers specific for TECs (EpCam-FITC) and 

thymocytes (CD45-APC), and with a viability marker (PI). The cells were then 

analysed using flow cytometry. Initially, a gating strategy was implemented to isolate 

the viable cells, by first selecting events corresponding to single cells based on size 

(using forward scatter (FSC-H)) and density (side scatter (SSC-H)) and secondly 

selecting events corresponding to live cells, by excluding dead cells stained with the 

DNA-binding viability marker, PI (Figure 4.2). Following this, the relative 

proportion of TECs (EpCam-FITC) and thymocytes (CD45-APC) was analysed. 

These data were used to calculate the actual number of TECs and thymocytes per 

thymus lobe.  

At E13.5, while the percentage of TECs (EpCam+ cells) within the thymic rudiment 

gradually increased with increasing loss of Pax1 and/or Pax9 (Figure 4.3), the actual 

number of TECs (EpCam+ cells) was constant for the Pax1unex/+, Pax9lacZ/+ and 

Pax1unex/+Pax9lacZ/+ mutant thymi relative to a WT thymus (Figure 4.4). The total 

number of TECs per thymus lobe for the Pax1unex/unex and Pax1unex/unexPax9lacZ/+ 

mutant embryos was significantly reduced, by 3.1-fold and 4.1-fold respectively, 

when compared to WT. Thus, Pax1 and Pax9 have roles in regulating TEC numbers. 

In contrast, both the percentage and absolute number of thymocytes (CD45+) per 

thymus lobe decreased across the Pax1/Pax9 mutant series (Figure 4.3 and 4.4 

respectively). The absolute number of thymocytes in Pax1unex/+ mutant thymi relative 

to WT thymi was not significantly different, and although the Pax9lacZ/+ and 

Pax1unex/+Pax9lacZ+ mutant thymi both exhibited a 1.6-fold reduction in thymocytes 

relative to the WT, these differences were not significant (p = 0.0483 and 0.1740 

respectively)  (Figure 4.4). The Pax1unex/unex and Pax1unex/unexPax9lacZ/+ mutant thymi 

exhibited the greatest reduction in the total number of thymocytes per thymic lobe, 

exhibiting 4.8-fold and 9.6-fold reductions respectively (Figure 4.4). This suggests a 

role for Pax1 and Pax9 in the colonisation and maturation of thymocytes resulting 

from perturbed TEC development.                                                                                .



Figure 4.2 Gating strategy for viable cells and for the isolation of purified TECs.  
(A) Prior to flow cytometric analysis of dissociated thymic lobes, a gating strategy 
was implemented to isolate the viable cells. Events regarded as single cells were 
gated on the basis of forward scatter (FSC-H), to determine size, and side scatter 
(SSC-H), to determine density. The viability marker, PI, was then used to identify 
dead cells within this population. Only PI negative cells were analysed in subsequent 
flow cytometric analysis. (B) To isolate purifed TECs, a further gating strategy was 
implemented. Events regarded as T-cells were gated on using CD45-APC and events 
regarded as TECs were gated on using EpCam-FITC. Only TECs (EpCam-FITC+) 
cells (red box) were isolated. 

A B
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Figure 4.3 Analysis of TEC and thymocyte proportions in the Pax1/Pax9 mutant 
series at E13.5.  

See following page.

Summary of flow cytometric analysis of E13.5 fetal thymic primordia from WT or 
Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, Pax1unex/unex and Pax1unex/unexPax9lacZ/+  mutant 
embryos, with markers specific for TECs (α-EpCam-FITC) and thymocytes 
(α-CD45-APC). (A) Representative FACs profiles of WT and Pax1/Pax9 mutants indi-
cating the proportions of TECs and thymocytes as a percentage of the total cell number. 
Plots are representative analyses of individual thymic primordia, however n ≥ 2 for all 
genotypes. (B) Bar graph outlining the proportion of TECs and thymocytes as depicted 
in (A). Data shown are the mean and standard deviation of at least two independent 
experiments (see table in (C) for the actual number of lobes analysed for each geno-
type). * represents a significant difference in the proportion of TECs or thymocytes 
relative to the WT of equivalent age, using a t-test where p ≤ 0.02. (C) Table summaris-
ing the mean percentage of EpCam+cells, CD45+ cells and EpCam-CD45- cells for the 
given genotypes. The proportion of TECs increases while the proportion of thymocytes 
decreases in a Pax1/Pax9 gene dosage-dependent manner. 
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Figure 4.4 Actual number of TECs and thymocytes in the E13.5 foetal thymus 
acrosss the Pax1/Pax9 mutant series. The percentage of total cells showing EpCam+ 
staining and CD45+ staining by flow cytometry (Figure 4.3) was applied to the total 
number of cells per thymus lobe (Figure 4.1, A), and are represented in a bar graph (A). 
Each data point represents the mean and standard deviation of at least 2 independent 
experiments, or as indicated by the number of lobes analysed. * represents a significant 
difference in TEC or thymocyte number compared to the WT of equivalent age, using a t-test 
where p ≤ 0.02. (B) Table summerising the mean total number of EpCam+ cells, CD45+ 
cells and EpCam-CD45- cells per thymus lobe, for the genotypes listed. Error is repre-
sented by standard deviation (SD). Reduced Pax1 and Pax9 expression results in 
impaired TEC development and thymocyte colonisation of the thymic primordium.
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At E15.5, the proportions of TECs and thymocytes followed a similar trend to that 

observed at E13.5, such that there was a proportional increase of TECs and a 

corresponding decrease in the proportion of thymocytes across the mutant series 

(Figure 4.5). Analysis of the total number of TECs per thymus lobe for the 

Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+ and Pax1unex/unex mutant thymi revealed no 

significant difference relative to WT (Figure 4.6). However, there was a significant 

3.2-fold decrease in TEC number in the Pax1unex/unexPax9lacZ/+ mutant thymus (Figure 

4.6). There appeared to be a slight reduction in the total number of thymocytes per 

thymic lobe for the Pax9lacZ/+and Pax1unex/+Pax9lacZ/+ mutant thymi of 1.3-fold and 

1.6-fold respectively, however these differences were not significant. The 

Pax1unex/unex and Pax1unex/unexPax9lacZ/+ mutant thymi exhibit the greatest decrease in 

thymocyte number with a 2.4-fold and 18.2-fold reduction, respectively (Figure 4.6). 

These data further substantiate a role for Pax1 and Pax9 in regulating TEC function, 

as exhibited at E13.5.  

It should also be noted that at E13.5, there was no change in the proportion of non-

epithelial stromal cells (EpCam-CD45- cells) across the mutant series relative to the 

WT (Figure 4.3). However, in the Pax1unex/unexPax9lacZ/+ mutant thymi at E15.5, the 

proportion of non-epithelial stromal cells (EpCam-CD45- cells) significantly 

increased by 3.2-fold (p = 0.0034) (Figure 4.5). In terms of non-epithelial stromal 

cell number, in the Pax1unex/unexPax9lacZ/+ mutant thymi at E13.5 and the Pax1unex/unex 

and Pax1unex/unexPax9lacZ/+ mutant thymi at E15.5, the total number of non-epithelial 

stromal cells (EpCam-CD45- cells), which constitute a population of mainly 

mesenchymal and endothelial progenitor cells, was significantly decreased by 4.7-

fold, 1.8-fold and 1.6-fold respectively (Figure 4.4 and Figure 4.6). These data 

suggest a role for Pax1 and Pax9 in the migration of mesenchymal and endothelial 

progenitor cells to the developing thymus. This is in keeping with the gradual 

reduction in ER-TR7 and CD31 staining relative to gene dosage of the Pax1/Pax9 

mutants observed in Chapter 3.  

Overall, these data show a reduction in the total number of cells making up the 

thymic rudiment, with the proportion of TECs increasing and the proportion of 

thymocytes decreasing, in a gene dosage-dependent manner across the Pax1/Pax9 



Figure 4.5 Analysis of TEC and thymocyte proportions in the Pax1/Pax9 mutant 
series at E15.5. 

See following page.

Summary of flow cytometric analysis of E15.5 fetal thymic primordia from WT or 
Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, Pax1unex/unex and Pax1unex/unexPax9lacZ/+  mutant 
embryos, with markers specific for TECs (α-EpCam-FITC) and thymocytes 
(α-CD45-APC). (A) Representative FACs profiles of WT and Pax1/Pax9 mutants indi-
cating the proportions of TECs and thymocytes as a percentage of the total cell number. 
Plots are representative analyses of individual thymic primordia, however n ≥ 2 for all 
genotypes. (B) Bar graph outlining the proportion of TECs and thymocytes as depicted 
in (A). Data shown are the mean and standard deviation of at least two independent 
experiments (see table in (C) for the actual number of lobes analysed for each geno-
type). * represents a significant difference in the proportion of TECs or thymocytes 
relative to the WT of equivalent age, using a t-test where p ≤ 0.02. (C) Table summariz-
ing the mean percentage of EpCam+ cells, CD45+ cells and EpCam-CD45- cells for the 
given genotypes. The proportion of TECs increases while the proportion of thymocytes 
decreases in a Pax1/Pax9 gene dosage-dependent manner.
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Figure 4.6 Actual number of TECs and thymocytes in the E15.5 foetal thymus 
acrosss the Pax1/Pax9 mutant series. The percentage of total cells showing EpCam+ 
staining and CD45+ staining by flow cytometry (Figure 4.5) was applied to the total 
number of cells per thymus lobe (Figure 4.1, B), and are represented in a bar graph (A). 
Each data point represents the mean and standard deviation of at least 2 independent 
experiments, or as indicated by the number of lobes analysed. * represents a significant 
difference in TEC or thymocyte number compared to the WT of equivalent age, using a t-test 
where p ≤ 0.02. (B) Table summerising the mean total number of EpCam+ cells, CD45+ 
cells and EpCam-CD45- cells per thymus lobe, for the genotypes listed. Error is repre-
sented by standard deviation (SD). Reduced Pax1 and Pax9 expression results in 
impaired TEC development and thymocyte colonisation of the thymic primordium.
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mutant series. The developmental impairment of both compartments in Pax1unex/unex 

and Pax1unex/unexPax9lacZ/+ mutant thymi indicates a role for Pax1 and Pax9 in the 

functional differentiation of TECs, with secondary effects on T-cell development. 

The data also revealed a mild phenotype of the Pax9lacZ/+ and Pax1unex/+Pax9lacZ/+ 

mutant thymi that has not been documented, indicating these mice exhibit a mild 

delay or even impairment of early thymopoesis.  

 

4.3 Expression profiles of key genes expressed in the WT 

thymus during thymus organogenesis 

In order to investigate the expression profiles of Pax1, Pax9 and Foxn1 and other 

genes implicated in TEC development including Bmp4, Eva and Plet-1 during 

normal thymus development, TECs were purified from E12.5 through E16.5 WT 

C57BL/6 embryos using flow cytometry, as described in Chapter Two. The gating 

strategy first selected the viable cells, as described previously (Figure 4.2 A), then 

gated out the T-cells (CD45-APC+) and unstained cells. The purified, viable TEC 

population (EpCam-FITC+7AAD-) was collected (Figure 4.2 B). The purified TECs 

were subsequently suspended in a cell lysis buffer, RNA was extracted and cDNA 

was made which was then used for QRT-PCR analysis.  

Prior to analysis, standard curves were designed for each of the target genes and 

reference gene (α-tubulin). Standard curves were generated using RNA extracted 

from pooled WT E13.5 thymic lobes, and this was also used as the calibrator 

throughout analysis. Standard curve efficiencies were ≥ 1.768 but ≤ 2.0. Triplicates 

of sample cDNA were run at a 1:3 dilution, since the amount of starting material was 

small and subsequent cDNA concentrations were low. The expression levels of each 

test gene were determined relative to α-tubulin and normalised against the calibrator. 

The data shown represent the mean values obtained from three biological replicates 

and two technical replicates. For every target gene analysed, no RT and water only 

controls were run in parallel for each sample, to test for gDNA and cDNA 

contamination.  
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The expression profiles of Pax1, Pax9, Foxn1, Bmp4, Eva and Plet-1 during normal 

thymus organogenesis (E12.5-E16.5) were then analysed via QRT-PCR. These data 

revealed several different temporal expression patterns. The expression patterns of 

Pax1, Pax9, Foxn1 and Bmp4 in TECs were roughly correlated between E13.5 and 

E16.5 (Figure 4.7 A, B, C and D respectively). Each of these genes showed a down-

regulation between E13.5 and E14.5 and then a very sharp up-regulation between 

E14.5 and E15.5. These data suggest that these genes may be regulated by the same 

upstream network, or that these genes operate in the same regulatory network during 

thymus organogenesis.  

Eva expression appeared to decrease during thymus development (Figure 4.8 A). 

This is in keeping with a previous report where Eva was found to be progressively 

down-regulated in the thymic epithelium between E15.5 and 2 months of age 

(DeMonte et al., 2007). There was a high level of relative Plet-1 expression at E12.5, 

which decreased markedly until E16.5, at which point Plet-1 expression was up-

regulated (Figure 4.8 B), as documented previously (Depreter et al., 2008).  

It should be noted that since the expression profiles of Pax1 and Pax9 exhibited a 

down-regulation between E13.5 and E14.5 and an up-regulation between E14.5 and 

E15.5, highlighting these time points as important developmental steps involving 

these genes, these time-points were chosen for all further analysis throughout this 

thesis. 

 

4.4 Relative quantification of potential target genes of Pax1 

and Pax9 

The impact of varying Pax1 and Pax9 dosage on the expression of Foxn1 and other 

genes implicated in TEC development or function was investigated by QRT-PCR. 

The Mendelian frequencies of the Pax1/Pax9 mutant genotypes resulting from 

double heterozygote crosses combined with the requirement to genotype each 

embryo and the need to purify RNA from harvested tissue immediately to ensure 

RNA integrity meant that mutant thymi could not be pooled, and single embryonic 

lobes had to be analysed. As flow cytometric purification of TECs from single E13.5 



Figure 4.7 Analysis of Pax1, Pax9, Foxn1 and Bmp4 expression profiles during 
normal thymus organogenesis. TECs (EpCam+ cells) were purified from E12.5 
through E16.5 WT C57BL/6 embryonic thymi by flow cytometry and the relative 
Pax1, Pax9, Foxn1 and Bmp4 mRNA levels at each stage of development was deter-
mined by QRT-PCR. Graphs show the (A) Pax1, (B) Pax9, (C) Foxn1 and (D) Bmp4 
expression profiles in a WT thymus. Data are shown relative to α-tubulin and normal-
ised to the calibrator (stock pool of WT E13.5 lobes). Data shown are representative 
of two biological replicates and two technical replicates. Error bars show standard 
deviation (SD). * represents a significant downregulation between E13.5 and E14.5 
or upregulation between E14.5 and E15.5, using a t-test where p ≤ 0.01. All four 
genes exhibit similar expression profiles during thymus organogenesis.          
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Figure 4.8 Analysis of Eva and Plet-1 expression during normal thymus organo-
genesis. TECs (EpCam+ cells) were purified from E12.5 through E16.5 WT C57BL/6 
embryonic thymi by flow cytometry and the relative Eva and Plet-1 mRNA levels at 
each stage of development were determined by QRT-PCR. Graphs show the (A) Eva 
and (B) Plet-1 expression profiles in a WT thymus. Data are shown relative to 
α-tubulin and normalised to the calibrator (stock pool of WT E13.5 lobes). Data 
shown are representative of two biological replicates and two technical replicates. 
Error bars show standard deviation (SD). The relative expression of Plet-1 and Eva 
decreases during thymus organogenesis, however Plet-1 appears up-regulated at 
E16.5.
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and E15.5 thymic lobes would result in extremely low numbers of cells, it was 

therefore decided to analyse gene expression in whole lobes. 

The relative level of Eva in each of the Pax1/Pax9 mutants was investigated first, 

since in the thymus Eva is expressed only in TECs (and DN2 cells at E15.5) 

(DeMonte et al., 2007), and therefore presented a potential means of normalising 

gene expression in TECs. At both E13.5 and E15.5, the level of Eva expression 

relative to α-tubulin was uniform across the mutant series, except in the Pax9lacZ/+ 

mutant at E13.5, which exhibited a 29% (1.4-fold) decrease in Eva expression, and 

the Pax1unex/unex/Pax9lacZ/+ mutant at E15.5, which exhibited a 63% (2.7-fold) 

reduction in Eva expression (Figure 4.9 A and B). These data indicated regulation of 

Eva by Pax1 and Pax9. Furthermore, flow cytometric analysis of the Pax1/Pax9 

mutant thymi revealed a variable proportion of TECs across the mutant series, 

however Eva expression did not vary accordingly, concluding that Eva could not be 

used for normalisation in this analysis.  

It was therefore decided that the expression levels of each gene would be analysed 1) 

relative to α-tubulin and normalised against the calibrator and 2) relative to α-tubulin 

and normalised against the calibrator, and then corrected for the mean percentage of 

TECs in the thymus of each genotype. The percentage of TECs (EpCam+ cells) in the 

thymus of each mutant at E13.5 and E15.5 used for these calculations are those 

displayed in Figure 4.3 C and 4.5 C respectively. While the first analysis was carried 

out for all genes, the second analysis was only carried out for genes that are 

expressed by the TEC population only.  

Thus, single thymic lobes were dissected from E13.5 and E15.5 embryos resulting 

from Pax1unex/+Pax9lacZ/+ intercrosses, and their corresponding yolk sacs were used to 

perform PCR analysis to determine the genotype of each embryo. The thymi from 

WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, Pax1unex/unex and 

Pax1unex/unexPax9lacZ/+ embryos were identified and their RNA extracted and cDNA 

was made. Prior to analysis, standard curves were designed and prepared for each of 

the target genes and reference gene (α-tubulin), as described in Chapter Two. As for 

previous analyses, cDNA used to generate the standard curves originated from RNA 

extracted from pooled WT E13.5 thymic lobes and was also used as the calibrator 
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Figure 4.9 Analysis of Eva expression in the Pax1/Pax9 mutants at E13.5 and E15.5.  
Thymi were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 
Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for 
RT-PCR analysis. The relative Eva mRNA levels at both stages of development were deter-
mined by QRT-PCR. Graphs represent the relative expression of Eva in the developing thymus 
of the WT and Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data shown are relative to 
α-tubulin and are normalised to the calibrator (stock pool of E13.5 thymic lobes). Genotypes 
are as indicated. All data shown are the mean of three biological replicates and two technical 
replicates. Error bars show SD. * represents a significant difference in expression of a given 
gene compared to the WT of equivalent age, using a t-test where p ≤ 0.01. There is no signifi-
cant difference in Eva expression in the Pax1/Pax9 mutant thymi analysed when compared to 
a WT thymus of equivalent age, apart from that of the Pax9lacZ/+ thymus at E13.5 and the 
Pax1unex/unexPax9lacZ/+ thymus at E15.5, which exhibits a 63% decrease in Eva expression.
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throughout analysis. Standard curve efficiencies were ≥ 1.732 but ≤ 2.0. Gene 

expression represents the mean value obtained from three biological replicates and 

two technical replicates. As previously described, no RT and water only controls 

were run in parallel for each target gene analysed. 

The direct target genes of Pax1 and Pax9 are unknown. The only known direct target 

gene of Pax1 and Pax9 is Bapx1 (Rodrigo et al., 2003), which is not implicated in 

thymus organogenesis. Potential target genes can be distinguished by their response 

to changing levels of transcription factor. Foxn1, Hoxa3, IL-7, Eva, Plet-1, Vegfa, α-

SMA, Lyve1, Bmp4, p63, FoxG1 and Fgf2 are all key regulators of thymic epithelial 

and thymic mesenchymal development. Therefore, to investigate whether any of 

these genes might be Pax1 or Pax9 targets, their expression in the different single or 

compound mutants of Pax1 and Pax9 was analysed by QRT-PCR. It should be noted 

that analysis of E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+ Pax1unex/+Pax9lacZ/+, 

Pax1unex/unex and Pax1unex/unexPax9lacZ/+ thymi was carried out, however the remaining 

genotypes were not analysed as isolation of the thymic lobes was prevented by the 

severely reduced size and the variable ectopic locations of the thymic rudiments. 

 

4.4.1 Paired box protein 1 (Pax1) and 9 (Pax9) 

Prior to analysis, the QRT-PCR primers for Pax1 and Pax9 were designed. The Pax1 

primers lay upstream of the 5’ breakpoint of the deletion within exon 2 and exon 3. 

The Pax9 primers lay downstream of the ATG-lacZ-neo insertion, within exon 3 and 

exon 4 (see Figure 4.10). Primer sequences were also analysed using BLAST to 

ensure they did not cross-react between the two genes, due to their high sequence 

conservation.  

 

4.4.1.1 Pax1 

At E13.5, the Pax1unex/+, Pax1unex/+Pax9lacZ/+, Pax1unex/unex and Pax1unex/unexPax9lacZ/+ 

mutants revealed significant 2.5-fold, 1.9-fold, 10.5-fold and 5.5-fold reductions in 

Pax1 expression compared to WT respectively (Figure 4.11 A, i). Expression of 
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Figure 4.10 Pax1 and Pax9 gene structure, their mutant alleles and position of the 
QRT-PCR primers. (A) The WT Pax1 locus consists of 5 exons. One of the three spon-
taneous Pax1 mutations, termed the undulated extensive (un-ex) mutation, carries a 
28.2kb deletion that removes the terminal exon of the Pax1 gene (exon 5) including the 
Poly(A) signal. The 5’ breakpoint of the deletion (dashed line) resides in the middle of 
intron four. (B) The WT Pax9 locus consists of four exons. Targeted disruption of this 
locus with a promoterless ATG-lacZ-neo cassette, between insertion points X and Y, 
removes exon two and gives rise to the targeted locus. Forward (F) and reverse (R) QRT-
PCR primers are indicated.    
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Figure 4.11 Analysis of Pax1 expression in the Pax1/Pax9 mutants at E13.5 and E15.5. 
Thymi were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 
Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for RT-PCR. 
The relative Pax1 mRNA levels at both stages of development was determined by QRT-PCR. 
Graphs represent the relative expression of Pax1 in the developing thymus of the WT and 
Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data shown are relative to α-tubulin (i) or 
relative to α-tubulin and corrected for the percentage of TECs in each mutant  (ii), and normalised 
to the calibrator (stock pool of E13.5 thymic lobes). Genotypes are as indicated. All data shown 
are the mean of three biological replicates and two technical replicates. Error bars show SD. * 
represents a significant difference in expressiom of a given gene compared to the WT of equiva-
lent age, using a t-test where p ≤ 0.01. Gene dosage is directly correlated with Pax1 expression in 
the developing thymus, such that the heterozygotes represent a 58% and 51% loss in expression 
at E13.5 and E15.5 respectively, and the homozygotes a 93% and 97% loss in expression at E13.5 
and E15.5, respectively.
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Pax1 in the Pax9lacZ/+ was equivalent to WT levels. At E15.5, the reduction in 

expression remained consistent with that observed at E13.5, where the Pax1unex/+, 

Pax1unex/+Pax9lacZ/+, Pax1unex/unex and Pax1unex/unexPax9lacZ/+ mutants revealed a 2.4-

fold, 1.6-fold, 23.6-fold and 17.6-fold reduction in Pax1 expression compared to WT 

respectively (Figure 4.11 B, i). There was a modest but significant (p = 0.0117) 1.2-

fold increase in Pax1 expression in the Pax9lacZ/+ thymus compared to an age-

matched WT thymus (Figure 4.11 B, i).  

When the relative expression of Pax1 was corrected for the percentage of TECs in 

the thymus of each mutant at both E13.5 and E15.5 (Figure 4.11 A, ii and B, ii 

respectively), a similar pattern of expression was observed. These expression 

patterns were thus as expected; following removal of one allele of Pax1, expression 

of Pax1 was down-regulated by approximately 50%, while upon removal of two 

alleles of Pax1, expression was essentially lost (down-regulated by approximately 

96%). Again, there was a modest but significant (p = 0.0078) 1.2-fold up-regulation 

of Pax1 in the Pax9lacZ/+ at E15.5. The observed up-regulation of Pax1 in the 

Pax9lacZ/+ at E15.5 could mean that Pax9 acts to repress Pax1. It has been previously 

reported that Pax9 exhibits transcriptional repression properties (Tan et al., 2003). 

Alternatively, it could suggest that Pax9 is up-regulated to compensate for the loss of 

Pax1, supporting functional redundancy between these genes during thymus 

organogenesis. 

 

4.4.1.2 Pax9 

At E13.5, there was no significant difference in the level of Pax9 expression in the 

Pax9lacZ/+, Pax1unex/+Pax9lacZ/+ and Pax1unex/unexPax9lacZ/+ total thymus mRNA relative 

to α-tubulin, when compared to a WT thymus of equivalent age (Figure 4.12 A, i). 

At E15.5, there was a significant 1.6-fold decrease and 1.5-fold increase in Pax9 

expression in the Pax9lacZ/+ and Pax1unex/unexPax9lacZ/+ mutant thymi respectively, 

while Pax9 expression in the Pax1unex/+Pax9lacZ/+ remained unchanged (Figure 4.12 

B, i). The relative expression of Pax9 in the mutant series was then corrected for the 

percentage of TECs in the thymus of each mutant. After this correction at E13.5, 



Figure 4.12 Analysis of Pax9 expression in the Pax1/Pax9 mutants at E13.5 and E15.5. 
Thymi were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 
Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for 
RT-PCR. The relative Pax9 mRNA levels at both stages of development were determined by 
QRT-PCR. Graphs represent the relative expression of Pax9 in the developing thymus of the 
WT and Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data are shown relative to α-tubulin 
(i) or relative to α-tubulin and corrected for the percentage of TECs in each mutant (ii), and 
normalised to the calibrator (stock pool of E13.5 thymic lobes). All data shown are the mean 
of three biological replicates and two technical replicates. Error bars show SD. * represents a 
significant difference in expressiom of a given gene compared to the WT of equivalent age, 
using a t-test where p ≤ 0.01. Pax9 expression is significantly up-regulated in the thymic 
epithelial compartment of Pax1unex/+ mutant embryos at E15.5 and the whole thymus of 
Pax1unex/unex mutant embryos at E13.5 and E15.5, supporting functional redundancy between 
Pax1 and Pax9 during thymus organogenesis.
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there was no significant difference in the level of Pax9 expression in the Pax9lacZ/+, 

Pax1unex/+Pax9lacZ/+ and Pax1unex/unexPax9lacZ/+ mutant thymi (Figure 4.12 A, ii). 

However, at E15.5 the Pax9lacZ/+ and Pax1unex/+Pax9lacZ/+ both exhibited a significant 

1.4-fold and 1.5-fold down-regulation of Pax9 expression respectively, while 

expression in the Pax1unex/unexPax9lacZ/+ was unchanged, when compared to WT 

(Figure 4.12 B, ii).  

To help understand these findings the construction of the Pax9lacZ transgenic mouse 

and the primer design was reviewed. These mutant mice carry an ATG-lacZ poly(A) 

cassette and PGK-neo-poly(A) gene under the control of the Pax9 promoter, which 

replaces the endogenous start codon (exon 1) and the DNA binding paired-box 

domain (exon 2) of the Pax9 coding sequence. While the Pax9 QRT-PCR primers lie 

downstream of this cassette they sit within exon 3 and exon 4 of the coding 

sequence, which is still present. mRNA transcripts from exon 3 and exon 4 of the 

mutant allele could therefore result, for example from splicing events or if an ATG 

start codon lies downstream of the PGK-neo gene, however it is important to note 

that these transcripts will not generate a functional protein. It would therefore be 

important to look at Pax9 mRNA levels using primers that bind within exon 1 or 

exon 2 of the Pax9 coding sequence to see if these results are comparable. 

Alternatively, the observation that Pax9 mRNA levels in the Pax9lacZ/+ and 

Pax1unex/unexPax9lacZ/+ are roughly equivalent to the levels observed in WT 

counterparts, as seen at E13.5, could reflect a dosage compensation mechanism 

whereby there is an increase in the rate of transcription from the active allele in the 

Pax9lacZ/+ heterozygote, which is compensating for the inactive allele, suggesting that 

the levels of Pax9 are tightly controlled.  

Interestingly, there was a significant 1.6-fold (p = 0.0058) and 1.5-fold (p = 0.0012) 

up-regulation of Pax9 expression in the Pax1unex/unex mutant thymus at E13.5 and 

E15.5, respectively (Figure 4.12 A, i and B, i respectively). This up-regulation of 

Pax9 was also observed in the Pax1unex/+ (1.3-fold, p = 0.0026) and Pax1unex/unex (1.2-

fold, p = 0.0347) mutant thymi when the relative expression was corrected for the 

percentage of TECs in the thymus of each mutant at E15.5 (Figure 4.12 B, ii). These 

data suggest that Pax1 may negatively regulate Pax9. Spatial restriction of Pax9 by 
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Pax1 has been suggested to occur in the scleretomes during vertebral column 

development (Peters et al., 1999). Furthermore, the up-regulation of Pax9 levels may 

compensate for the absence of Pax1 in Pax1unex/unex and Pax1unex/unexPax9lacZ/+ 

embryos, supporting functional redundancy between these genes. It also provides a 

further explanation for the observed Pax9 expression in the Pax1unex/unexPax9lacZ/+ 

mutant being the same as WT levels. Due to either repression or compensation, the 

up-regulation of Pax9 in the Pax1unex/unex and down-regulation in the Pax9lacZ/+ 

mutant could result in WT levels of Pax9 expression in the Pax1unex/unexPax9lacZ/+. 

 

4.4.2 Forkhead box protein 1 (Foxn1) 

Evidence suggests that Pax1 and/or Pax9 may interact with Foxn1 during the 

development of the TEC compartment. While it is known that Foxn1 is still 

expressed in the thymus domain of the Pax1 and Pax9 single homozygotes by 

immunostaining, expression in compound mutants has not been assessed. QRT-PCR 

analysis was therefore performed, with the aim of determining whether decreased 

expression of Pax1 and Pax9 in the mutant series resulted in a corresponding 

reduction in Foxn1 levels.  

Analysis of whole thymi revealed uniform expression of Foxn1 across the Pax1/Pax9 

mutant thymi studied when compared to the WT at E13.5 and E15.5 (Figure 4.13 A, i 

and B, i respectively). However, when the relative expression of Foxn1 was 

corrected for the percentage of TECs in the thymus of each mutant, a gene dosage-

dependent decrease in Foxn1 was observed at both E13.5 and E15.5, such that the 

Pax1unex/unexPax9lacZ/+ mutant thymus exhibited a significant 2-fold decrease in Foxn1 

expression (Figure 4.13 A, ii and B, ii respectively). These data are in keeping with 

Foxn1 staining in the WT thymus and Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ 

mutant thymi at E15.5 in Chapter 3, which showed an apparent decrease in Foxn1 

expression in the Pax9lacZ/lacZ mutant, and complete absence in the 

Pax1unex/unexPax9lacZ/lacZ mutant thymus (Figure 3.16 and 3.17). These data suggest 

that Pax1 and Pax9 act together to regulate Foxn1 expression. Recent work 

conducted in our lab has also shown Pax1 as a direct or indirect target gene of Foxn1 



Figure 4.13 Analysis of Foxn1 expression in the Pax1/Pax9 mutants at E13.5 and E15.5. 
Thymi were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 
Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for 
RT-PCR. The relative Foxn1 mRNA levels at both stages of development were determined by 
QRT-PCR. Graphs represent the relative expression of Foxn1 in the developing thymus of the 
WT and Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data shown are relative to α-tubulin 
(i) or relative to α-tubulin and corrected for the percentage of TECs in each mutant (ii), and 
normalised to the calibrator (stock pool of E13.5 thymic lobes). Genotypes are as indicated. 
All data shown are the mean of three biological replicates and two technical replicates. Error 
bars show SD. * represents a significant difference in expressiom of a given gene compared to 
the WT of equivalent age, using a t-test where p ≤ 0.01. Foxn1 expression in TECs decreases 
in a Pax1/Pax9 gene dosage-dependent manner, suggesting that Pax1 and Pax9 co-operate to 
regulate Foxn1.
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in total TECs (Nowell et al., 2011), and therefore, taken together these data suggest 

that a regulatory network exists between these three genes.  

 

4.4.3 Interleukin 7 (IL-7) 

Interleukin 7 (IL-7) is a specific marker of TECs in the early thymus primordium, 

and is required for T-cell differentiation throughout development. Having shown the 

requirement for Pax1 and Pax9 in the regulation of both the size of the TEC 

compartment and its functionality, IL-7 expression in the Pax1/Pax9 mutant series 

was thus investigated.  

Relative expression of IL-7 at both E13.5 and E15.5 was unaffected in the Pax1/Pax9 

mutant thymi when compared to an age-matched WT thymus (Figure 4.14 A, i and 

B, i respectively). The relative expression of IL-7 was corrected for the percentage of 

TECs in the thymus of each mutant studied. There was no significant difference in 

IL-7 expression in all mutants, apart from a significant 1.5-fold decrease in IL-7 

expression in the Pax9unex/unexPax1lacZ/+ mutant when compared to WT at E15.5 

(Figure 4.14 A, ii and B, ii). These data suggest a co-operative regulation of IL-7 by 

Pax1 and Pax9. Alternatively, it could suggest that the 3PP of the 

Pax9unex/unexPax1lacZ/+ mutant thymus was not specified properly, in keeping with the 

hypothesis that Pax1 and Pax9 are required for thymic epithelial lineage 

specification.  

Interestingly, analysis of Pax9 expression in a 6-week old postnatal thymus of a 

Pax9lacZ/+ reporter mouse in Chapter 3 revealed Pax9 expression to be potentially 

more predominant in the medulla and subcapsular regions of the thymus, as is the 

case for IL-7 expression in the 4-week old postnatal thymus (Zamisch et al., 2005). 

Unfortunately, analysis of IL-7 in the absence of Pax9 was not studied. It may be 

interesting to investigate the relationship, if any, between these two genes.  

 

4.4.4 Homeobox Protein A3 (Hoxa3) 

Pax1 is down-regulated in the 3PP of E10.5 Hoxa3-/- embryos and completely absent 

by E11.0 (Manley and Capecchi, 1995). Furthermore, analysis of Pax1unex/unexHoxa3-



Figure 4.14 Analysis of IL-7 expression in the Pax1/Pax9 mutants at E13.5 and E15.5. 
Thymi were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 
Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for 
RT-PCR. The relative IL-7 mRNA levels at both stages of development were determined by 
QRT-PCR. Graphs represent the relative expression of IL-7 in the developing thymus of the 
WT and Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data shown are relative to α-tubulin 
(i) or relative to α-tubulin and corrected for the percentage of TECs in each mutant (ii), and 
normalised to the calibrator (stock pool of E13.5 thymic lobes). Genotypes are as indicated. 
All data shown are the mean of three biological replicates and two technical replicates. Error 
bars show SD. * represents a significant difference in expression of a given gene compared to 
the WT of equivalent age, using a t-test where p ≤ 0.01. There was no significant difference 
in IL-7 expression in the Pax1/Pax9 mutant thymi when compared to a WT of equivalent age, 
apart from a 1.5-fold down-regulation in the Pax1unex/unexPax9lacZ/+ mutant thymus at E15.5.
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/+ compound mutants has shown that these mice exhibited a markedly more severe 

thymus phenotype than Pax1unex/unex single mutants, including thymic ectopia, 

increased thymic hyplasia and a more severe effect on thymocyte maturation (Su and 

Manley, 2000). These studies suggest a pathway in which Pax1 and Hoxa3 act 

synergistically and in a dosage-dependent manner and that other genes are likely to 

be involved in this genetic pathway, including Pax9. This close relationship between 

Hoxa3, Pax1 and Pax9 therefore highlighted Hoxa3 as an important gene for 

analysis.  

At E13.5, QRT-PCR analysis revealed a significant up-regulation of Hoxa3 in the 

Pax1unex/+, Pax1unex/unex and Pax1unex/unexPax9lacZ/+ mutant thymi when compared to 

the WT of equivalent age (Figure 4.15 A). However, by E15.5, there was no 

significant change in Hoxa3 expression in the mutant thymi when compared to WT 

(Figure 4.15 B). As documented in the literature, this further supports interplay 

between Hoxa3, Pax1 and Pax9 during the earlier stages of thymus development. 

The literature suggests Pax1 is acting downstream of Hoxa3 in a regulatory network, 

in which case you would expect Hoxa3 levels to be unaffected. However, these data 

indicate that Pax1 acts to negatively regulate Hoxa3. Furthermore, the fact that 

Hoxa3 expression in the Pax1unex/unex increases from 2.6-fold to 3.3-fold in the 

Pax1unex/unexPax9lacZ/+ mutant would suggest that Pax9 is also acting to negatively 

regulate Hoxa3. An alternative explanation could be that since Hoxa3 expression is 

downregulated during development, the upregulation of Hoxa3 observed in these 

mutants at E13.5 may be due to a developmental delay. It is important to remember 

however that Hoxa3 is expressed in TECs and NC-derived mesenchyme, and 

expression relative to α-tubulin includes expression from all cell populations. It is 

therefore hard to determine whether these observed changes in Hoxa3 expression 

reflect proportional changes in thymus stromal cell subsets or real changes, and will 

need to be addressed in the future. Evidence supporting the latter comes from 

histological analysis of the Pax1unex/unexPax9lacZ/+ mutant thymi in Chapter 3. This 

mutant exhibits an extremely similar phenotype to that of Hoxa3-/+Pax1unex/unex 

thymi; ectopic thymi located anterior to their normal location, severely reduced in 
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Figure 4.15 Analysis of Hoxa3 expression in the Pax1/Pax9 mutants at E13.5 and E15.5. 
Thymi were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 
Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for 
RT-PCR. The relative Hoxa3 mRNA levels at both stages of development was determined by 
QRT-PCR. Graphs represent the relative expression of Hoxa3 in the developing thymus of the 
WT and Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data are shown relative to α-tubulin 
and normalised to the calibrator (stock pool of E13.5 thymic lobes). Genotypes are as 
indicated. All data shown are the mean of three biological replicates and two technical repli-
cates. Error bars show SD. * represents a significant difference in expressiom of a given gene 
compared to the WT of equivalent age, using a t-test where p ≤ 0.01. At E13.5, Hoxa3 is 
significantly up-regulated by 1.7-fold, 2.6-fold and 3.3-fold in the Pax1unex/+, Pax1unex/unex and 
Pax1unex/unexPax9lacZ/+ mutant thymi respectively, when compared to a WT thymus of equivalent 
age. In addition, the Hoxa3 expression profile appears similar to that of Pax9.
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size and highly cystic, supporting the interplay between these three genes in the early 

patterning of the thymus and subsequent TEC growth and differentiation. 

 

4.4.5 Placenta-expressed transcript 1 (Plet-1) 

Plet-1 is a marker of the TEPC population, which has the ability to generate all 

known TEC types (Blackburn et al., 1996; Depreter et al., 2008). It is expressed at 

low levels from E9.5, when thymus organogenesis commences, and exhibits strong 

expression in the prospective thymic primordium at E11.5 (Bennett et al., 2002). 

Between E12.5 and E17.5, while the proportion of Plet-1+ cells decreases, the actual 

number of Plet-1+ cells remains unchanged (Cook, 2010). Pax1 and Pax9 are also 

expressed in the foregut endoderm from E8.0 and for this reason Plet-1 was 

considered as a potential target gene of Pax1 and/or Pax9.  

At E13.5 and E15.5, Pax1 and Pax9 appeared to have no significant effect on the 

level of Plet-1 expression in the Pax1/Pax9 mutants studied when compared to a WT 

thymus of equivalent age (Figure 4.16 A, i and B, i). Relative expression of Plet-1 

was corrected for the percentage of TECs in the thymus of each mutant, and again 

there was no significant difference in Plet-1 expression across the mutant series at 

both E13.5 and E15.5 (Figure 4.16 A, ii and B, ii respectively). These data suggest 

that Plet-1 is not a target gene of Pax1 or Pax9. However, while there was no 

significant difference in Plet-1 expression, there did appear to be less expression in 

the Pax1unex/+ and Pax1unex/unex mutants, while the Pax1unex/unexPax9lacZ/+ exhibited 

close to WT levels. Referring back to Pax9 expression in the mutant series, Pax9 is 

up-regulated in the TEC compartment of the Pax1unex/+ and Pax1unex/unex mutants, 

suggesting that Pax9 may act to repress Plet-1. Unfortunately, gene expression in the 

absence of Pax9 as not been analysed. 

 

4.4.6 Vascular endothelial growth factor A (Vegfa) 

Vegfa is an angiogenic growth factor that is produced by epithelial and mesenchymal 

cells within the thymic rudiment (Muller et al., 2005). In the mouse, Vegfa is 

expressed as multiple isoforms, which form as a result of alternative splicing of the 



Figure 4.16 Analysis of Plet-1 expression in the Pax1/Pax9 mutants at E13.5 and E15.5. 
Thymi were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 
Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for 
RT-PCR. The relative Plet-1 mRNA levels at both stages of development was determined by 
QRT-PCR. Graphs represent the relative expression of Plet-1 in the developing thymus of the 
WT and Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data are shown relative to α-tubulin 
(i) or relative to α-tubulin and corrected for the percentage of TECs in each mutants (ii), and 
normalised to the calibrator (stock pool of E13.5 thymic lobes). Genotypes are as indicated. 
All data shown are the mean of three biological replicates and two technical replicates. Error 
bars show SD. * represents a significant difference in expressiom of a given gene compared 
to the WT of equivalent age, using a t-test where p ≤ 0.01. There was no significant difference 
in Plet-1 expression across the Pax1/Pax9 mutant thymi analysed when compared to a WT 
thymus of equivalent age.
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Vegfa pre-mRNA. The most abundantly expressed isoforms are Vegf120, Vegf164 

and Vegf188, of which all three are expressed in the developing thymus (Muller et 

al., 2005). Vegfa is first expressed in the outer mesenchymal layer of the thymus 

anlage at E12.5, and throughout the thymic epithelium from E13.0 (Mori et al., 

2010). At E15.5, it is expressed by both the mesenchyme and cTECs and mTECs 

(Muller et al., 2005). Vegfa-/- mutant embryos die at midgestation (Carmeliet et al., 

1996) and absence of Vegfa specifically from TECs leads to hypovascularisation of 

the thymus (Muller et al., 2005). Due to the enlarged blood vessels observed in the 

Pax1unex/unex 6-week old postnatal thymus, it was important to analyse the 

relationship, if any, of Pax1 to genes involved in the vascularisation of the thymus 

and for this reason Vegfa expression was analysed. It should be noted that the QRT-

PCR primers used detect all six Vegfa splice variants.  

QRT-PCR analyses of Vegfa in the Pax1/Pax9 mutant series at E13.5 showed 

significant up-regulation in the Pax1unex/unex and Pax1unex/unexPax9lacZ/+ mutant thymi 

when compared to WT (Figure 4.17 A). The expression profile of Vegfa observed 

was very similar to that of Hoxa3 in the mutants at E13.5. However at E15.5, Vegfa 

expression was unchanged across the mutant series (Figure 4.17 B). This suggests, 1) 

that Vegfa may be repressed by Pax1 and Pax9 during the early development of the 

thymic vasculature, 2) that since the expression profiles of Vegfa and Hoxa3 are 

similar at E13.5, Hoxa3 could regulate Vegfa, 3) that the observed up-regulation of 

Vegfa could reflect the perturbed TEC development in these mutants, or 4) since 

Vegfa is expressed in multiple cell populations, the observed up-regulation may be in 

a particular cell type. Evidence supporting the former comes from a study in which 

Vegfa expression was knocked out specifically from TECs using nude mouse 

blastocyst complementation, but not from the NC-derived mesenchyme. Vegfa 

null;Foxn1+/+ ES cells were injected into Foxn1nu/nu (nude) blastocysts, and the thymi 

from resulting chimeras were exclusively ES cell derived and therefore Vegfa-/-. The 

mutant thymi of these Vegfa-/- chimeras displayed increased vessel size and reduced 

vessel branching (Muller et al., 2005), a similar finding to the enlarged vessels 

observed in the Pax1unex/unex mice.                             

                                                                                                                                        .
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Figure 4.17 Analysis of Vegfa expression in the Pax1/Pax9 mutants at E13.5 and E15.5. 
Thymi were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 
Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for 
RT-PCR. The relative Vegfa mRNA levels at both stages of development was determined by 
QRT-PCR. The primers used anneal to a sequence common to all variants of Vegfa. Graphs 
represent the relative expression of Vegfa in the developing thymus of the WT and 
Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data are shown relative to α-tubulin  and 
normalised to the calibrator (stock pool of E13.5 thymic lobes). Genotypes are as indicated. 
All data shown are the mean of three biological replicates and two technical replicates. Error 
bars show SD. * represents a significant difference in expression of a given gene compared 
to the WT of equivalent age, using a t-test where p ≤ 0.01. Loss of Pax1 leads to a significant 
1.8-fold and 2.0-fold up-regulation of Vegfa expression in the Pax1unex/unex and 
Pax1unex/unexPax9lacZ/+ mutant thymi at E13.5, respectively.
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4.4.7 Alpha-smooth muscle actin (α-SMA) 

Alpha-smooth muscle actin (α-SMA) is present in vascular smooth muscle cells and 

was used to indicate the proportion of smooth muscle cells lining the blood vessels of 

the thymus. Thymic vascularisation is not initiated until E12.5 and α-SMA is not 

detected by immunostaining until after E15.5 (Foster et al., 2008). In the adult it is 

expressed by NC-derived mesenchyme and by TECs but at lower levels than in fetal 

TECs (Muller et al., 2008). α-SMA+ cells in the adult thymus surround the innermost 

layer of CD31+ endothelial cells lining the blood vessels, with a distribution such that 

the larger vessels, such as venules and arterioles, are present within the medulla and 

at the CMJ junction and smaller capillaries forming a dense network throughout the 

cortex (Muller et al., 2008). As discussed in Chapter 3, the 6-week old postnatal 

Pax1unex/unex thymus exhibited enlarged blood vessels, lined with α-SMA. To further 

probe the role of Pax1 in vascularisation of the thymus, α-SMA expression in the 

Pax1/Pax9 mutant series was analysed.  

QRT-PCR analysis of α-SMA in the E13.5 Pax1/Pax9 mutant series showed that α-

SMA was significantly up-regulated in the Pax1unex/+Pax9lacZ+ and 

Pax1unex/unexPax9lacZ/+ mutant thymi when compared to a WT thymus of equivalent 

age (Figure 4.18 A). At E15.5, α-SMA was significantly up-regulated in the 

Pax1unex/+Pax9lacZ+ mutant thymus when compared to WT (Figure 4.18 B). These 

data suggest a role for Pax1 and Pax9 in regulating α-SMA during early thymus 

development. Alternatively, Pax1 and Pax9 could regulate the number of NCCs 

within the developing thymus, from which α-SMA+ cells are derived. This is keeping 

with the observed increase in the proportion of non-epithelial stromal cells (EpCam-

CD45- cells), which constitute a population of mainly mesenchymal and endothelial 

progenitor cells, in the Pax1unex/unexPax9lacZ/+ mutant thymus at E15.5 (Figure 4.5). 

 

4.4.8 Lymphatic vessel endothelial receptor-1 (Lyve-1) 

Lyve-1 is a cell surface receptor found primarily on lymphatic endothelial cells 

(Banerji et al., 1999) and was thus used as a marker of the lymphatic vessels in the 

thymus. In the adult thymus, lymphatic vessels are present throughout the cortical 
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Figure 4.18 Analysis of α-SMA in the Pax1/Pax9 mutants at E13.5 and E15.5. Thymi 
were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, 
Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for 
RT-PCR. The relative α-SMA mRNA levels at both stages of development was determined by 
QRT-PCR. Graphs represent the relative expression of α-SMA in the developing thymus of 
the WT and Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data shown are relative to 
α-tubulin and normalised to the calibrator (stock pool of E13.5 thymic lobes). Genotypes are 
as indicated. All data shown are the mean of three biological replicates and two technical 
replicates. Error bars show SD. * represents a significant difference in expressiom of a given 
gene compared to the WT of equivalent age, using a t-test where p ≤ 0.01. α-SMA is signifi-
cantly up-regulated in the Pax1unex/+Pax9lacZ/+ thymus at E13.5 and E15.5, and in the 
Pax1unex/unexPax9lacZ/+ mutant thymus at E13.5, when compared to an age-matched WT thymus.
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and medullary TEC compartment, and are frequently found in close proximity to 

blood vessels (Odaka et al., 2006). While a potential role for Pax1 was highlighted in 

the formation of blood vessels in the 6-week old postnatal Pax1unex/unex thymus, Lyve-

1 staining appeared unaffected in these mice (data not shown). Surprisingly, QRT-

PCR revealed a significant up-regulation of Lyve-1 in the Pax1unex/unex and 

Pax1unex/unexPax9lacZ/+ mutant thymi when compared to an age-matched WT thymus 

at E13.5 (Figure 4.19 A). However at E15.5, there was no significant change in 

expression of Lyve-1 in any of the mutants compared to WT (Figure 4.19 B). 

Consistent with the expression profiles of Vegfa and α-SMA at E13.5 and E15.5, 

these data suggest that Pax1 and Pax9 may regulate the colonisation of the thymus 

by NCCs and endothelial progenitors, which form the foundation of the blood and 

lymphatic vessel structures. Further evidence supporting a role for Pax1 and Pax9 in 

migration of NCCs and endothelial progenitor cells includes the fact that in the 

Pax1unex/unex and Pax1unex/unexPax9lacZ/+ mutant thymi at E15.5, the total number of 

non-epithelial stromal cells (EpCam-CD45- cells), which constitute a population of 

mainly mesenchymal and endothelial progenitor cells, was decreased (Figure 4.6), as 

well as a gradual reduction in ER-TR7 and CD31 staining relative to gene dosage of 

the Pax1/Pax9 mutants observed in Chapter 3.  

 

4.4.9 Bone morphogenetic protein 4 (Bmp4) 

Interaction between Pax9 and Bmp4 and Foxn1 and Bmp4 has been documented in 

the literature. Pax9 has been shown to be required for dental mesenchymal 

expression of Bmp4 during tooth development (Peters et al., 1998a; Peters et al., 

1998b) and Bmp4 has also been shown to up-regulate Foxn1 in thymic stromal cells 

and fetal thymic organ culture (FTOC) (Tsai et al., 2003). A possible mechanism 

whereby Pax9 acts on Bmp4 to up-regulate Foxn1 has been suggested. 

QRT-PCR analysis of Bmp4 in the Pax1/Pax9 mutant series at E15.5 showed that 

Bmp4 is up-regulated in the Pax1unex/unex, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+ and 

Pax1unex/unexPax9lacZ/+ mutant thymi when compared to an age-matched WT thymus 

(Figure 4.20 A). Knowing that Pax9 is up-regulated in the mutants exhibiting a 

marked up-regulation of Bmp4, and that their expression profiles across the mutant 
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Figure 4.19 Analysis of Lyve1 expression expression in the Pax1/Pax9 mutants at E13.5 
and E15.5. Thymi were dissected from E13.5 and E15.5 WT, Pax1unex/+, Pax9lacZ/+, 
Pax1unex/+Pax9lacZ/+, Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and 
processed for RT-PCR. The relative Lyve1 mRNA levels at both stages of development was 
determined by QRT-PCR. Graphs represent the relative expression of Lyve1 in the developing 
thymus of the WT and Pax1/Pax9 mutants at (A) E13.5 and (B) E15.5. Data shown are 
relative to α-tubulin and normalised to the calibrator (stock pool of E13.5 thymic lobes). 
Genotypes are as indicated. All data shown are the mean of three biological replicates and two 
technical replicates. Error bars show SD. * represents a significant difference in expressiom 
of a given gene compared to the WT of equivalent age, using a t-test where p ≤ 0.01. Lyve1 
expression is significantly up-regulated by 2.5-fold and 3.7-fold in the Pax1unex/unex and 
Pax1unex/unexPax9lacZ/+ mutant thymi at E13.5, respectively.
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Figure 4.20 Analysis of Bmp4 and FoxG1 expression in the Pax1/Pax9 mutants at  E15.5. 
Thymi were dissected from E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, Pax1unex/unex and 
Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for RT-PCR. The relative 
Bmp4 and FoxG1 mRNA levels was determined by QRT-PCR. Graphs represent the relative 
expression of (A) Bmp4 and (B) FoxG1 in the developing thymus of the WT and Pax1/Pax9 
mutants. Data shown are relative to α-tubulin and normalised to the calibrator (stock pool of E13.5 
thymic lobes). Genotypes are as indicated. All data shown are the mean of three biological repli-
cates and two technical replicates. Error bars show SD. * represents a significant difference in 
expressiom of a given gene compared to the WT of equivalent age, using a t-test where p ≤ 0.01. 
Bmp4 expression is significantly up-regulated in the thymi of Pax1unex/unex, Pax9lacZ/+ , 
Pax1unex/+Pax9lacZ/+ and Pax1unex/unex/Pax9lacZ/+ mutant embryos at E15.5, and exhibits a similar 
expression profile to that of Pax9. FoxG1 expression remains unchanged in the Pax1/Pax9 mutants 
analysed, apart from a 3.1-fold increase in the Pax1unex/unex/Pax9lacZ/+ mutant thymus, and exhibits a 
similar expression profile to both Pax9 and Bpm4.
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series are similar, it could be that at this critical stage of thymus development Pax9 

may act upstream of Bmp4. This is in keeping with the proposed mechanism above. 

However, these data do not support Bmp4 regulation of Foxn1, since up-regulation of 

Bmp4 does not lead to a corresponding up-regulation of Foxn1 in the Pax1/Pax9 

mutants. It should be noted however, that because Bmp4 is expressed in both TECs 

and NC-derived mesenchyme, and expression relative to α-tubulin takes into account 

expression of Bmp4 throughout the entire thymus, interpretation of these results is 

difficult and requires further quantification on isolated cell populations. However, a 

regulatory network involving Bmp4 and Pax9 is supported in the earlier analysis of 

these genes, where QRT-PCR was conducted on isolated TECs from E12.5-E16.5 

thymi and their expression profiles were also similar. 

 

4.4.10 Forkhead box protein G1 (FoxG1) 

FoxG1 is a member of the forkhead family of transcription factors with roles 

associated with cell proliferation and survival during embryo development (Dastidar 

et al., 2011; Manuel et al., 2011). While it is known that FoxG1 is expressed by the 

ectoderm surrounding the branchial arches, the NC-derived mesenchyme and 

throughout the foregut endoderm, including the 3PP from which the thymus 

develops, from E9.5 (Gordon et al., 2010; Hebert and McConnell, 2000), the exact 

role FoxG1 plays during early thymus organogenesis remains unknown.  

QRT-PCR analysis revealed no significant difference in FoxG1 expression in the 

Pax1/Pax9 mutant series at E15.5, apart from a substantial up-regulation in the 

Pax1unex/unexPax9lacZ/+ mutant thymi when compared to WT (Figure 4.20 B). No 

significant up-regulation was observed in the Pax1unex/unex mutant, suggesting that 

FoxG1 up-regulation is not a direct result of the loss of Pax1. However, the observed 

up-regulation of FoxG1 in the Pax1unex/unexPax9lacZ/+ mutant thymus suggests that 

Pax1 and Pax9 co-operate to regulate FoxG1. In addition, the expression profiles of 

Pax9, Bmp4 and FoxG1 in whole thymi relative to α-tubulin across the Pax1/Pax9 

mutant series appear similar, and the fold increase in Bmp4 and FoxG1 levels (3.5-

fold and 3.1-fold respectively) in the Pax1unex/unexPax9lacZ/+ mutant were similar. This 

suggests that Pax9, Bmp4 and FoxG1 could operate in the same regulatory network 
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during thymus organogenesis. Association of FoxG1 with Pax genes has been 

recently documented, where FoxG1 was shown to regulate Pax6 expression in dorsal 

telencephalic cells (Manuel et al., 2011).  

 

4.4.11 Fibroblast growth factor 2 (Fgf-2) 

Fgf-2 is a member of the FGF family of heparin-binding polypeptide growth factors 

which are known to play essential roles in embryonic patterning and development. 

The importance of these growth factors during thymus organogenesis comes from 

studies involving Fgf10, which is expressed by stromal mesenchymal cells and the 

FGF receptor FGFR2IIIb, which is expressed by TECs (Revest et al., 2001). 

Analysis of transgenic mice lacking either of these genes results in a thymus that is 

drastically reduced in size, implicating an important role for these growth factors in 

epithelial-mesenchymal communication during thymic organogenesis (De Moerlooze 

et al., 2000; Ohuchi et al., 2000; Revest et al., 2001). Fgf2 expression in the 

developing thymus has not been as extensively studied but has been implicated in a 

number of processes during embryo development, including cell proliferation, 

differentiation and survival in the developing skin (Weiner et al., 2007) and as an 

important angiogenesis inducer (Tomita et al., 2002). Fgf2 has also been identified as 

the first known direct target gene of Foxn1, and is an effector of Foxn1 in the control 

of skin pigmentation (Weiner et al., 2007). Thus, with the idea that Pax1 and/or Pax9 

regulate Foxn1 expression and that Fgf-2 is a known direct target of Foxn1, Fgf-2 

expression in the Pax1/Pax9 mutant series was analysed.  

QRT-PCR analyses revealed that at E15.5, Fgf-2 expression in the Pax1/Pax9 mutant 

series was up-regulated in the absence of Pax1, such that in the Pax1unex/unex and 

Pax1unex/unexPax9lacZ/+ mutant thymi, there was a 2.7-fold and 2.8-fold increase in 

expression respectively, when compared to a WT of equivalent age (Figure 4.21 A). 

Interestingly, it is known that Pax1 is confined to a small cortical subset of epithelial 

cells by E15.5 (Wallin et al., 1996). In a separate study, immunostaining of an E16.5 

thymus with Fgf-2 and Fgf-BP revealed that staining was confined to the cortex with 

only a few sporadic Fgf-2 positive cells throughout the medulla (Aigner et al., 2002). 

However, these most likely represent mesenchymal cells dispersed throughout the 
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Figure 4.21 Analysis of Fgf2 and p63 expression in the Pax1/Pax9 mutants at E15.5. 
Thymi were dissected from E15.5 WT, Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+, Pax1unex/unex 
and Pax1unex/unexPax9lacZ/+ embryos and the RNA extracted and processed for RT-PCR. The 
relative Fgf2 and p63 mRNA levels was determined by QRT-PCR. Graphs represent the 
relative expression of (A) Fgf2 and (B) p63 in the developing thymus of the WT and 
Pax1/Pax9 mutants. Data shown are relative to α-tubulin (A and B, i) and relative to α-tubulin 
and corrected for the percentage of TECs in each mutant (B, ii), and normalised to the calibra-
tor (stock pool of E13.5 thymic lobes). Genotypes are as indicated. All data shown are the 
mean of three biological replicates and two technical replicates. Error bars show SD. * repre-
sents a significant difference in expressiom of a given gene compared to the WT of equivalent 
age, using a t-test where p ≤ 0.01. At E15.5, Fgf2 expression is significantly up-regulated in 
the Pax1unex/unex and Pax1unex/unex/Pax9lacZ/+ mutant thymi by 2.7-fold and 2.8-fold respectively, 
and exhibits a similar expression profile to that of Pax9, Bmp4 and FoxG1. There was no 
significant difference in p63 expression across the Pax1/Pax9 mutants studied.
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cortex since analysis of E13.5 TECs (EpCam+ cells) and E13.5 thymic mesenchymal 

cells (PDGFR+ cells) by QRT-PCR revealed expression only in the mesenchymal 

cell population (Nowell et al., 2011). It could therefore be that these proteins are 

involved in the same pathway during differentiation and proliferation of the cTEC 

subset. This idea is further supported through analysis of Pax1 expression in a Foxn1 

allelic series that revealed that Pax1 is down-regulated when Foxn1 levels decrease 

(Nowell et al., 2011), which together with the fact that Pax1 is restricted to a cortical 

subset by E15.5 and that terminal differentiation of TEC is blocked in Foxn1R/R mice 

(Nowell et al., 2011), suggests Pax1 as a possible gene target of Foxn1 for the 

terminal differentiation of cTECs.  

Fgf2 also exhibits a similar expression profile to that of Pax9, Bmp4 and FoxG1, 

suggesting that a potential regulatory network exists between these genes during 

thymus organogenesis. It is important to remember however that while Fgf2 is most 

likely only expressed in the mesenchymal population, changes in expression could 

reflect changes in cell population balances in these mutants. 

 

4.4.12 Tumor protein p63 (p63) 

Tumor protein p63 is a member of the p53 family of transcription factors. In the 

thymus, p63 is uniformly expressed throughout the thymic rudiment at E12.0 and is 

expressed by TECs in both the medulla and cortex throughout development (Senoo 

et al., 2007). p63-/- embryos exhibit marked thymic hypoplasia and it has been 

suggested that p63 is a marker of TE stem cells with a functional role in maintaining 

their proliferative capacity (Candi et al., 2007; Senoo et al., 2007), identifying this 

gene as having a key role in TE differentiation during thymus organogenesis.  

QRT-PCR analysis revealed no significant difference in p63 expression across the 

Pax1/Pax9 mutant series at E15.5 when compared to WT (Figure 4.21 B, i). 

Correction of the relative p63 expression for the percentage of TECs in the thymus of 

each of the mutants also revealed no significant change in p63 expression (Figure 

4.21 B, ii). These data suggest that Pax1 and Pax9 do not regulate p63. However, the 

effect on p63 expression of the absence of Pax9 has not been addressed. 
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4.5 Discussion 

In this chapter, the cellular and molecular basis underpinning the phenotypes of the 

Pax1/Pax9 mutants presented in Chapter 3 were investigated by flow cytometry and 

QRT-PCR. The main findings of this study are as follows: 1) the absolute number of 

TECs and thymocytes in the mutants decreases in a Pax1/Pax9 gene dosage-

dependent manner, indicating the requirement for Pax1 and Pax9 in the regulation of 

both the size of the TEC compartment and its functionality, 2) relative quantification 

of Pax1 and Pax9 mRNA expression in the Pax1/Pax9 mutants suggested that Pax1 

may repress Pax9, and to a lesser extent Pax9 may act to repress Pax1. This could 

also reflect compensation between the two genes, supporting the notion that Pax1 

and Pax9 are functionally redundant during thymus organogenesis, 3) Pax1, Pax9, 

Foxn1 and Bmp4 exhibit similar expression profiles during normal thymus 

organogenesis, suggesting that these genes operate in a regulatory network during 

thymus organogenesis, 4) relative quantification of Foxn1 mRNA expression in the 

Pax1/Pax9 mutants indicates that Pax1 and Pax9 co-operate to regulate Foxn1, and 

provides evidence for functional redundancy, and 5) further relative quantification 

showed that Pax1 and Pax9 play roles in regulating IL-7, Hoxa3, Vegfa, Bmp4, 

FoxG1 and Fgf2, but do not appear to regulate p63. From these QRT-PCR analyses, 

three hypothetical models have been suggested; one where Pax1, Pax9 and Hoxa3 

work in a regulatory cascade to specify thymic epithelial lineage, one where Pax1 

negatively regulates Vegfa, providing a possible explanation to the enlarged blood 

vessels observed in the postnatal Pax1unex/unex thymus in Chapter 3, and finally that 

Pax9, Bmp4, FoxG1 and Fgf2 operate in a regulatory cascade during the epithelial-

mesenchymal cross talk during thymus organogeneisis. These findings are discussed 

in detail below. 

 

4.5.1 Flow cytometric and QRT-PCR analysis demonstrate 
functional redundancy between Pax1 and Pax9 in TECs. 

The work presented in Chapter 3 revealed a dramatic reduction in the size of the 

thymic rudiment, as well as an increasingly disorganised structure and a variable 

ectopic location of the thymus in the Pax9lacZ/lacZ and compound mutants, in a gene 
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dosage-dependent manner. This suggested that functional redundancy may exist 

between Pax1 and Pax9 during thymus organogeneis, or alternatively, that they are 

required independently to regulate different aspects of TEC development and 

function.  

To investigate these possibilities, Pax1 and Pax9 function in TECs was further 

probed through cellular and molecular analysis of fetal thymus development in 

Pax1/Pax9 single and compound mutants. Firstly, analysis of the total number of 

cells per thymus lobe of Pax1unex/+, Pax1unex/unex, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+ and 

Pax1unex/unexPax9lacZ/+ mutant embryos revealed a gradual reduction in cell number in 

a Pax1/Pax9 gene dosage-dependent manner. This loss of cell number reflects both a 

decrease in TEC and thymocyte numbers. Secondly, QRT-PCR analysis revealed a 

modest but significant up-regulation of Pax1 expression in the thymus of Pax9lacZ/+ 

embryos at E15.5 and likewise a significant up-regulation of Pax9 expression in the 

thymus of Pax1unex/unex and Pax1unex/unexPax9lacZ/+ embryos at E15.5. These data 

together support functional redundancy between Pax1 and Pax9, and also implicates 

these genes with roles in TEC differentiation and T-cell maturation. 

 

4.5.2 Pax1, Pax9, Foxn1 and Bmp4 exhibit similar expression 
profiles during thymus organogenesis, suggesting these 
genes are involved in a common pathway. 

Analysis of Pax1, Pax9, Foxn1 and Bmp4 gene expression in the TEC compartment 

of WT thymi between E13.5 and E16.5 revealed similar expression profiles. This 

suggested that these genes may be regulated by the same upstream network, or that a 

regulatory network exists between them during thymus organogenesis. The data 

highlighted a down-regulation of all four of these genes between E13.5 and E14.5 

followed by a steep up-regulation between E14.5 and E15.5, defining these time 

points as important developmental stages of TEC differentiation. Thus, to understand 

how these genes might be interacting, it is important to review what developmental 

processes are occurring at these specific time points, as well as where and when these 

genes are expressed during development.  
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Firstly, analysis of the TEC and T-cell compartment of a WT thymus between E12.5 

and E17.5 has revealed the importance of these time points for thymus development. 

Between E13.5 and E14.5, and E15.5 and E16.5, there is essentially a doubling of 

TECs in the thymus, after which the rate of increase of the epithelial population falls 

slightly. There is a 4.6-fold and 3.5-fold concomitant increase in thymocyte numbers 

(Cook, 2010). These time points are also when the thymic vasculature is being laid 

down.  

With respect to gene expression, Pax1 and Pax9 are expressed in the foregut 

endoderm from E8.0, with Pax1 becoming gradually restricted to a subpopulation of 

cTEC in the adult thymus while Pax9 appears to be expressed throughout the TEC 

compartment, with potentially higher concentrations in the medulla and subcapsule 

in the adult thymus. Foxn1 is expressed in the ventral portion of the 3PP from E11.5, 

and is expressed by most/all TECs in the adult. Bmp4 is expressed in the ventral and 

medial part of the 3PP as well as the NC-derived mesenchymal cells surrounding the 

thymus at E10.75, becoming restricted to the lateral aspect of the thymic anlage by 

E11.5 and retains strong expression within the thymus and surrounding mesenchyme 

at E12.5. Overall, the gene expression profiles coupled with the known time points at 

which these genes are initiated during thymus organogenesis suggests a genetic 

cascade involved in the differentiation of the developing TEC compartment, where 

Pax1/Pax9 are upstream of Bmp4 and Foxn1. Most importantly, the data further 

supports the theory that Pax1 and/or Pax9 are involved in the regulation of Foxn1.  

 

4.5.3 Do Pax1 and Pax9 regulate Foxn1? 

QRT-PCR analysis of Foxn1 in the TEC compartment across the Pax1/Pax9 mutant 

series revealed that the levels of Foxn1 were down-regulated in a Pax1/Pax9 gene 

dosage-dependent manner, such that the Pax1unex/unexPax9lacZ/+ thymus exhibited a 2-

fold decrease in Foxn1 expression at both E13.5 and E15.5. Thus, while the upstream 

regulators of Foxn1 are unkown, these data indicate for the first time that Pax1 and 

Pax9 co-operate to regulate Foxn1.  

In addition to this finding, the data presented in this Chapter and Chapter 3, as well 

as other work conducted in our lab, has further highlighted similarities between the 
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phenotypes of Foxn1 and the compound mutants of Pax1 and Pax9. For example, a 

study of a hypomorphic allele of Foxn1 (Foxn1R), where mice express low levels of 

Foxn1 mRNA and protein, has shown that Foxn1 is required for the regulation and 

progression of differentiation of the TEC compartment, including both cortical and 

medullary sub lineages and that in Foxn1-/- mice, TECs remain in an undifferentiated 

state while in Foxn1R/- mice, TECs initiate early TEC lineage differentiation but 

cannot progress beyond this (Nowell et al., 2011). The analysis presented here shows 

a progressive loss of the TEC compartment across the Pax1/Pax9 mutant series, such 

that the TEC compartment of the double homozygote thymic rudiment appears 

undifferentiated, as shown by positive staining for Plet-1 expression and absence of 

Foxn1 expression (Chapter 3, Figure 3.15 and 3.16). Furthermore, a role for Foxn1 in 

the generation or maintenance of the Plet-1- population has been recorded. With 

decreasing levels of Foxn1 there is a proportional decrease in the absolute number of 

Plet-1- cells, suggesting a role for Foxn1 in regulating thymus size through expansion 

of the Plet-1- TEC population (Nowell et al., 2011). The size of the thymus is also 

affected in the Pax1/Pax9 mutant series. While analysis of Plet-1- TECs by flow 

cytometric analysis has not been carried out, QRT-PCR analysis showed that 

expression of Plet-1 in the TEC compartment of Pax1/Pax9 mutant thymi was 

unchanged at E13.5 and E15.5 compared to WT (Figure 4.15), while FACs analysis 

revealed that the total number of TECs (EpCam+ cells) was significantly reduced in 

the Pax1unex/unex and Pax1unex/unexPax9lacZ/+ mutant thymi at E13.5 and E15.5 (Figure 

4.4 and 4.6). These data together suggest a role for Pax1 and Pax9 in the generation 

or maintenance of the Plet-1- population similar to that observed for Foxn1.  

Overall, the observations highlighted here, together with the fact that Foxn1 is 

progressively downregulated in the Pax1/Pax9 mutant series and the 

Pax1unex/unexPax9lacZ/lacZ mutant thymus does not express Foxn1 (Chapter 3, Figure 

3.16), suggests that these three genes work in a regulatory network during thymus 

organogenesis and further strengthens the hypothesis that Pax1 and Pax9 regulate 

Foxn1.  
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4.5.4 Potential genetic models involving Pax1 and Pax9 

As well as investigating the effect of Pax1 and Pax9 on Foxn1 expression, analysis 

of other potential direct or indirect target genes of Pax1 and Pax9 was carried out by 

QRT-PCR. These results highlighted Pax1/Pax9 regulation of Hoxa3, Vegfa, Bmp4, 

FoxG1 and Fgf2. Further observations together with a review of the current literature 

allowed potential genetic models to be proposed that could be investigated in the 

future.  

 

4.5.4.1 Pax1, Pax9 and Hoxa3 

The tightly related expression profiles of Pax9, Hoxa3 and Vegfa across the 

Pax1/Pax9 mutant series can be reviewed in Figure 4.22 A, where they have been 

combined in one graph with their expression normalised to WT. The observed 

pattern is that when Pax1 levels go down in the Pax1unex/unex and 

Pax1unex/unexPax9lacZ/+ mutant thymi at E13.5, Pax9, Hoxa3 and Vegfa are up-

regulated. Interaction between all four of these genes is plausible, since Pax1, Pax9 

and Hoxa3 are all initially expressed throughout the 3PP from E9.5 and continue to 

be expressed by TECs, including Vegfa from E13.0. However, since Hoxa3 and 

Vegfa are also expressed in the mesenchyme, one cannot exclude population 

disturbances in these mutants and it is therefore essential to test expression of these 

genes in the individual cell populations isolated by flow cytometry in the future. 

Current literature already suggests that a Hoxa3-Eya1-Six1-Pax1/Pax9 regulatory 

network is operating during thymus organogenesis. Evidence supporting this comes 

from the reduction of Pax1 expression in Hoxa3-/- mice (Manley and Capecchi, 

1995), that Hoxa3+/-Pax1-/- mice have a more severe thymus phenotype than 

Pax1unex/unex single mutants (Su and Manley, 2000), that Pax1, Pax9 and Hoxa3 

expression is unchanged in Eya1-/- mutants but Six1 expression is lost (Xu et al., 

2002), and Hoxa3, Eya1 and Six1 expression is normal in Pax9 single and 

Pax1;Pax9 double mutant embryos at E10.0 (Zou et al., 2006).  

Building on this regulatory pathway using the QRT-PCR data and 

immunohistochemical analysis conducted in Chapter 3, a hypothetical model has 
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Figure 4.22 Pax9, Hoxa3 and Vegfa exhibit similar expression profiles across the 
Pax1/Pax9 mutant series at E13.5. (A) Bar graph representing the relative expression 
of Pax9, Hoxa3, Vegfa and Pax1 in the developing thymus of the WT and Pax1/Pax9 
mutants relative to α-tubulin and normalised to the WT. All data are the mean of three 
biological replicates and two technical replicates. Error bars show SD. (B) A hypotheti-
cal model for the specification of thymic epithelial lineage cells during thymus organo-
genesis. While Hoxa3 functions to specify the identity of the 3PP, expression of Hoxa3 
maintains the level of Pax1 and Pax9 expression, which in turn specify thymic epithelial 
lineage identity. Upon specification of the thymic epithelial lineage, Pax1 and Pax9 act 
to repress the levels of Hoxa3 and then go on to regulate Foxn1 expression during the  
differentiation of TECs. (C) Pax1 acts upstream of Vegfa during vascularisation of the 
thymus, and could provide an explanation to the enlarged blood vessels observed in the 
Pax1unex/unex postnatal thymus in Chapter 3. Alternatively, Hoxa3 could regulate Vegfa.
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been proposed, as shown in Figure 4.22 B, which may be part of the genetic 

mechanism involved in specifying the identity of the thymus in the 3PP and the 

specification of thymic epithelial lineage cells in the developing thymus. It is 

suggested here that initially Hoxa3 acts upstream of Pax1 and Pax9 and is required 

to specify the identity of the thymus in the 3PP. While Hoxa3 is not required for the 

initiation of Pax1 and Pax9, it is required to maintain their expression, during which 

time Pax1 and Pax9 specify the TE lineage. Repression between Pax1 and Pax9 

could lead to the specification of different TE subsets. During thymus organogenesis, 

Pax1 and Pax9 may then repress Hoxa3, and go on to regulate Foxn1 during the 

differentiation of TECs.  

Evidence supporting this model includes the following: 1) literature suggests that 

Hoxa3 may act to specify the identity of the 3PP (Manley and Condie, 2010), 2) 

expression of Hoxa3 is known to be required to maintain Pax1 and Pax9 in the 3PP 

(Pax1, (Manley and Capecchi, 1995), Pax9, (Nancy Manley, personal 

communication)), 3) analysis of Pax1unex/unexPax9lacZ/lacZ embryos revealed that they 

are functionally athymic, where the rudiment is stuck in a progenitor cell-like state 

and lacks Foxn1 expression (Figure 3.15), suggesting a role in specification of the 

thymic epithelial lineage, 4) the up-regulation of Hoxa3 observed in the Pax1unex/unex 

and Pax1unex/unexPax9lacz/+ mutant thymi suggests that Pax1 and Pax9 repress Hoxa3 

(Figure 4.14). Furthermore, in the WT thymus between E13.5 and E15.5, Hoxa3 

expression was dramatically down-regulated (2.6-fold) (Figure 4.14) in contrast to 

Pax1, Pax9 and Foxn1, whose expression levels were are all up-regulated (1.8-fold, 

1.4-fold and 2.5-fold respectively) (Figure 4.7), 5) up-regulation of Pax9 in the 

Pax1unex/+ and Pax1unex/unex mutant thymi and up-regulation of Pax1 in the Pax9lacZ/+ 

mutant thymus suggests Pax1 and Pax9 may act to repress one another (Figure 4.10 

and 4.11). However, these observed trends may reflect compensation for the absence 

of Pax1 or Pax9 due to functional redundancy and not repression, 6) evidence for 

interaction between Pax9 and Hoxa3 comes from analysis of the 

Pax1unex/unexPax9lacZ/+ thymus in Chapter 3 (Figure 3.13), which exhibits a strikingly 

similar phenotype to that of the Hoxa3+/-Pax1-/- mutant thymus; very small thymic 

lobes, comprising similar total cell numbers, ectopically located anterior to their 
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normal position with numerous large cysts with a more severe effect on thymocyte 

maturation compared to the Pax1unex/unex and fewer MHC class II+ TECs, 7) mRNA 

quantification of Foxn1 in the Pax1/Pax9 mutant series establishes that Pax1 and 

Pax9 co-operate to regulate Foxn1 (Figure 4.12) and 8) Pax1 is a potential target 

gene of Foxn1 in E15.5 TECs (Nowell et al., 2011). 

While this model is hypothetical, it provides a starting point for future analysis of the 

regulatory network involved in TE lineage specification. 

 

4.5.4.2 Pax1 and Vegfa 

In a separate pathway it is suggested here that Pax1 negatively regulates Vegfa 

(Figure 4.17). Thus in the absence of Pax1, expression of Vegfa is up-regulated 

which in turn could lead to altered vascularisation of the thymus, possibly providing 

an explanation for the enlarged blood vessels throughout the medulla of the 

Pax1unex/unex 6-week old postnatal thymus in Chapter 3 (Figure 3.16). Alternatively, 

since the expression profiles of Hoxa3 and Vegfa are also tightly regulated, Hoxa3 

could regulate Vegfa expression. Since Pax1 appears to negatively regulate Hoxa3, in 

conditions where Pax1 expression is reduced, such as that of the Pax1unex/unex mutant, 

constant up-regulation of Hoxa3 could lead to higher than normal levels of Vegfa and 

therefore altered vascularisation of the thymus. 

 

4.5.4.3 Pax9, Bmp4, FoxG1 and Fgf2 

The expression profiles of Pax9, Bmp4, FoxG1 and Fgf2 are also tightly regulated, as 

reviewed in Figure 4.23 A. It would appear that when Pax1 levels go down in the 

Pax1unex/unex and Pax1unex/unexPax9lacZ/+ mutant thymi, there is a corresponding up-

regulation of Pax9, Bmp4, FoxG1 and Fgf2 at E15.5. Pax1, Pax9, Bmp4 and FoxG1 

are all expressed by the 3PP endoderm from E10.5, while Bmp4, FoxG1 and Fgf2 are 

all expressed by the NC-derived mesenchyme at around the same time, thus 

interaction between these genes is plausible.  

                                                                                                                                        .
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Figure 4.23 Pax9, Bmp4, FoxG1 and Fgf2 exhibit similar expression profiles across 
the Pax1/Pax9 mutant series at E15.5. (A) Graph representing the relative expression 
of Pax9, Bmp4, FoxG1 and Fgf2 in the developing thymus of the WT and Pax1/Pax9 
mutants relative to α-tubulin and normalised to the WT. All data shown are the mean of 
three biological replicates and two technical replicates. Error bars show SD. (B) A hypo-
thetical model for the mesenchymal-epithelial cross talk during thymus organogenesis. 
Pax9, which is expressed by the TEC compartment, signals to the NC-derived mesen-
chyme through interaction with Bmp4, which in turn regulates Fgf2 expression. FoxG1 
may work in parallel with Pax9, interacting with the same target genes, during the 
mesenchymal-epithelial cross talk.    
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Using the FACs and QRT-PCR data presented earlier in this chapter, together with 

analysis on the current literature involving these genes, a model has been proposed as 

defined in Figure 4.23 B. It is suggested here that Pax9 acts upstream of Bmp4, 

FoxG1 and Fgf2. While there is evidence in the literature suggesting a relationship 

between Pax9 and Bmp4, interaction between Pax9, FoxG1 and Fgf2 has not been 

documented, or has roles for FoxG1 and Fgf2 during thymus organogenesis.  

Evidence from current literature supports connections between these four genes. 

Evidence supporting an interaction between Pax9 and Bmp4 comes from a study in 

which Bmp4, which is normally expressed in the tooth mesenchyme of WT mouse 

embryos at E13.5, is undetectable in the mesenchyme of Pax9lacZ/lacZ mutant 

embryos, suggesting that Pax9 is required for the maintenance of Bmp4 (Peters et al., 

1998b). Evidence supporting interaction between Bmp4 and FGFs comes from a 

another study, which shows that treatment of fetal thymic organ culture with Bmp4, 

Fgf7 or Fgf10 results in the same effect – an increase in the DN and DN1 cell 

populations (Tsai et al., 2003). This observed effect is still apparent following 

treatment with a BMP antagonist, but reversed upon treatment with an FGFR2IIIb-Fc 

inhibitor, suggesting that Bmp4 potentially functions upstream of Fgf7 and Fgf10 

during T-cell development (Tsai et al., 2003). While Fgf2 was not analysed in that 

study, it is also expressed in the thymic mesenchyme within which Fgf7 and Fgf10 

are also expressed. While there is no evidence suggesting interaction between Pax9 

and FoxG1, functional connections between these genes have been demonstrated. 

One such study has shown that human PAX9 and FOXG1 both interact with PLU-1, 

a nuclear protein that belongs to the ARID family of DNA binding proteins and its 

function is unknown, via a novel conserved sequence motif termed the VP motif 

(Tan et al., 2003). In the same study, FoxG1 and Pax9 have both been shown to have 

transcriptional repression properties (Tan et al., 2003). The functional importance of 

this protein interaction has been supported through analysis of the murine 

homologues of PAX9, FOXG1 and PLU-1, such that during mouse embryogenesis 

expression of Plu-1 overlaps with Pax9 and FoxG1 and of particular interest, Pax9 

and Plu-1 are co-expressed in the E14.5 thymus (Madsen et al., 2002). It could 
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therefore be speculated that these genes have similar targets and that they function to 

repress the activity of their target genes.  

Evidence supporting the potential function of these genes during thymus 

organogenesis comes from analysis of FoxG1-Cre;Bmp4 mutant thymi, where Bmp4 

is uniformly deleted from the pharyngeal endoderm from at least E9.5 (Gordon et al., 

2010). This study shows that there is a partial disruption of the NC-derived 

mesenchymal capsule surrounding the thymi in these mice at E13.5 and that the 

thymi are ectopic (Gordon et al., 2010), comparable to the perturbed NC-derived 

mesenchyme pattern, including complete absence of the capsule, and ectopic location 

of the thymus in Pax9lacZ/lacZ and Pax1unex/+Pax9lacZ/lacZ mutant thymi analysed in 

Chapter 3 (Figure 3.12 E and Figure 3.14 E). While the mechanisms governing 

thymus migration are unknown, these data implicate Pax9 and Bmp4 in regulating 

condensation of mesenchymal cells and formation of the capsule and subsequently a 

role in organ migration. Combining these findings with the expression domains of 

these target genes during thymus development, with Pax9, Bmp4 and FoxG1 

expressed by TECs and Bmp4, FoxG1 and Fgf2 all being expressed by the NC-

derived mesenchyme, could suggest that this model helps to define the genes 

involved in the epithelial-mesenchymal cross talk during thymus development. 

 

4.5.5 Summary 

The cellular and molecular analysis of fetal thymus development in the Pax1/Pax9 

single and compound mutants has provided further evidence for functional 

redundancy between Pax1 and Pax9 during thymus organogenesis. These analyses 

strengthen the hypothesis that Pax1 and Pax9 regulate Foxn1, and have also 

highlighted a number of other potential target genes of Pax1 and Pax9. However, due 

to the complex structure of the thymus and the overlapping expression domains of 

these potential target genes, it will now be important to isolate the different thymic 

stromal cell populations and conduct QRT-PCR on these, to confirm that the 

observed trends are real changes in gene expression and not a reflection of 

proportional changes in thymic stromal subsets. 
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5 Generation of a inducible and reversible Pax1 and Pax9 

knock down mouse model 

5.1 Introduction 

Having concluded the importance of both Pax1 and Pax9 for the regulation of 

Foxn1, and potentially in the specification of the thymic epithelial lineage, a strategy 

to analyse the effect of knocking down both Pax1 and Pax9 expression levels on the 

level of Foxn1 expression in vivo, in an inducible and reversible manner, was 

designed. This chapter details the construction of the various components of this 

strategy. Firstly, Pax1-/- ES cells were derived to form the foundation of the targeting 

strategy. shRNAs predicted to knock down Pax9 were then designed and analysed. 

In order to analyse their knock down potential, a cell line stably over-expressing 

Pax9 was required. To achieve this, a Pax9 over-expression vector was constructed 

and used to make COS-7 cell lines stably over-expressing Pax9. The Pax1-/- ES cells 

and the optimal Pax9 shRNA were then used in conjunction with a two-part 

recombinase-mediated cassette exchange (RMCE) system to incorporate the Pax9 

shRNA into the Rosa26 locus of C57BL/6 mice. The system, which is both inducible 

and reversible through the addition/removal of doxycycline, could then be used to 

analyse the effect of knock down of Pax9 in a Pax1-/- background on the level of 

Foxn1 expression in vivo at various time points throughout development. 

Furthermore, since the Pax9-/- mice are perinatally lethal, this system allows the 

analysis of Pax1 and Pax9 function in the postnatal thymus. 

5.2 Results 

 

5.2.1 Derivation of Pax1-/- ES cells 

The first component of the strategy was to derive ES cells that were deficient for 

Pax1 (Figure 5.1 A). F1 C57BL/6 x 129 Pax1 heterozygote matings were set up and 

mice were sacrificed three days after a vaginal plug was observed. The uterus and 

oviducts were removed and the E3.5 embryos flushed out into PB1 media. Embryos 
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Figure 5.1 Pax1-/- ES cell derivation. (A) Method of ES cell derivation. F1 C57BL/6 x 129 Pax1 
heterozygote mice were mated and the uterus and oviducts excised and the embryos flushed out at 
E3.5. ES cells were derived from the disaggregated outgrowths of the ICM of the isolated blasto-
cysts, which were from a mixed C57BL/6 x 129 background. Diagram adapted from Strachan, 
Human Molecular Genetics 2nd edition. (B) PCR showing the genotype of the ES cell clones 
derived. The presence of a 300bp fragment, 430bp fragment or both fragments represented ES 
cells of WT, Pax1 homozygous or Pax1 heterozygous genotypes, respectively. ES cell clones 1 
and 5 were homozygous for Pax1 (*), shown by a single band at 430bp. Clone 1 was used for 
subsequent experiments throughout this thesis, denoted Pax1-/- ES cells. Lane 9, a water only,  (+), 
positive and (-), negative controls. (C) Representative metaphase spread from the derived Pax1-/- 

ES cell line. More than 80% of cells were euploid.
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were allowed to ‘bud’ before being disaggregated into a 96-well plate containing 

N2B27 derivation medium. Once confluency was reached, cells were sequentially 

passaged into one well of a 24-well plate, one well of a 6-well plate and finally into a 

T252 flask, before being frozen down. As Pax1-/-, Pax1+/- and WT embryos are 

generated in this cross, an aliquot of cells from each derived cell line was genotyped 

by PCR. Of the ten embryos that were initially flushed out of the uterus of one 

plugged female, eight survived and of these, five were heterozygous for Pax1, two 

were homozygous for Pax1 and one was WT, as shown in Figure 5.1 B. The Pax1-/- 

ES cell line MK3 (denoted by clone 1 in Figure 5.1) was chosen and subsequently 

karyotyped, mycoplasma tested and genotyped to determine the sex of the cell line. 

For the karyotyping, ten cell spreads were analysed and 80% of cells exhibited 

normal ploidy (i.e. forty chromosomes). A representative cell spread is shown in 

Figure 5.1 C. The cells were found to be mycoplasma-free following a PCR screen 

and the cell line was male. 

Before future targeting into the Pax1-/- ES cells, it was important to determine their 

potential to produce chimaeras and subsequent germ line transmission. Pax1-/- ES 

cells, having been derived in N2B27 derivation media that was serum free, were 

cultured in GMEM containing FCS that had been previously tested for its ability to 

maintain mouse embryonic stem cells in an undifferentiated state, thus retaining their 

pluripotent characteristics. Pax1-/- ES cells were plated at serial dilution into a 6-well 

plate and allowed to grow over two days. On the morning of day three, two hours 

before injections, fresh pre-warmed medium was applied to the cells. Cells were 

harvested and subsequently injected into E2.5 stage morula from a BALB/c mouse 

using the laser injection technique, before being re-implanted into a pseudopregnant 

BALB/c surrogate mother (Figure 5.2). A total of thirty-one embryos were injected 

and transferred. Of the thirteen transgenic mice born, three chimaeras were produced, 

and each exhibited an extremely high contribution of the Pax1-/- ES cells (Figure 5.3 

A). This was further supported by the genotyping of the mice, which all appeared 

homozygous for Pax1 (Figure 5.3 B), and the fact that all three mice were males. 

Strikingly, they exhibited the characteristic kinky tail phenotype of Pax1-/- mice. To 

determine germ line competence, these chimaeric mice were mated with WT 
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Figure 5.2 Method for determining germline potential of Pax1-/- ES cells. (A) 
Newly derived Pax1-/- ES cells were laser injected into E2.5 morula from BALB/c 
females. The modified morula were re-implanted into the uterus of a BALB/c foster 
mother, which had been made pseudopregnant and therefore receptive to embryos by 
previous mating with a sterile male. The foster mice were allowed to litter down and 
resulting progeny were analysed by coat colour and genotyping. In parallel, ES cells 
were injected into E3.5 blastocysts. (B) To determine germline transmission, chimae-
ras were backcrossed with wild type (WT) BALB/c females and resulting progeny 
were genotyped for Pax1.
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Figure 5.3 Chimaera analysis (A) Results of the Pax1-/- ES cell morula and blasto-
cyst injections. (i) Three chimaeras resulted from the first round of laser injected 
morulae. (ii) Following a test cross, all progeny were heterozygous for Pax1. (iii) 
Two of the chimaeras from the second round of blastocyst injections. (iv) Following 
a test cross, all progeny were heterozygous for Pax1. (B) Genotyping results for the 
chimaeras in (i). All mice (1-3) were homozygous for Pax1. Right hand lanes repre-
sent water only (4), negative (-) and positive (+) controls. (C) Genotyping results for 
the test cross in (ii). All six mice (1-6) were heterozygous for Pax1. Right hand lanes 
represent water only (7), negative (-) and positive (+) controls. The lower band 
(300bp) represents the WT allele while the upper band (430bp) represents the undu-
lated extensive (unex) allele.
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BALB/c mice. Genotyping of the progeny of this cross revealed that all mice were 

heterozygous for Pax1 (Figure 5.3 C), indicating the Pax1-/- ES cells were germline 

competent. In addition to laser injection into morula, the ES cells were also injected 

into C57BL/6 blastocycts. A total of 23 and 36 embryos were injected on separate 

days, and 13 and 18 mice were born respectively. Of these mice, there were 9 

extremely high contibution chimeras, of which one exhibited the kinky tail 

phenotype. A test cross between two of these chimeras and WT C57BL/6 mice also 

confirmed germ line transmission. Two of these chimeras and four of the progeny 

from the test cross are shown in panels iii) and iv) of Figure 5.3 A respectively. 

 

5.2.2 Production of the pPyCAGPax9IP over-expression construct 
and a COS-7 cell line that stably over-expresses Pax9 

The second component of the strategy was to identify a Pax9 specific shRNA, 

however to evaluate the knock down efficiency of the different anti-Pax9 shRNAs, a 

Pax9 expressing cell line was required. Since none of the cell lines available 

expressed Pax9 one had to be created. To generate this line, a Pax9 over-expression 

construct was therefore made using the experimental design outlined in Figure 5.4 A. 

Full-length Pax9 cDNA was cloned following PCR amplification from E12.5 mouse 

thymus cDNA. The primers used were designed to incorporate a C-terminal His-tag, 

as detailed in Figure 5.4 B. The PCR products were separated on a 1% agarose gel 

and the 1053bp band (corresponding to FL Pax9) was excised and gel purified 

(Figure 5.4 C). Purified, full-length Pax9 cDNA was then TOPO TA cloned into the 

pCR2.1-TOPO cloning vector and subsequently transformed into TOP10 competent 

cells. Positive transformants were selected on LB agar containing ampicillin, and five 

of the resulting clones were picked and amplified and the plasmid isolated and 

purified. Samples were sequence-verified using the M13 reverse sequencing primer 

(Chapter 2, Table 2.4). 

The full-length His-tagged Pax9 cDNA was then cloned into the pPyCAGGFPIP 

over-expression construct (Figure 5.5 A). pPyCAGGFPIP was chosen as it contains 

the strong, constitutive CAG compound promoter, ensuring a high level of 

ubiquitous expression of Pax9. PCR2.1-TOPOPax9 and pPyCAGGFPIP were both 
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(B) Primers used to clone full length (FL) Pax9. The bp highlighted in black, green, 
blue and red denote the start and stop codon, the C-terminal His-tag (His)6, a glycine 
residue and the Pax9 coding sequence, respectively. (C) PCR showing amplification 
of full length Pax9 from mouse E12.5 thymic cDNA. Right hand lanes represent  no 
reverse transcriptase (-RT) and water only (H2O) controls. 

bp
1517
1000

-R
T

FL
 P

ax
9

H
2O

216



pPyCAGGFPIP

EcoRI digest

Ligate

E E

E E

pCR2.1-TOPOPax9

A

pPyCAGPax9IP

CMV

E

E

E

Pax9                                   F1ori                Kanamycin        Ampicillin       pUC Ori

CMV                                                        GFP                             IRES                Puromycin

Pax9

CMV                                                        Pax9                           IRES                 Puromycin

Figure 5.5 Generation of the pPyCAGPax9IP expression vector. (A) Purifed, full length 
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(His)6, E; EcoRI, P; PvuII. (B) Restriction digest of the pPyCAGPax9IP expression vector 
with PvuII verified the correct orientation of the Pax9 cDNA. Clones 2 and 5 had Pax9 
correctly orientated, as shown by the lower band at 2040bp as opposed to 2205bp. The recom-
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digested with EcoRI. The full-length Pax9 band (1047bp) and pPyCAGIP backbone 

band (6383bp) were gel extracted and the backbone dephosphorylated. The 

fragments were subsequently ligated and the recombined vector was propagated 

using competent TOP10 cells. A total of 20 colonies were screened by PCR and the 

10 positive colonies were subsequently sequence-verified with the IRES reverse 

(IRES R) and Pax9 forward (Pax9 F) sequencing primers (Chapter 2, Table 2.4) and 

digested with PvuII to ensure they were in the correct orientation (Figure 5.5 B). The 

construct was digested with PvuII, which cuts at two unique sites, 224bp and 987bp, 

within the Pax9 sequence and two sites, 6839bp and 7030bp, within the pPyCAGIP 

backbone. Hence, four band sizes of 4455bp, 2040bp, 763bp and 191bps should be 

visible if the insert was in the correct 5’-3’ orientation as opposed to four band sizes 

of 4270bp, 2205bp, 763bp and 191bp if the insert was in the reverse 3’-5’ 

orientation. Two of the seven colonies analysed had the His-tagged Pax9 cDNA in 

the correct orientation. 

In order to verify that Pax9 was expressed from this construct, the pPyCAGPax9IP 

vector was transiently transfected into COS-7 cells. Forty-eight hours post 

transfection the cells were lysed in TRIzol. RNA was isolated and reverse transcribed 

into cDNA, which was subsequently used in a PCR reaction to determine relative 

levels of Pax9 and β-actin (Figure 5.6 A). β-actin is a housekeeping gene that is 

constitutively expressed in all tissues and was used as a measure of cDNA integrity 

and as a loading control. Transfection with pPyCAGGFPIP was used to measure 

transfection efficiency and as a positive control. A no transfection control, no 

superscript control and water only control were also included. As can be seen in 

Figure 5.6 A, Pax9 expression was detected, confirming over-expression of Pax9 in 

COS-7 cells.  

To produce a COS-7 cell line stably over-expressing Pax9 (COS-7-Pax9), 15x105 

COS-7 cells were plated in a 10cm plate in 15ml growth medium. Prior to 

transfection, the vector was linearised with PvuI to ensure the open reading frame 

(ORF) of Pax9 remained intact. PvuI does not cut within the Pax9 sequence but cuts 

once in the backbone of pPyCAGPax9IP at position 6128, within the Ampicillin 

resistance gene. Hence, the PvuI-digested pPyCAGPax9IP vector was ethanol 
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Figure 5.6 Pax9 expression in COS-7 cells. (A) RT-PCR analysis of Pax9 expression in 
COS-7 cells. COS-7 cells were transiently transfected with the pCAGPax9IP or pCAG-
GFPIP over-expression constructs. After incubation for 48 hours, cells were harvested, 
RNA was extracted and resulting cDNA was used to check for Pax9 or GFP expression. 
β-actin was used as a loading control. Lanes show products corresponding to full length 
Pax9 (1053bp), GFP (218bps) and β-actin (206bps). Water only controls were run for 
each sample. A -RT control was also run in parallel for each sample (data not shown) 
which were all negative, indicating no amplification from potential gDNA contamination. 
(B) QRT-PCR analysis of Pax9 expression in COS-7 cells relative to human Ribosomal 
Protein S18 (hRPS18). COS-7 cells were transfected with the pCAGPax9IP over-
expression construct and 19 stable COS-7-Pax9 lines were derived. The lines exhibited 
varied Pax9 expression due to integration effects. Clone 2 and clone 18 were used for 
future experiments (*). Error bars are the standard deviation of 2 biological replicates and 
2 technical replicates. NTC represents the no transfection control and thus exhibits no 
Pax9 expression.
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precipitated and transfected into COS-7 cells. Cells were harvested twenty-four hours 

post transfection and serially diluted into 10cm plates. Serial dilutions of undiluted, 

1:2, 1:4 and 1:8 were plated. The following day, 1.5µg/ml puromycin was added to 

the medium to select for positive clones. Ten days following transfection, nineteen 

colonies were picked, expanded and frozen down. Quantitative real-time PCR (QRT-

PCR) was used to measure the expression level of Pax9 relative to human ribosomal 

protein S18 (hRPS18) in the individual clones (Figure 5.6 B). The expression level of 

Pax9 across the nineteen clones varied greatly, which is most likely due to the 

pPyCAGPax9IP vector being randomly integrated into the genome of the COS-7 

cells and therefore subject to different positional effects and copy number. Clone 2 

(A8) and clone 18 (E6) were chosen for future experiments since A8 exhibited the 

highest expression of Pax9 and the expression in E6 was 2-fold less. 

 

5.2.3 Design and analysis of Pax9 shRNAs 

The next step was to design and test Pax9 specific small interfering RNAs (siRNAs). 

The Pax9 siRNAs were designed using Dharmacon siDesign centre that uses a 

SMART selection design algorithm, which incorporates well-defined search criteria 

to identify optimal and functional siRNA sequences. Seven siRNAs were designed, 

five of which bound within the paired box domain (10-393nt of the ORF) of Pax9 

and two siRNAs which bound within the paired box domains of both Pax9 and Pax1. 

A non-specific scrambled siRNA was also designed as a control. The scrambled 

siRNA has the same nucleotide composition as shRNA1 but underwent scrambling 

and siRNA filtering and was shown not to match any mRNA in the mouse database. 

The siRNA 5’ to 3’ sequences, and their positions within the paired box domain of 

Pax1 and Pax9, are shown in Figure 5.7 A. Once the siRNAs were designed, the 

shRNA structure was designed. A schematic representation of the shRNA design, as 

well as the exact sequences of two oligonucleotides that encode for shRNA1, 

predicted to mediate effective RNAi against mouse Pax9, is displayed in Figure 5.7 

B and C, respectively. Each shRNA consisted of an Asp718 5’ overhang, followed by 

a 19nt sense strand, a 9nt hairpin (TTCAAGAGA), the 19nt antisense strand, a 5x T 
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Pax1/Pax9 siRNA 1 TCCTGGCGCGCTACAACGA 422-440 (Pax1), 167-185 (Pax9)
Pax1/Pax9 siRNA 2 GACAAGTACAACGTGCCCT 592-610 (Pax1), 337-355 (Pax9)  
Scrambled siRNA GGCGTCGAATCCTTGTGAT -

Sequence 5' to 3'Name of siRNA Position

Figure 5.7 siRNA and shRNA design (A) Table showing the five sense strand siRNA 
sequences (Pax9 siRNA 1-5) predicited to knock down Pax9, two siRNA sequences 
(Pax1/Pax9 siRNA 1-2) predicted to knock down both Pax1 and Pax9, and a non-
specific scrambled siRNA control. The position indicates where in the Pax9 coding 
sequence (or Pax1 coding sequence) the siRNA binds. (B) Schematic representation of 
the shRNA design. Each shRNA consists of a 19nt siRNA sense strand, 9nt hairpin 
loop, a 19nt siRNA antisense strand and a 5xT termination signal. shRNA expression 
is controlled by the H1 tetO promoter (black arrow). (C) shRNA design for Pax9 
shRNA1. Each shRNA is flanked by a 5’ Asp718 overhang and a 3’ XbaI overhang.

Sense Loop Antisense Term. 
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termination signal (TTTTT) and a 3’ XbaI overhang. The 5’-3’ oligonucleotide 

sequences for all of the shRNAs are listed in Table 2.3 (Chapter 2).  

The next step was the generation of shRNA expression vectors so that the knock 

down potential of the shRNAs could be validated. Before the shRNA expression 

vectors could be constructed, 11.25pmoles of sense and antisense shRNA 

oligonucleotides for each shRNA were annealed, as described in Chapter 2, resulting 

in shRNAs with Asp718 and XbaI overhangs. Originally, the shRNAs were going to 

be ligated into the pcDNA3.1 vector through directional Asp718 and XbaI cloning. 

However, the strategy was later changed and hence the oligonucleotides were blunt-

end cloned into the pH1tet-flex vector (Figure 5.8 A). The pH1tet-flex vector 

consists of the human H1 promoter with a tet-operator (tet-O) and cloning sites 

(BsbI/XhoI) for the insertion of the shRNA. 1µg of pH1tet-flex vector was digested 

with BbsI and XhoI, run on a 1% agarose gel, gel extracted and blunted. The vector 

backbone (3278bp) was then dephosphorylated and purified before being set up in a 

ligation reaction with the annealed, blunted shRNA oligonucleotides (57bp). The 

ligation reactions were subsequently transformed into competent TOP10 cells. Five 

of the resulting clones for each shRNA were picked and the plasmid isolated and 

sequence-verified using the ORNA48 forward and M13 reverse sequencing primers 

(Table 2.4). One out of five clones for the Pax9 shRNA1-4 were positive, three out 

of five for the Pax9 shRNA5, and two out of five for the scrambled shRNA and the 

two Pax1/9 shRNAs. The positive clones were re-transformed and maxiprep stocks 

were made. Maxipreps were re-sequenced to ensure stability of the shRNAs.  

To test the knock down efficiency of the shRNAs, shRNA expression vectors were 

transiently transfected into COS-7-Pax9 cells in 6-well plates. Initial transfections 

resulted in high levels of cell death, so in order to maximize expression levels of 

Pax9 but to minimize cytotoxicity of the cells following transfection, the transfection 

protocol was optimized using various DNA (µg):Lipofectamine 2000 (µl) ratios. A 

ratio of 1:2, consisting of 3µg of DNA with 6µl of Lipofectamine 2000 in 500µl 

growth medium was found to be optimal through analysis of GFP expression. An 

average transfection efficiency of 56% was achieved, whilst keeping cytotoxicity to a 

minimum. As well as the seven Pax9-specific shRNA expression vectors, a non-
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Figure 5.8 Generation of the shRNA exchange vector. (A) The Pax9 specific shRNAs and 
non-specific scrambled shRNA were inserted into the pH1tet-flex construct through blunt-
end cloning at the Bsb1 and XhoI sites. The shRNAs are expressed under the control of the 
H1-tetO promoter. (B) The optimal Pax9 shRNA and the non-specific scambled shRNA were 
then inserted into the Pinv2 Rosa26 exchange vector through directional cloning with MfeI 
and AscI or MluI overhangs, creating the shRNA exchange vector. MluI, although it recog-
nizes a different sequence to AscI, digests the DNA to leave the same GCGC 3’ overhang. 
Location of the ORNA48 F and ORNA46 R sequencing primers are indicated (red line).
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effective, scrambled shRNA control, a vector (pH1tet-flex) only control, a no 

transfection control (NTC), a Lipofectamine only control and pPyCAGGFPIP 

positive control were transfected in parallel. The pPyCAGGFPIP was used to 

measure the transfection efficiency by flow cytometric analysis, in order to permit 

calculation of the percentage knock down efficiency of the shRNAs. Thus, 

lipofection was carried out as above and the degree of knock down of Pax9 mRNA 

was quantified by qRT-PCR in cells harvested 48hrs post transfection. Pax9 

expression was measured relative to the hRPS18 and data were normalized against 

the scrambled control shRNA (Figure 5.9 A). The first analysis was carried out in 

clone 18 (E6), in which a transfection efficiency of 55% was achieved. The second 

was carried out in clone 2 (A8), with a transfection efficiency of 57%. Results 

displayed in Figure 5.9 A are the average of these two biological replicates and two 

technical replicates. As can be seen, shRNA2 exhibited a marked decrease in Pax9 

expression while the scrambled and vector only controls maintained stable levels of 

Pax9 expression. To determine the percentage knock down of Pax9 expression the 

following formula was used (for a more detailed account of how the following 

equation was derived, see Appendix): 

 

% knock down = 100% - ((C ÷ E) x 100))    where C = (A - DE) ÷ B  

A = Total Pax9 expression in well 

B = % transfected cells 

C = Amount of Pax9 expression in transfected cells 

D = % untransfected cells 

E = Amount of Pax9 expression in untransfected cells 

 

The percentage knock down of Pax9 expression relative to hRPS18 and normalised 

to the scrambled control for each Pax9 shRNA, the scrambled shRNA and vector 

only is shown in Figure 5.9 B. Pax9 shRNA2 had the highest knock down efficiency, 

at 92%±5%. Interestingly, shRNA1, which differs in sequence to shRNA2 by only 



Figure 5.9 Pax9 shRNA knock down analysis.

See following page.

shRNA knock down of Pax9 mRNA in COS-7-Pax9 cells was quantified by real-time 
PCR relative to human Ribosomal Protein S18 (hRPS18). (A) COS-7-Pax9 cells were 
transiently transfected with 3μg of Pax9 targeting shRNAs, a non specific scrambled 
shRNA or vector only for 48hrs, following which cells were harvested, RNA 
extracted and processed for QRT-PCR anaysis. The level of Pax9 expression is shown 
relative to hRPS18 and normalised to the scrambled control shRNA. (B) Shows data 
presented in (A) expressed as percenage knock down of Pax9 expression relative to 
hRPS18 and normalised to the scrambled control shRNA. Error bars show the standard 
deviation of 2 biological replicates (clone 2 (A8) and clone 18 (E6)) and 2 technical 
replicates. Pax9 shRNAs (1-5), Pax1/9 shRNA1 (6), Pax1/9 shRNA2 (7), scrambled 
shRNA (8) and vector control (9).
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Figure 5.9 Pax9 shRNA knock down analysis. For legend, see previous page.
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2bp, had the second highest knock down efficiency at 70%±8%. The Pax9 knock 

down efficiencies of shRNA Pax1/91 and shRNA Pax1/92 were 59%±18% and 

54%±9%, respectively. Equivalent knock down efficiencies are yet to be determined 

for Pax1, however preliminary data from Western analysis of Pax1 protein reveals a 

similar level of knock down (data not shown). The Pax9 shRNA3, shRNA4 and 

shRNA5 exhibited knock down efficiencies of 7%±20%, -5%±7% and 17%,±6% 

respectively and were considered non-effective against Pax9. 

To further evaluate the knock down potential of shRNA2, COS-7-Pax9 cells were 

transiently transfected with 1.5µg, 3µg or 6µg of the shRNA2 or scrambled shRNA 

vector in 6µl of Lipofectamine 2000. The results represent two biological replicates 

(one carried out in COS-7-Pax9 clone E6 and the other in COS-7-Pax9 clone A8) 

performed in duplicate. As can be seen in Figure 5.10, the knock down by Pax9 

shRNA2 was concentration-dependent, confirming specificity. The non-specific 

scrambled shRNA control maintained consistent levels of Pax9 expression, 

indicating that the observed decrease in Pax9 expression by the Pax9 shRNA2 was 

mediated by RNAi and was not due to non-specific effects on gene expression 

caused by introducing a shRNA. In addition to this, the empty vector (containing no 

shRNA) and Lipofectamine only controls allowed analysis of the transfection 

procedure and transfection reagent themselves, and whether they were causing 

cytotoxicity or other non-specific effects to the cells. There was limited cell death in 

the Lipofectamine only control, and the vector only control maintained relatively 

consistent levels of Pax9 expression as well. 

 

5.2.4 Design and implementation of the RMCE strategy for the 
insertion of a Pax9 shRNA into the Rosa26 locus of Pax1-/- 
ES cells 

 

5.2.4.1 Introduction: the RMCE system 

In order to introduce the optimal Pax9 specific shRNA and non-specific scrambled 

shRNA into a defined site in the genome by homologous recombination in ES cells, a 
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Figure 5.10 Pax9 shRNA knock down analysis. The knock down potential of Pax9 
shRNA2 was further evaluated through analysis of concentration dependent knock 
down of Pax9 by shRNA2. COS-7-Pax9 cells were transiently transfected with 1.5μg, 
3μg and 6μg of Pax9 targeting shRNA2, non-specific scrambled shRNA or vector only 
for 48 hours and analysed for the level of Pax9 expression relative to hRPS18. Error 
bars show the standard deviation of 2 biological replicates (clone 2 (A8) and clone 18 
(E6))  and 2 technical replicates. NTC; no transfection control.
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recombinase-mediated cassette exchange (RMCE) system was obtained and 

employed (Seibler et al., 2007; Seibler et al., 2005). This system comprises the PTT5 

Rosa26 targeting vector and the Pinv2 Rosa26 exchange vector (Seibler et al., 2007; 

Seibler et al., 2005) (Figure 5.11). The PTT5 Rosa26 targeting vector consists of a 

splice acceptor site (SA) and an ATG start codon for expression of the truncated 

neomycin resistance gene (Neo-pA) on the exchange vector following RMCE. 

Zoanthus sp. green fluorescent protein (Zsgreen) is included for the identification of 

targeted cells, a PGK hygromycin resistance gene (PGK-HygR) for selection of 

targeted cells with hygromycin B and a CAGGS (combination of the chicken beta-

actin promoter and cytomegalovirus immediate-early enhancer) driven flippase 

recombination enzyme (CAGGS-Flpe) for constitutive expression of Flpe 

recombinase, which helps to avoid incomplete recombination intermediates. It also 

comprises 5’ and 3’ Rosa26 homology arms for the site-specific insertion into the 

Rosa26 locus of mouse ES cells.  

The Pinv2 Rosa26 exchange vector consists of a truncated neomycin resistance gene 

(Neo-pA) whose expression is mediated by the endogenous Rosa26 promoter 

following successful RMCE and is therefore used for positive selection of RMCE 

with neomycin (G418). The upstream poly(A) signal (pA) is included to prevent 

neoR gene expression in ES cells carrying randomly integrated vectors. There is also 

an inducible form of the RNA polymerase III dependent human H1 promoter, which 

is used to drive shRNA expression, followed by a multiple cloning site, for the 

insertion of shRNAs. This hybrid H1 promoter, in which 19bp of its sequence from 

positions -23 to -5 relative to the transcription start site (which are known to be 

dispensable for promoter activity) are replaced with the sequence encoding the Tet 

operator (TetO), allows temporally controlled expression of the shRNA. Finally, 

there is a Tetracycline repressor (hTetR) under the control of a CAGGS promoter 

(CAGGS-hTetR) such that it is constitutively transcribed. This is a codon-optimised 

version of the TetR (iTetR), which has been shown to reduce residual shRNA 

activity in the absence of the induction agent, doxycycline (Seibler et al., 2007). The 

whole cassette of the PTT5 and Pinv2 vector are flanked by Flp recognition target 

sites; the wild type FRT site and the inverted F3 site. Since recombination between 
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Figure 5.11 RMCE targeting system for the Rosa26 locus. (A) The PTT5 Rosa26 targeting 
vector consists of zsgreen, PGK-HygR, CAGGS-FLPe, and Rosa26 homology arms for site-
specific insertion via homologous recombination. X marks the insertion point within the 
Rosa26 locus. Insertion of the targeting vector into the Rosa26 locus gives rise to a modified 
locus, Rosa26(RMCE). (B) The Pinv2 exchange vector consists of the truncated NeoR gene for 
positive selection following successful RMCE and the Pax9 shRNA under the control of the 
H1-tetO promoter. Flpe-mediated cassette exchange between the FRT and F3 sites, of the 
Pinv2 exchange vector and Rosa26(RMCE) locus, gives rise to the Rosa26(RMCE 
exchanged) locus. Restriction sites H; HindIII and E; EcoRV were used to digest gDNA from 
targeted ES cells for Southern blot analysis. Location of the 5’ and 3’ probes are indicated by 
-. Adapted from Seibler et al, 2005.
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FRT and F3 sites is not catalysed by Flpe (Seibler and Bode, 1997), the transgene is 

stable in the presence of Flpe, unless a RMCE fragment containing FRT and F3 sites 

is introduced in which case RMCE occurs. 

The system works by first inserting the PTT5 Rosa26 targeting vector into the 

Rosa26 locus of ES cells via homologous recombination, producing the 

Rosa26(RMCE) locus (Figure 5.11 A). This is followed by a second targeting step in 

which the Pinv2 Rosa26 exchange vector containing the shRNA of interest is 

transfected into the ES cells containing the Rosa26(RMCE) locus. Flpe recombinase-

mediated cassette exchange between the FRT and F3 sites of the Pinv2 exchange 

vector and Rosa26(RMCE) locus, generates the Rosa26(RMCE exchanged) allele 

within the ES cells (Figure 5.11 B). These cells then have the ability to express 

shRNA upon addition of the inducer doxycycline. The RMCE targeting system for 

the Rosa26 locus is illustrated in Figure 5.11. There are many advantages to using 

this system. Introduction of the construct into a known genomic locus, Rosa26, rather 

than by random transgenesis ensures ubiquitous expression of shRNAs. It also 

minimises variability between experiments by removing variation in positional 

effects and copy number. Locus specific gene integration also gives precise and 

consistent control of the transgene, improving reproducibility of results. The system 

is also inducible and reversible, allowing temporal control of ubiquitous shRNA 

expression in mice. Since the repressor is constantly being expressed it binds the 

operator and blocks transcription (Figure 5.12 A). On addition of the inducer 

doxycycline at the appropriate concentration (20µg/µl) and time point, the TetR is 

inhibited which allows activation of the TetO and subsequently transcription of the 

shRNA (Figure 5.12 B). One benefit to this temporal control of gene inactivation is 

the prevention of impaired embryonic development until the time of induction, which 

is ideal since Pax9-/- mice die shortly after birth.  

This model for the inducible and reversible analysis of gene function in mice has 

been tested in a type 2 Diabetes mouse model where insulin receptor (INSR)-specific 

shRNAs were used to modulate the onset and degree of insulin resistance (Seibler et 

al., 2007). Using this model, they demonstrated a high targeting efficiency (≥90%) of 

the transgene using the RMCE system. They also showed up to 90% shRNA-
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Figure 5.12 Schematic representation of the mechanism of RMCE. (A) Constitu-
tive expression of the Tet repressor under the control of the CAGGS promoter leads 
to binding of the repressor to the operator, blocking Pax9 shRNA expression. (B) 
Upon addition of doxycycline, which binds to the Tet repressor, the polymerase can 
now bind the operator leading to transcription and hence expression of Pax9 shRNA. 
The system is both inducible and reversible upon addition and removal of doxycy-
cline.
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mediated insulin knock down in seven different organs within 10 days of 20µg/ml 

doxycyline treatment, and upon removal of doxycycline from the drinking water, 

serum insulin started to decline after 7 days and returned to normal levels after 14 

days, confirming that the promoter is both inducible and reversible (Seibler et al., 

2007). This organ-specific pattern of gene silencing has been proven to be highly 

reproducible using different reporter targets such as luciferase and β-galactisidase 

(Seibler et al., 2005). They have also reported the rapid generation of transgenic mice 

(within 3 months) by using this RMCE system in conjunction with tetraploid embryo 

complementation (Seibler et al., 2007). In one such study 8-17% of transferred 

tetraploid blastocysts, that had been injected with hybrid ES cells that had previously 

undergone three transfection rounds and two drug selections, developed into live 

born pups (Seibler et al., 2003). Thus, the robustness, reproducibility and inducible 

and reversible nature made this an ideal RMCE system for the analysis of Pax1 and 

Pax9 gene function in mice. 

 

5.2.4.2 Generation of the Rosa26(RMCE) locus by insertion of the 
PTT5 Rosa26 targeting vector into Pax1-/- ES cells 

In order to employ this system to produce transgenic mice that upon induction 

express Pax9 shRNA on a Pax1-/- background, the PTT5 Rosa26 targeting vector 

was inserted into the Rosa26 locus of Pax1-/- ES cells by homologous recombination, 

as described in Chapter 2 (2.6.11.2 Transfection of Pax1-/- ES cells, p61). Care was 

taken to minimise the number of passages during this process. The gDNA of 

individual hygromycin-resistant colonies was extracted and Southern blot analysis of 

the EcoRV-digested gDNA was carried out using a Rosa26-specific 5’ and 3’ probe. 

The Rosa 5’ probe bound a 11.7kb band for the WT allele and a 2.5kb band for the 

targeted allele (Rosa26(RMCE)) (Figure 5.13 A). The same blot was stripped and re-

probed with the Rosa 3’ probe, resulting in an 11.7kb band for the WT allele and a 

10.5kb band for the targeted allele (Rosa26(RMCE)) (Figure 5.13, B). 

Targeting of the Pax1-/- ES cells with the PTT5 construct was carried out three times, 

and an average targeting frequency of 58% was achieved. However, subsequent 



Figure 5.13 Southern blot analysis of gDNA from targeted Pax1-/- ES cells (round 
3). 

See following page.

(A) Rosa 5’ Southern for the detection of insertion of the PTT5 Rosa26 targeting 
vector into the Rosa26 locus. gDNA was digested with EcoRV. The sizes of the wild 
type (wt) and Rosa26(RMCE) alleles are 11.7kb and 2.5kb, respectively. Targeting 
efficiency was 54%. Clone 16 (MK3E1), 17 (MK3D7), 35 (MK3C2) and 38 
(MK3A5) were tested for germline transmission (downward arrow). (B) Equivalent 
Rosa 3’ Southern. The sizes of the wt and Rosa26(RMCE) alleles are 11.7kb and 
10.5kb, respectively. (C) Rosa 5’ Southern for detection of RMCE between the Pinv2 
exchange vector and the Rosa26(RMCE) locus. gDNA was digested with HindIII. 
The sizes of the wt, Rosa26(RMCE) and Rosa26(RMCE exchanged) alleles are 
4.4kb, 3.9kb and 5.8kb, respectively. Targeting efficiency was 68%. In clones 2-4, 
8-16, 19 and 22-23 successful RMCE has occured. Clones were derived from target-
ing the shRNA2 and scrambled shRNA seperately into the Pax1-/- cell line MK3C2 
(clone 35) from (A). Clones therefore contain either the Pax9 specific shRNA2 or the 
non-specific scrambled shRNA. Binding position of the Rosa26 5’ and 3’ probe on the 
Rosa26 locus and location of the EcoRV and HindIII sites within the Rosa26 locus 
and targeting vectors, used to digest the gDNA, are indicated in Figure 5.11.
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3). For legend, see previous page.
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injections of the ES cells into C57BL/6 blastocysts resulted in weak or no chimeras. 

Results of the targeting and subsequent blastocyst injections were as follows: Round 

one yielded five out of eight positive clones, giving a targeting efficiency of 63%. 

Two clones, MK3H3 and MK3G9, were selected and injected into WT C57BL/6 

blastocysts, resulting in six chimaeras each. However there was no germline 

transmission following test crosses with WT C57BL/6 mice. Round two yielded 

seven out of twelve positive clones giving a targeting efficiency of 58%. Two clones, 

MK3A2-2 and MK3A8-2, were selected and injected into C57BL/6 blastocysts, 

resulting in one weak chimaera. Again there was no germline transmission following 

a test cross. These cells were also used in morula-aggregations. Six to eight ES cell 

colonies were incubated with C57BL/6 E2.5 morula stage embryos overnight and 

transferred into a surrogate mother the following day. For clone MK3A2-2, forty-

nine embryos were transferred and thirty-four pups were born and for MK3A8-2, 

fifty-six embryos were transferred and thirty-nine pups were born. Following 

genotyping, all mice were WT for Pax1 and again germline transmission was not 

demonstrated. Finally, round three yielded twenty-two out of forty-one positive 

clones, giving a targeting efficiency of 54% (Figure 5.13 A and B). Four clones, 

MK3E1, MK3D7, MK3A5 and MK3C2 were then injected into C57BL/6 blastocysts 

resulting in nineteen weak chimaeras, exhibiting only a few patches of brown hair. 

Again there was no germ line transmission following test crosses. 

 

5.2.4.3 Generation of the Rosa26(RMCE exchanged) locus by Flpe 

recombinase-mediated cassette exchange between the 
Pinv2 exchange vector and Rosa26(RMCE) locus. 

The second step of the RMCE system was the insertion of the Pinv2 Rosa26 

exchange vector into the Rosa26(RMCE) locus of the PTT5 targeted Pax1-/- ES cells 

via Flpe recombinase-mediated cassette exchange, generating the Rosa26(RMCE 

exchanged) allele. To complete the Pinv2 Rosa26 exchange vector prior to targeting, 

the shRNA expression cassette within the pH1tet-flex vector, containing either the 

optimal Pax9 specific shRNA (shRNA2) or non-specific scrambled shRNA, was 
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cloned into the multiple cloning site (mcs) of the Pinv2 Rosa26 exchange vector 

(Figure 5.8 B). 5µg of pH1tet-flex vector containing either the Pax9 shRNA2 or 

scrambled shRNA were digested with MfeI and AscI. In parallel, 5µg of Pinv2 

Rosa26 exchange vector was digested with MfeI and MluI to linearise the vector. 

MluI, although it recognizes a different sequence to AscI, digests the DNA to leave 

the same GCGC 3’ overhang. Samples were run on a 1% agarose gel and the 

appropriate bands, Pinv2 (8164bp) and H1-TetO-Pax9shRNA2 and H1-TetO-

scrambledshRNA inserts (464bp), excised and purified. The Pinv2 exchange vector 

backbone was dephosphorylated and subsequently ligated with the H1-TetO Pax9 

and scrambled shRNA expression cassettes. Ligation reactions were transformed into 

max efficiency competent cells and plated. Five colonies of each vector were picked, 

grown up, isolated and purified and sequenced using the ORNA48 forward and 

ORNA46 reverse sequencing primers (Table 2.4, Chapter 2).  

Electroporation of the Pinv2 Rosa26 exchange vectors, carrying either the Pax9 

shRNA or scrambled shRNA, into the Rosa26(RMCE) locus of Pax1-/- ES cells was 

carried out, using clone 35 (MK3C2) from round three of targeting. Flpe-mediated 

cassette exchange between the FRT and F3 sites of the Rosa26(RMCE) allele of 

Pax1-/- ES cells and the Pinv2 Rosa26 exchange vectors generated the 

Rosa26(RMCE exchanged) locus, and positive clones were selected in G418. Seven 

clones were selected carrying the shRNA2 and sixteen clones selected carrying the 

scrambled shRNA. Following gDNA extraction of these twenty-three individual 

clones and Southern blot analysis with HindIII digested gDNA and the Rosa26-

specific 5’ probe, fifteen clones were identified as correctly targeted with the 

exchange vector giving a targeting efficiency of 68% (Figure 5.13 C). Of these 

fifteen positive clones, four contained the Pax9 shRNA2 and eleven contained the 

scrambled shRNA. This proved that the Flpe recombinase-mediated cassette 

exchange was successful. 

 



Molecular Regulation of Thymic Epithelial Lineage Specification 

Chapter 5  238 

5.3 Discussion 

The molecular mechanism underlying specification of the thymus remains unknown. 

However, the results from the work conducted in Chapter 3 and Chapter 4 of this 

thesis establish that Pax1 and Pax9 are both required for the regulation of Foxn1, 

with a potential role in specification of thymic epithelial lineage cells, however this 

remains to be established. The aim of this study was therefore to produce a strategy 

for knocking down Pax9 in vivo in a Pax1-/- background at critical time points during 

embryo development, to assess whether thymic epithelial lineage cells can arise or 

are arrested and to study their effect on the level of Foxn1 expression. The strategy 

taken utilised a RMCE system in conjunction with shRNA technology. This robust 

recombination system provides a novel approach for the efficient knock down of 

defined genes in vivo, which is both inducible and reversible (Seibler et al., 2005). 

However, before this method could be employed, a great deal of preparation was 

required in order to attain the various components required for the system to be 

effective and for the production of Pax1/Pax9 knockdown mice. 

 

5.3.1 Knock down of Pax9 gene function 

In order to analyse the potential of the designed shRNAs to knock down Pax9, a cell 

line expressing Pax9 was required. No available cell line expressed Pax9, and 

therefore it was appropriate to create a cell line stably over-expressing Pax9. Thus, 

COS-7 cells were transfected with the pPyCAGPax9IP expression vector, and 

subsequent selection of positive clones resulted in stable clones exhibiting varying 

levels of Pax9 expression, providing a useful tool for analysing Pax9 shRNA 

knockdown in vitro.  

With the COS-7-Pax9 cells in place, shRNAs predicted to knock down Pax9 could 

be analysed and an shRNA that exhibited 92% knock down of Pax9 in vitro 

(shRNA2) was identified. The non-specific scrambled shRNA and empty vector 

were included in the study to control for off target effects and procedural effects, 

respectively. Transient transfection of these control vectors into the cells had little or 

no effect on the level of Pax9 expression. This provided satisfactory evidence that 
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the observed knock down of Pax9 mRNA by shRNA2 was due specifically to loss of 

gene function. However, it is important to remember that an shRNA validated in one 

set of experimental conditions may not show comparable knock down in a different 

set of conditions or more importantly the efficacy of silencing endogenously 

expressed mRNA may not correlate with exogenously expressed mRNA. Overall, 

testing the validity of the shRNAs in vitro was accomplished. 

 

5.3.2 The targeting strategy 

With an efficient anti-Pax9 shRNA designed and tested, focus was drawn to the 

targeting strategy itself. By targeting into ES cells that are null for Pax1 with an 

inducible Pax9 shRNA cassette and injecting them into WT blastocysts, the resulting 

embryos had the potential to form Pax1/Pax9 double knock out mice. More 

importantly, the targeting system is inducible allowing knock down of Pax9 at 

distinct time points throughout development. Pax1-/- ES cells were derived as 

opposed to targeting into a standard ES cell line in order to save time breeding the 

mice to introduce the Pax1-/- phenotype, as well as providing a unique model for 

analysing gene function in vitro. Pax1-/- ES cells were generated, as opposed to Pax9-

/- ES cells, as the phenotype of the null mice is less severe. Pax9-/- mice are 

perinatally lethal and hence analysis beyond birth would have been unattainable.  

As described earlier in this Chapter, the derived Pax1-/- ES cells were germline 

competent and the contribution of the ES cells to resulting chimeras was extremely 

high such that the genotyping of the mice indicated homozygosity for Pax1. It was 

thus hopeful that subsequent targeting into these cells would be successful. However, 

upon targeting with the PTT5 Rosa26 targeting vector, resulting chimaeras were 

extremely weak with extremely low contribution of ES cells and no germline 

transmission was observed following a test cross with WT C57BL/6 mice. There are 

many possible reasons for this result, however when generating a chimaeric mouse 

using targeted mouse ES cells the most important factor is maintaining the ES cells 

in a pluripotent state. Therefore, to help maintain pluripotency ES cells must be of 

low passage number, have a high incidence of euploidy and be mycoplasma-free. 

With regards to passage number, selection against germline competent cells 
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following electroporation and subsequent passaging of the individual clones could 

occur. In this case, ES cells went through four rounds of passaging during derivation 

and a further four passages during the first round of targeting, before being frozen 

down. Before blastocyst injections were carried out, cells were thawed and went 

through a further two passages resulting in a total of ten passages. Although passage 

10 is considered low, it is still possible that conditions during culturing selected 

against the germline competent cells and hence resulted in poor level chimeras. With 

regards to chromosome number, prior to injection the clones underwent karyotyping. 

A total of ten spreads per clone were analysed and all clones selected for injection 

had greater than 80% euploidy, in this case for each clone more than 80% of cells 

contained forty chromosomes. In relation to mycoplasma testing, the parental line 

and recombinant clones were all mycoplasma-free.  

Another important factor is the condition of the cells and the embryos during the 

injections. Upon blastocyst injection the condition of the cells and embryos was 

noted, and the injections and transfers were given a score out of 3. In general, the 

cells always exhibited a good appearance with some differentiation and upon 

trypsinisation the cells rounded off quickly. Flushed embryos were usually at the 

right E3.5 blastocyst stage, however on two occasions the embryos were described as 

‘floppy’. On average 40 embryos were injected and transferred and all transfers were 

noted as going extremely well. Furthermore, while the Pax1-/- ES cells were derived 

in N2B27 media that was serum-free, cells were subsequently passaged in GMEM 

containing FCS. The serum may have affected the germ-line competence of the ES 

cells. Taking all these factors into account, it is most likely that the cells lost their 

pluripotency during sequential passaging.  

Having failed to demonstrate germline transmission of the PTT5 targeted Pax1-/- ES 

cells, one final consideration is that the Pax1-/- ES cells are on a mixed C57BL/6 x 

129 background and it would be worth trying a tetraploid complementation assay to 

generate PTT5 and Pinv2 targeted Pax1-/- ES cell-derived mice. This would involve 

taking an embryo at the two-cell stage and producing a tetraploid embryo by 

electrofusion, injecting the tetroploid blastocyst with the targeted Pax1-/- ES cells and 

transferring the composite embryos into a surrogate mother. Tetraploid cells can give 



Molecular Regulation of Thymic Epithelial Lineage Specification 

Chapter 5  241 

rise to extraembryonic tissue, however a foetus rarely survives. Thus, injecting a 

tetraploid embryo with diploid ES cells allows the embryo to develop normally with 

the foetus being derived entirely from the ES cells. It is understood that inbred ES 

cell lines are less likely to generate ES-cell derived mice using this method, and thus 

hybrid background ES cell lines such as C57BL/6 x 129, which is the genetic 

background of the derived Pax1-/- ES cells, are far more reliable, making this method 

extremely appealing in this instance. In addition to this, the fact that the contribution 

of the ES cells to the mouse is 100% means that the resulting chimera would be 

Pax1-/-, unlike with standard blastocyst injections where the contribution of ES cells 

is variable. Therefore, the requirement for further breeding to achieve the Pax1-/- 

background is eliminated. Encouragingly, a recent study that used tetraploid embryo 

complementation showed that 8-17% of transferred tetraploid blastocysts, that had 

been injected with hybrid ES cells that had previously undergone three transfection 

rounds and two drug selections, developed into live born pups (Seibler et al., 2007; 

Seibler et al., 2003). Failing this, it may be worth re-deriving the Pax1-/- ES cells into 

serum-free media to remove the potential effect of serum on the germ-line 

competence of the ES cells. Also, since Pax1-/- mice are fertile, crossing Pax1-/- mice 

would result in all progeny being Pax1 homozygous therefore reducing the number 

of embryos required for ES cell derivation and eliminating the need to genotype 

resulting cell lines.  

Targeting of the Pax1-/- ES cells with the PTT5 targeting vector followed by 

targeting of the Pinv-2 exchange vector via RMCE has proven successful, as shown 

by the Southern blot analysis of positive clones. In the future, following germ-line 

transmission and effective production of Pax1/Pax9 knock down mice, the 

expression of the Pax9 shRNA and scrambled shRNA via addition of doxycycline 

will need to be validated, in particular, the percentage knockdown of Pax9 relative to 

a WT mouse equivalent. Off target effects will be measured by analysing the general 

phenotype and expression levels of Pax9 in mice expressing the non-effective 

scrambled shRNA. Once this has been assessed, and providing the level of Pax9 

knock down is at an acceptable level and there are no off target effects, analysis of 

the effect of these genes on thymic epithelial lineage specification and Foxn1 levels 

can be implemented. Mice with a Pax1-/- genotype that carry the targeted cassette at 
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the Rosa26 locus would be set up. Following plug check, the mice would be 

administered doxycycline in their drinking water at a pre-determined concentration 

to ensure knock down of Pax9, at the desired time point. Embryos at this time point 

would then be sacrificed, mounted in OCT and sectioned ready for staining. Levels 

of Foxn1 would then be analysed by immunofluorescence or in situ hybridisation, 

relative to a WT mouse of equivalent age, to see if suppression/loss of Pax1 and 

Pax9 in vivo results in reduced expression or absence of Foxn1. The time period 

selected for initial investigation would be from E10.5 to E11.5, as this is the point at 

which Foxn1 expression is initiated in cells of the 3PP. If it was observed that Foxn1 

levels were decreased or that Foxn1 was not initiated at this time point, it would be 

interesting to look at later times points such as E15.5 when Foxn1 expression is 

established to see if knocking down Pax1 and Pax9 blocks further differentiation of 

TECs by inhibiting Foxn1 expression. The question would then be is this effect 

direct or indirect.  

 

5.3.3 Summary 

The work presented in this Chapter has described the establishment of a targeting 

strategy for studying Pax1 and Pax9 gene function in mammalian embryos and mice 

using shRNA technology. Unfortunately, germline transmission was not achieved. 

However, with all the components in place, successful production of targeted mice in 

the future will provide insight into the role of these genes during specification of the 

thymic epithelial lineage and to further probe their regulation of Foxn1 in vivo. Since 

Pax1lacZ/lacZ, Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacZ/lacZ mutants die shortly 

after birth, these mice will allow analysis of the function of Pax1 and Pax9 in the 

postnatal thymus. Furthermore, targeted ES cells also provide a useful tool for 

studying the role of Pax1 and Pax9 in specification during ES-cell differentiation in 

vitro. 
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6 Concluding Remarks 

6.1 Summary of findings 

The work conducted and detailed in this thesis aimed to determine whether Pax1 and 

Pax9 have a role in thymic epithelial lineage specification and to assess whether 

these genes play a role in the regulation of Foxn1. 

 

6.1.1 Chapter 3 

The work described in Chapter 3 addressed the potential for functional redundancy 

between Pax1 and Pax9 during thymus organogenesis. This involved morphological 

and structural analysis of the compound mutants of Pax1 and Pax9 to determine if a 

more severe phenotype resulted in the mutants compared to those of Pax1unex/unex and 

Pax9lacZ/lacZ mutant mice. Consequently it was shown that prenatally, the location, 

size and structure of the thymus were affected in a gene dosage-dependent manner, 

consistent with the genes being functionally redundant. However, it did not rule out 

that Pax1 and Pax9 regulate independent pathways that are both required for normal 

thymus development. Most importantly, the double homozygote was found to be 

essentially athymic, with TECs apparently arrested in an progenitor cell-like state as 

shown by uniform staining of the thymic rudiment with the TEPC marker MTS24, 

and lack of staining with the TEC specific marker Foxn1, the TEC maturational 

marker MHC class II, and the T-cell marker CD45. This result establishes that 

functionally competent TE lineage cells cannot arise in Pax1unex/unexPax9lacZ/lacZ 

embryos and that Pax1 and Pax9 are required together for the initiation of Foxn1, 

and thus possibly TEC specification and differentiation.  

The work presented in Chapter 3 also showed that NC-derived mesenchymal staining 

in the Pax1/Pax9 mutant series, as depicted through ER-TR7 staining, was reduced 

in a gene-dosage-dependent manner such that the Pax1unex/unexPax9lacZ/+ and 

Pax1unex/unexPax9lacZ/lacZ mutant thymi completely lacked any mesenchymal 

structures. This highlighted the essential role for Pax1 and Pax9 in the condensation 

and patterning of the NC-derived mesenchyme. The gradual reduction of 
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mesenhcyme also appeared to correlate with the gradual loss of TEC structure, 

suggesting roles for these genes in the mesenchymal-epithelial crosstalk. 

Interestingly, this phenotype is also apparent in Foxn1 hypomorphs (Nowell et al., 

2011). 

Finally, postnatal analysis of the Pax1unex/+, Pax9lacZ/+, Pax1unex/+Pax9lacZ/+ and 

Pax1unex/unex mutant thymi revealed that the overt structure of all of these mutants 

was comparable to WT, apart from that of the Pax1unex/unex, which exhibited enlarged 

blood vessels throughout the medulla, indicating a role for Pax1 in the 

vascularisation of the thymus. 

 

6.1.2 Chapter 4 

The work presented in Chapter 4 examined the cellular and molecular basis for the 

data presented in Chapter 3, by using quantification of total cell number in 

combination with flow cytometry and QRT-PCR. Initially, analysis of the cellularity 

of thymic lobes from each mutant, compared to age-matched WT controls, revealed 

that total thymus cellularity was affected by loss of Pax1 and Pax9 in a gene dosage-

dependent manner. Flow cytometric analysis revealed that the proportion of TECs 

(EpCam+ cells) increased while the proportion of thymocytes (CD45+ cells) 

decreased with progressive loss of Pax1 and Pax9 alleles. While the proportion of 

TECs increases, the total number of TECs (EpCam+ cells) was unchanged in the 

Pax1unex/+, Pax9lacZ/+ and Pax1unex/+Pax9lacZ/+ mutants but was reduced in the 

Pax1unex/unex and was reduced even further in the Pax1unex/unexPax9lacZ/+ mutant thymi. 

Thus, a role for Pax1 and Pax9 in both TEC differentiation and thymocyte 

colonisation is evident. QRT-PCR analysis revealed that in the Pax9lacZ/+ mutant 

thymus there is a modest but significant up-regulation of Pax1 and conversely, in the 

Pax1unex/+ and Pax1unex/unex mutant thymi Pax9 is significantly up-regulated. This 

suggests that Pax1 and Pax9 either negatively regulate each other, or compete for the 

same factors. Taken together, these data provide support for the hypothesis that Pax1 

and Pax9 exhibit functional redundancy during thymus organogenesis.  

QRT-PCR analysis of Pax1, Pax9 and Foxn1 in WT TECs during thymus 

organogenesis (E12.5-E16.5) revealed that the expression profiles of these genes 
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were similar. Furthermore, analysis of Foxn1 expression in the Pax1unex/+, Pax9lacZ/+, 

Pax1unex/+Pax9lacZ/+, Pax1unex/unex and Pax1unex/unex Pax9lacZ/+ mutant thymi at E13.5 

and E15.5 revealed a gene dosage-dependent decrease in Foxn1, such that the 

Pax1unex/unexPax9lacZ/+ mutant thymus exhibited a significant 2-fold decrease in Foxn1 

expression. Taken together with the absence of Foxn1 expression in the double 

homozygote at E15.5, the data presented in this thesis establishes for the first time 

that Pax1 and Pax9 are involved in regulating Foxn1. 

In addition to Foxn1, other potential target genes of Pax1 and Pax9, that are known 

to play important roles during thymus organogenesis, were analysed by QRT-PCR. 

The results highlighted the essential role of Pax1 and Pax9 in three potential 

pathways during thymus organogenesis, involving TEC lineage specification, thymus 

vascularisation and mesenchymal-epithelial crosstalk. From these data three 

hypothetical models were predicted. The first predicts that Pax1 and Pax9 act in a 

network with Hoxa3 to specify TE lineage cells. The second suggests that Pax1 

negatively regulates Vegfa, providing a possible explanation for the enlarged blood 

vessels in the Pax1unex/unex postnatal thymus. The third describes a mechanism, 

involving Pax9, Bmp4, Fgf2 and FoxG1, implicated in mesenchymal-epithelial 

crosstalk during early thymus organogenesis.  

 

6.1.3 Chapter 5 

Having confirmed the importance of Pax1 and Pax9 for the initiation and regulation 

of Foxn1 expression, work in Chapter 5 describes the development of a transgenic 

mouse strategy to investigate the roles of these genes during thymus organogenesis 

and in the postnatal thymus. Since the number of naturally occurring 

Pax1unex/unexPax9lacZ/lacZ double homozygote mutants embryos from standard double 

heterozygote crosses is extremely low and that mice with two mutant alleles of Pax9 

die shortly after birth preventing postnatal analysis in these mutants, a system that 

knocks out both Pax1 and Pax9 in an inducible and reversible manner was essential.  

Thus, a Pax9 over-expression construct was made and used to generate a COS-7 cell 

line stably over-expressing Pax9, which in turn was used to quantify the percentage 

knock down achieved by different anti-Pax9 shRNAs. A Pax9 shRNA exhibiting 
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92% knockdown in vitro was achieved. In parallel, a Pax1-/- ES cell line was derived 

from blastocysts resulting from Pax1unex/+ matings and was subsequently sequentially 

targeted with a RMCE cassette and then an inducible anti-Pax9 shRNA cassette, 

such that Pax9 shRNA could be constitutively expressed upon addition of 

doxycycline. While all the components to this system are in place, the final targeted 

ES cells failed to give germline transmission following blastocyst injection, however 

methods such as tetraploid complementation have not been attempted.  

 

6.2 Future experiments 

In Chapter 3, it will be important to address functional redundancy between Pax1 

and Pax9 during thymus organogenesis. One method could be to compare Pax1 and 

Pax9 expression in the thymus of a WT verses a Pax1unex/unex and Pax9lacZ/lacZ mutant 

mouse. If normal Pax1 and Pax9 expression were found to exist in different 

epithelial cell populations, analysis of the mutant thymi would help to establish if the 

expression of these genes is ectopically expanded to compensate for loss of gene 

function. While the thymic rudiment of the Pax1unex/unexPax9lacZ/lacZ mutant was Plet-

1+ and lacked detectable Foxn1 staining, it is now essential to determine whether 

these cells are specified to the thymic epithelial lineage. This could be investigated 

through analysis of the double homozygote thymic rudiment at the E18.5 newborn 

stage, to ensure it has not progressed beyond that observed at E15.5. This is highly 

unlikely since the E15.5 thymic rudiment appears apoptotic, which should be 

validated through staining with an apoptotic marker such as caspase-8. Analysis of 

the thymic rudiment with markers specific for cortical and medullary thymic 

epithelial lineage cells, such as K5 and K8, and the early TEC-specific marker IL-7, 

would also be informative. It will also be interesting to carry out staining of the 

potential cervical thymus in the double mutant embryo to determine its significance. 

The localisation of Pax9 expression in the adult thymus of a Pax9lacZ/+ mouse should 

also be addressed, through co-staining with antibodies specific to the cortex, 

medulla, subcapsule and mesenchyme. Having postulated a model for the ectopic 

location of the thymus in the Pax9lacZ/lacZ, Pax1unex/+Pax9lacZ/lacZ, and 
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Pax1unex/unexPax9lacZ/lacZ embryos, it would be interesting to investigate this model 

through lineage tracing experiments. 

In Chapter 4, a number of potential target genes of Pax1 and Pax9 were highlighted. 

However, due to the complex structure of the thymus and the overlapping expression 

domains of these potential target genes, it will now be important to isolate the 

different thymic stromal cell populations of these mutants using flow cytometry and 

conduct QRT-PCR on these, to confirm that the observed trends are real changes in 

gene expression and not a reflection of proportional changes in thymic stromal 

subsets. While analysis of single thymic lobes was unsuccessful in the past, as the 

number of cells achieved following flow cytometry was extremely low (around 300 

TE cells), a new QRT-PCR system developed by Fluidigm is available and allows 

QRT-PCR analysis on very small amounts of cDNA and even single cells and could 

now be employed for this purpose.  

To address the proposed model for Pax9 acting on Bmp4 and Fgf2 during 

mesenchymal-epithelial interactions, it would be interesting to see if these genes 

exhibit overlapping expression in the thymus domain during thymus organogenesis 

in WT embryos. The expression of Bmp4 and Fgf2 in the absence of Pax9 also needs 

to be addressed. 

Having established that Pax1 and Pax9 are required for the initiation of Foxn1 in 

Pax1unex/unexPax9lacZ/lacZ embryos, and that they may co-operate to regulate Foxn1 

expression, it is now important to determine whether the effect of Pax1 and/or Pax9 

on Foxn1 is direct or indirect. Preliminary analysis of the minimal 30Kb promoter 

region of Foxn1, using BioEdit, for generic Pax1/Pax9 binding motifs, did not 

identify potential binding sites. However, most of these motifs are artificial binding 

sequences originating from genes that are not related to the normal 

expression/function of Pax1 and Pax9. Natural regulatory targets of Pax1 and Pax9 

binding sites and interacting factors are not well characterized. Bapx1 is the only 

know direct transcriptional target of Pax1 and Pax9, via a novel binding motif: 

AAATCCAATCCAATCAAACGTAAAATGATAGGAGTAC. This motif is not 

present in the 30Kb Foxn1 promoter region. Analysis of the Foxn1 promoter region 

for presence of the DNA binding core motif of the paired domain of Pax1, 
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designated GTTCC, the 24bp Pax1 recognition site 

(TGGGCTCACCGTTCCGCTCTAGATATCTCGA) (Chalepakis et al., 1991) and 

the shared core motif of the Pax genes, GTCACGC/G (Jun and Desplan, 1996), also 

requires investigation.  

Utilizing tools already at hand, a Foxn1 reporter ES cell line in which GFP is 

knocked into the Foxn1 locus was recently developed in the lab. To see if Pax1 and 

Pax9 induce/activate Foxn1 expression, co-transfection of these cells with either the 

Pax1 or Pax9 over-expression constructs developed in this thesis, or both together, 

would allow the effect on Foxn1 through quantification of GFP expression to be 

analysed. To ascertain a direct effect, chromatin immunoprecipitation (ChIP) 

analysis could be employed. Pax1 and Pax9 antibodies suitable for 

immunoprecipitation would need to be identified or alternatively an anti-6x His tag 

antibody could be used since the Pax1 and Pax9 over-expression constructs have 

been made which have a C-terminal his-tag. An in vivo approach could also be 

assessed by conducting ChIP on dissociated thymic lobes at a time point that exhibits 

high levels of Pax1 and Pax9 expression, such as E15.5. In addition to determining if 

Foxn1 is a direct target of Pax1 and Pax9, the potential for Bmp4 as a direct target of 

Pax9, which has been highlighted from the work conducted in this thesis, could also 

be investigated in the same way. 

In Chapter 5, an inducible and reversible transgenic ES cell model that utilises 

recombinase-mediated cassette exchange coupled with shRNA technology was 

established which has the potential to generate mice in which to knock down Pax9 

on a Pax1-/- background at defined time-points during thymus organogenesis. 

However, the final targeted ES cells failed to go germline following blastocyst 

injections. It will now be important to attempt tetraploid complementation and 

determine whether embryos can develop in utero. This system, once established and 

validated, could be used to investigate the models proposed in Chapter 4. For 

example, to address the model where Pax1 and Pax9 specify TE lineage cells 

through Hoxa3, knocking down both Pax1 and Pax9 at a time-point critical for 

specification (E9.5-E10.5) will allow one to determine if TE lineage specification is 

arrested, using immunohistochemical analysis with the TEPC marker MTS24, TEC 
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specific marker Foxn1 and cTEC and mTEC markers K5 and K8, respectively. To 

address whether Pax1 and Pax9 regulate Foxn1 expression, knocking down both 

Pax1 and Pax9 at a time-point when high levels of Foxn1 are initiated (E11.25) will 

allow one to determine if Foxn1 expression and TEC differentiation is arrested. In 

addition, we know that Pax1 and Pax9 are expressed in the thymic epithelium 

postnatally, but are they still functional? Neonatal lethality of the Pax9lacZ/lacZ, 

Pax1unex/unexPax9lacZ/+, Pax1unex/+Pax9lacZ/lacZ and Pax1unex/unexPax9lacz/lacz mice 

prevents this analysis. However, using this system by knocking down Pax1 and Pax9 

at specific time points postnatally will help to determine a functional role for Pax1 

and Pax9 in the adult thymus. Finally, the cell line already established may provide 

an in vitro model for testing the role of Pax1 and Pax9 in specification during ES-

cell differentiation. This system will also be useful in other cell lineages in which 

Pax1 and Pax9 play important roles. 
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Appendix 

 

% knock down = 100% - ((C ÷ E) x 100))    where C = (A - DE) ÷ B  

 

A = Total Pax9 expression in well 

B = % transfected cells 

C = Amount of Pax9 expression in transfected cells 

D = % untransfected cells 

E = Amount of Pax9 expression in untransfected cells 

 

The above equation was derived as follows: 

 

A = (B x C) + (D x E) 

This equation was then rearranged in order to determine C, the amount of Pax9 

expression in transfected cells. 

A = BC + DE 

A – DE = BC 

(A – DE) ÷ B = C 

Having calculated the amount of Pax9 expression in the transfected cells, and 

knowing the amount of Pax9 expression in the untransfected cells (using the 

scrambled control shRNA), percentage knock down could be calculated: 

 

% knock down = 100% - ((C ÷ E) x 100)) 
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