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Abstract 

The Rhox family of homeobox-containing genes maps to three gene dense clusters, 

a, j3 and 'y, on the mouse X chromosome. Rhox genes are primarily expressed in 

reproductive and extra-embryonic tissues and are reportedly regulated by co-linear 

mechanisms. Rhox4 is also expressed in the developing and adult thymus, where its 

striking expression pattern has suggested a role in lineage specification/early 

organogenesis. The aim of this study was to investigate the role of Rhox4 in thymus 

development. This was addressed through analysis of Rhox4 expression in normal 

mouse development, and in mutant mice with known defects in thymus development; 

and detailed physical and expression mapping of the Rhox4 locus. In addition, initial 

development of an RNAi strategy for evaluation of Rhox4 function is described. 

The main findings of this thesis were that Rhox4 expression is restricted to the 

ventral region of the third pharyngeal pouch consistent with a role in thymic lineage 

specification. However, no changes in Rhox4 expression were detected in mice with 

defects in thymus organogenesis, placing it upstream or outside of established 

transcriptional pathways. Physical mapping of the Rhox4 locus identified unreported 

duplication events within the Rhox a locus that contains seven copies of Rhox4 and 

eight copies of Rhox2 and Rhox3 in tandem array. I show that all seven Rhox4 

duplicates are expressed, although preferential expression occurs and differs between 

tissues. In contrast to reproductive tissues, I found no evidence of co-linear 

expression of the Rhox a cluster during thymus development. All sub-species of 

mice examined contained multiple copies of Rhox4. However, the only predicted 

orthologue of Rhox4, rat Rhox4, is present in a single copy, suggesting the 

duplications arose at the time of rat and mouse lineage divergence. Although no 

expression of rat Rhox4 was detected in the embryonic or adult thymus, Rhox3 

expression was detected throughout thymus ontogeny, suggesting rat Rhox3 as the 

functional orthologue of mouse Rhox4. Surprisingly, neither human Rhox gene was 

expressed in the embryonic thymus, indicating that either thymic Rhox expression 
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arose in a recent murine ancestor or human family members have lost this expression 

domain. No other differences in embryonic thymic transcription factor expression 

were observed between mouse and human, suggesting conservation of pathways. 

Together, these analyses suggest that Rhox4 has a murine-specific role in thymus 

organogenesis. Finally, I describe an RNAi strategy for determining the role of 

Rhox4 in the thymus. 
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Chapter 1: Introduction 

Chapter 1. 	Introduction 

	

1.1. 	Introduction to the thymus 

The vertebrate thymus is a complex network of epithelial and lymphoid cells that are 

responsible for the generation of a self-restricted and self-tolerant T cell repertoire 

(Anderson and Jenkinson 2001). An intricate three-dimensional meshwork of thymic 

epithelial cells (TEC) forms the structural framework of the thymus (van Ewijk, 

Wang et al. 1999). T cell maturation occurs concomitant with migration through this 

complex epithelial structure, and TEC play a critical role in the T cell maturation 

process. The absence of TEC results in severe immunodeficiency due to the central 

role of T cells in the adaptive immune response. This is seen in humans (Frank, 

Pignata et al. 1999) and mice (Flanagan 1966) homozygous for naturally occurring 

mutations in Foxnl, a transcription factor that is required cell-autonomously for TEC 

maturation (Blackburn, Augustine et al. 1996; Nehls, Kyewski et al. 1996). The 

thymus is divided by histology into cortical and medullary regions. Medullary and 

cortical TEC are phenotypically and morphologically distinct, and play different 

roles in thymocyte development (Anderson and Jenkinson 2001; Gotter and Kyewski 

2004). 

	

1.2. 	Cellular and morphological events involved in 

thymus organogenesis 

Thymus organogenesis involves formation of a common thymus/parathyroid 

primordium; specification of the thymic domain of the 3rd  pharyngeal pouch; 

outgrowth, followed by colonisation of the thymic rudiment by T cell progenitors; 

and proliferation and maturation of thymic epithelial cells (Figure 1.1) (Blackburn 

and Manley 2004). Separation of the common primordia into separate thymus and 

parathyroid rudiments occurs between E13 - E13.5, following which the two thymic 

primordia migrate caudo-ventrally and fuse at the midline to form the mature organ 

(Figure 1.2) (Schreier and Hamilton 1952; Hammond 1954). 

1 



4. El1.5-12.5 Patterning S. E12-5-13-5 Separation 
and migration 
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2. Eli InhtlitIOn 	 3. E11.5-12.5 Outgrowth 

p2 

p3 
p4 

N. Manley 

Figure 1.1 Summary of morphological events involved in thymus 
organogenesis. 1) The 3rd  pharyngeal pouch forms around E9.5; 2) 
Condensation of mesenchymal cells around the pouch occurs from El 1 and 3) 
the pouch begins to grow away from the main gut tube, T cell precursors also 
begin to arrive at this stage; 4) The thymic (blue) and parathyroid (red) regions 
of the 3rd  pharyngeal pouch can be identified by expression of Foxnl (thymus) 
and Gcm2 (parathyroid); 5) Separation of the common primordia occurs by 
E13.5 and the thymus then undergoes proliferation and differentiation to form 
the mature organ (6). Diagram adapted from Blackburn and Manley (2004). 
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(b) 'xl (C) 

Current Opinion in Immunology 

Figure 1.2 Stages of early thymus and parathyroid development, a) Diagram 
of an E11.5 parasaggital section, showing the common thymus/parathyroid 
primordium (blue) budding off the left 3rd  pharyngeal pouch. The primordium is 
surrounded by mesenchyme (green). b, c) Frontal views of three-dimensional 
reconstructions showing the positions of the thymic/parathyroid primordia. At 
E12.5 the common primordia have separated from the pharynx (beige) (b). By 
E13.5 (c), the parathyroid (red) and thymic (blue) domains separate. The 
position of the thyroid gland is shown in pink. Taken from Manley and 
Blackburn 2003. 
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Chapter 1: Introduction 

1.2.1. Components of the pharyngeal region 

Gastulation results in the formation of three germ layers, ectoderm, endoderm and 

mesoderm (Hogan 1999). The ectoderm and endoderm are simple epithelial layers 

bounding the mesodermal germ layer. The pharyngeal region consists of mesodermal 

pharyngeal arches, which are evident as bilateral bulges on the ventral side of the 

embryo, pockets of foregut endoderm called the pharyngeal pouches, and surface 

ectodermal invaginations, termed clefts (Figure 1.3) (Graham and Smith 2001). 

There are five pharyngeal arches in mouse, which are separated by opposing 

pharyngeal pouches and clefts, giving rise to a structure that is segmented down the 

anterior-posterior axis. The pharyngeal region gives rise to many of the components 

of the jaw and neck, including the thymus. 

1.2.1.1 Pharyngeal arches 

The pharyngeal arches contain both neural crest and non-neural crest derived 

mesenchyme. These cell types directly give rise to the facial and neck skeletal 

elements and muscles and additionally contribute to organs derived from the 

pharyngeal endoderm, including the developing thymus. Neural crest is a transient, 

migratory cell population formed between the neural tube and the surface ectoderm. 

Neural crest derived mesenchyme migrates into the pharyngeal region from E9.0, 

and was initially believed to carry patterning information to the pharyngeal region 

from the segmented hindbrain (Noden 1983). However, ablation of neural crest cells 

in chick embryos does not affect patterning of the pharyngeal endoderm (Veitch, 

Begbie et al. 1999) and endoderm grafting experiments demonstrate that the Hox-

negative neural crest, which populates the first pharyngeal arch, is plastic and 

responds to endodermally derived signals (Couly, Grapin-Botton et al. 1998; Couly, 

Creuzet et al. 2002). Additionally, evolutionary evidence indicates that the 

pharyngeal system arose before neural crest, suggesting that patterning of the 

pharyngeal region is likely to be neural crest independent (Veitch, Begbie et al. 

1999; Graham and Smith 2001). However, neural crest cells do appear to play a 

central 	role 	in 	species-specific 	skeletal 	patterning 	in 	ducks 
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Figure 1.3 Structure of the pharyngeal region. Scanning electron microscopy 
of; ai) whole E9.0 embryo, au) coronally bisected E9.0 embryo, revealing the 
structures present in the pharyngeal region, and aiii) higher power image of 
coronally bisected E9.0 embryo, showing details of apposition of the 
pharyngeal pouches and the pharyngeal clefts. P - endodermal pharyngeal 
pouch, A - mesenchymal pharyngeal arch and C - ectodermal pharyngeal 
cleft. Orientation, head up; b) E9.5 embryo hemisected to reveal the four 
pharyngeal pouches (arrows). Orientation, head is left, dorsal is up. Images 
taken from www.med.unc.edu/embryo_images/.  
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Chapter 1: Introduction 

and quails, as demonstrated by inter-species grafting experiments (Tucker and 

Lumsden 2004). 

1.2.1.2 The pharyngeal pouches 

The pharyngeal pouches are initially evident as bilateral buds, present at distinct 

positions down the anterior-posterior axis of the foregut endoderm (Figure 1.3). 

Their formation segments the pharyngeal region and is necessary for pharyngeal arch 

formation, probably due both to architectural constraints and the production of 

signalling molecules. It is also evident that the pharyngeal endoderm plays a primary 

role in patterning of the pharyngeal region, as no arch formation occurs in the 

absence of endoderm (Alexander, Rothenberg et al. 1999) and pouch defects result in 

the malformation of the corresponding arch and ectoderm derivatives (Crump, 

Maves et al. 2004; Crump, Swartz et al. 2004; Haworth, Healy et al. 2004). 

Structures arising from the pharyngeal pouches include components of the tonsils, 

eustachian tubes, thyroid, thymus and parathyroid glands, all of which eventually 

bud off from the main gut tube and migrate to distinct locations within the embryo. 

Opposing each pouch there is an ectodermal invagination, or pharyngeal cleft, which 

is also necessary for shaping the pharyngeal region and an important source of 

signals (Macatee, Hammond et al. 2003). 

The mechanism via which the pharyngeal pouches form is poorly understood. 

However, live imaging of zebrafish embryos suggests that cells in distinct domains 

of the endoderm actively migrate away from the gut tube. The migration maybe 

mediated by a chemotactic signal, as cytoplasmic processes can be seen extending 

laterally (Crump, Maves et al. 2004). The characteristic slit shape of the pouches is 

maintained by actin cables present on the apical side of pouch cells, which are linked 

via adherins junctions (Quinlan, Martin et al. 2004). When actin polymerisation is 

inhibited in whole embryo culture, pouch development continues but, due to the lack 

of rigidity, the sheet of pharyngeal pouch endoderm forms bulges and folds (Quinlan, 

Martin et al. 2004). 
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1.2.2. Morphological and cellular events in thymus 

organogenesis 

The thymus arises as a result of interactions between 3rd  pharyngeal pouch endoderm 

and surrounding neural crest derived mesenchyme. Although the pharyngeal cleft 

ectoderm has also been reported to also have a role in formation of the thymic 

primordium (Cordier and Haumont 1980), grafting experiments have shown that the 

endoderm alone is sufficient in both chick (Le Douarin and Jotereau 1975) and 

mouse (Gordon, Wilson et al. 2004). The 3" pharyngeal pouch is formed around 

E9.5 and gives rise to a common thymus and parathyroid prirnordium (Schreier and 

Hamilton 1952; Hammond 1954). 

The ventral region of the 3rd  pharyngeal pouch gives rise to the thymus and the 

dorsal portion to the parathyroid gland. The complimentary thymic and parathyroid 

regions of the 3 rd  pouch can be identified from Eli .25 by in situ hybridisation for the 

domain-specific transcription factors, Foxnl in the thymic domain and Gcm2 in the 

parathyroid domain (Gordon, Bennett et al. 2001). However, specification of the 3' 

pharyngeal pouch into thymus and parathyroid regions may occur at, or before the 

time of pouch foniiation as grafting of the 2  n and 3rd  pouch region of E8.5 - E9.0 

foregut endoderm under the kidney capsule of nude mice results in the formation of a 

functional thymus, although no parathyroid structures were reported in this study 

(Gordon, Wilson et al. 2004). Additionally, Gcm2 is expressed in the dorsal region of 

the pouch from E9.5, at the time of pouch formation (Gordon et al. 2001). 

Two monoclonal antibodies, MTS20 and MTS24 mark the E9.5 pharyngeal 

endoderm, and subsequently identify a population of thymic epithelial cells, which is 

common in the early embryonic thymus but very rare in adult (Bennett, Farley et al. 

2002; Gil!, Malin et al. 2002). Grafting of reaggregate cultures of E12.5 or E15.5 

MTS20 24 thymic epithelial cells and mesenchymal cells under the kidney capsule 

of nude mice, gave rise to a functional thymus (Bennett, Farley et al. 2002; Gill, 

Malin et al. 2002). This work suggests that embryonic thymic epithelial cells 
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Chapter 1: Introduction 

differentiate from a common progenitor cell, which is defined by staining for MTS20 

and 24. 

A mesenchymal-derived capsule condenses onto the common thymus/parathyroid 

primordium by El 1.5, and this surrounding neural crest-derived mesenchyme 

invades the thymic rudiment at around E13. Expression and transgenic studies have 

indicated that signalling between the mesenchyme and the thymic rudiments occurs, 

and may be required for epithelial cell differentiation and the early steps in 

thymopoiesis (Anderson, Anderson et al. 1997; Shinohara and Honjo 1997; Jiang, 

Rowitch et al. 2000; Suniara, Jenkinson et al. 2000; Revest, Suniara et al. 2001; Abu-

Issa, Smyth et al. 2002). However, although genetic marking of neural crest-derived 

cells suggests that they do not contribute significantly to the mature organ (Jiang, 

Rowitch et al. 2000; Yamazaki, Sakata et al. 2005) these analyses are likely due to 

transgene silencing (M. Coles, NIMR, London, UK, personal communication). The 

thymus is closely associated with the vascular system and vascularisation may also 

play a role in organisation of the medullary region (Anderson, Anderson et al. 2000). 

Early foetal lymphocyte precursors migrate to the thymic primordia through the 

connective tissue, and are first detected in the thymus around Eli (Moore and Owen 

1967; Le Douarin and Jotereau 1975). In adult, lymphocyte precursors migrate from 

the bone marrow into the circulation, enter the thymus at the cortico-medullary 

junction and then move to the sub-capsular region of the cortex (Lind, Prockop et al. 

2001). Whilst migrating through the cortical region, thymocytes undergo selection - 

termed positive selection - for propensity to bind self-MHC (Jameson, Hogquist et al. 

1995); whereby cells that fail to engage self-MHC die by apoptosis due to a lack of 

stimulatory signals. This removes cells bearing non-productively rearranged T-cell 

receptor genes (TCR), importantly including those in which receptor rearrangement 

has generated translocations. Positively selected cells then pass into the medullary 

regions of the thymus, where they undergo negative selection (Nossal 1994). Any 

thymocyte that binds antigen with high affinity/avidity, either on thymic epithelial 

cells (TEC) or dendritic cells, is eliminated. 
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Defined cortical and medullary regions of the thymic rudiment can be identified from 

E12.5 by differentiation marker expression (Klug, Carter et al. 1998; Bennett, Farley 

et al. 2002; Klug, Carter et al. 2002). However, expansion and maintenance of 

cortical and medullary compartments requires interactions with lymphocyte 

precursors. Mice bearing mutations that cause blocks in T cell development also 

result in aberrant thymic development. These include, hCD3E line 26 transgenic mice 

in which the insertion of the transgene causes lymphocyte precursors to arrest before 

commitment to the T cell lineage has occurred (Hollander, Wang et al. 1995). In 

these mice the thymus is cystic, contains a disorganised cortex and no medullary 

epithelial cells are present (Hollander, Wang et al. 1995; Wang, Hollander et al. 

1996; Klug, Carter et al. 1998). Arrest of lymphocyte development immediately 

proceeding commitment to the T cell lineage, as seen in RAG1' mice, results in the 

production of an organised cortex but no medulla (Hollander, Wang et al. 1995; 

Klug, Carter et al. 1998). Just as T cells are necessary for TEC development, fully 

functional TEC are required to fully support T cell development (See 1.3) (Wallin, 

Eibel et al. 1996; Su, Ellis et al. 2001; Hetzer-Egger, Schorpp et al. 2002; Su and 

Manley 2002). 

13. 	Genetic control of thymus organogenesis 

Many mouse mutants have now been identified that have defects in thymus 

organogenesis (Table 1.1). These genetic studies are beginning to unravel 

transcription and signalling molecule pathways involved in formation of the thymic 

primordia and thymus organogenesis. Not surprisingly, many of these factors are 

also involved in other developmental systems, including, Hox, Pax, Eya transcription 

family members, and Shh, Fgf, Wnt and Bmp signalling molecules. Interpretation of 

many of the thymic mutant phenotypes is not simple, due to the complex cellular 

interactions that take place during thymus development. Additionally, the study of 

many early thymic mutants is hampered by embryonic or neonatal lethal phenotypes, 

as the pharyngeal region, including the endoderm, plays a central role in 

development of the respiratory and circulatory systems. 



Table 1.1 	Thymic phenotypes of mutant mice with defects in thymus organogenesis. PP - pharyngeal pouch, PA - pharyngeal 
arch, PC - pharyngeal ectodermal clefts, PA - pharyngeal arch. 

Gene Gene expression Phenotype Expression of other Possible role of gene in 

knockout/hypomorphic genes in transgenic thymus organogenesis 

allele 

Chordin Node and notochord at 2 nd  to 4th  PP and PA fail to Tbxl, Fgf8 and Paxi Required for PP and PA 

E7.0 and subsequently form expression down- formation possibly via 

the dorsal endoderm regulated regulation of Tbxl 

and restricted to the 

pharynx E8.5 

Tbx1 Foregut endoderm from 2 nd  to 4th  PP severe Down-regulation of Required for PP 

E8.0 then all 4 PPs, hypoplasia, athymia Gcm2, Paxi, Pax9, formation and 

non-NC mesenchyme (except 1 embryo) Fgf8 segmentation 

and surface ectoderm Abnormal NC migration Later role in thymus 

development 

Fgf8 hypomorphic Foregut endoderm from Failure in formation of 3rd Required for PP 

allele E8.0 then all 4 PPs, and 4th  PPs formation 

non-NC mesenchyme Later role in thymus 

and surface ectoderm development, required 

for NC cell survival 

CD 

C) 

0 



Gene 
	

Gene expression 
	

Phenotype 
	

Expression of other Possible role of gene in 

knockout/hypomorphic 	 genes in transgenic thymus organogenesis 

allele 

Fgfr2-111b' 	 TECs, time of onset 	E12.5 TEC hypoplasia due Paxi and Pax9 normal Required for responding 

between E12.0 and 	to decreased proliferation 	at E13.5 	 to Fgf7 and FgflO 

E13.5 	 signals from 

mesenchyme 

RARa RAR/3' 	 Variable penetrance: 	Down-regulation of 	Endoderm defect 

and RALDH7' 	 failure in formation 3rd,4th 	Fgf8, Pax9, Tbxl 

PP5 to thymic hypoplasia 

Hoxa3 	 31U PA NC derived 	Athymia (31U  PP forms but 	Paxi down-regulated 	Rudiment proliferation 

mesenchyme from E9.5, 	apoptotic from El 1.5) 	only in the 3rd  PP at 	and survival 

3rd pp endoderm E9.5 	 E10.5 

Loss of Gcm2 

Hoxa3 Hoxb3 	Hoxb3 and Hoxd3 	Ectopic thymi and 	 Caudal migration 

Hoxd3' 	 expressed in 	 parathyroid glands 

mesenchyme 



Gene Gene expression Phenotype Expression of other Possible role of gene in 

knockoutlhypomorphic genes in transgenic thymus organogenesis 

allele 

Pbx1 All four PPs, Variable - Paxi expression Proliferation of rudiment 

surrounding athymia/ectopia/hypoplasia delayed 

mesenchyme and 3rd PP formation delayed Gcm2 and Tbxl 

ectoderm expression initiated at 

correct time may have 

lower expression level 

Pax1 Foregut endoderm E8.0 Hypoplastic/cystic thymi MHC class II TEC development 

All 4 PPs Delayed T cell maturation expression decreased 

Adult thymus, restricted Decreased T cell number (number of cells and 

to a subpopulation of expression level) 

TEC 

Pax9 Foregut endoderm E8.0 3rd14th PP retarded from Required for T cell 

All 4 PPs El 1 .5, ectopic/cystic thymi survival 

Adult thymus Few T cells, increased T 

cell death 

N.) 



Gene Gene expression 	 Phenotype Expression of other Possible role of gene in 

knockout/hypomorphic genes in transgenic thymus organogenesis 

allele 

Eya 1st to 4"  PA 	3rd pouch lost after El 0.5 No change in Hoxa3, 3rd pouch survival, 

2 nIto 4th  PC 	 Athymic Paxi, Pax9 apoptosis in PC 

2 nd  to 4th  PPs from E9.5 Loss of Gcm2, Foxnl 

Down-regulation of 

Six 1 

Gcm 

Foxn 

S 

Dorsal portion of 31L pp 

from E9.5 

Ventral portion of 3rd pp 

from El 1.25 

Foregut endoderm, 

excluded from 3rd pp 

until E10.5 when 

expressed at dorsal tip 

Aparathyroid 

No thymus phenotype 

Athy mic 

Aparathyroid No Gcm2 

Hoxa3 normal 

Foxnl expressed 

throughout the 

primordia 

Parathyroid gland 

formation 

TEC proliferation and 

differentiation 
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Chapter 1: Introduction 

1.3.1. Tbxl is required for formation of the 3d  pharyngeal 

pouch 

Mouse models of the human condition DiGeorge syndrome have uncovered a 

regulator of 3' pharyngeal pouch formation, Tbxl. DiGeorge or Velocardiofacial 

syndrome is present in 1:4000 live births (Scambler 2003). Patients present with 

defects in tissues derived from the pharyngeal region including the thymus, 

parathyroids, facial dysmorphogenesis and cleft palate, as well as multiple 

cardiovascular abnormalities, which are a major cause of mortality. All aspects of the 

syndrome display highly variable penetrance, even between monozygotic twins. 

DiGeorge syndrome is caused by haploinsuffiency of the T-box containing gene, 

Tbxl, which is present on human chromosome 22 (Baldini 2005). Up to 29 other 

genes are also commonly included in the deleted region. 

Tbxl is expressed in the mouse pharyngeal endoderm from E8.0 and is strongly 

expressed at the time of formation of each of the four pharyngeal pouches (Chapman, 

Garvey et al. 1996; Vitelli, Morishima et al. 2002). Expression is also seen in non-

neural crest derived pharyngeal arch mesenchyme and in the surface ectoderm 

surrounding the pharyngeal region. Mutant mice have been generated that contain a 

1Mb targeted deletion in mouse chromosome 16 (referred to as dJl), which contains 

18 of the 30 homologous genes deleted in the human syndrome including Tbxl 

(Lindsay, Vitelli et al. 200 1). Additionally, a Tbxl null allele has been constructed by 

deletion of eight of the nine exons containing the Tbxl coding sequence, including 

deletion of the region encoding the T-box (Jerome and Papaioannou 2001). 

Mice heterozygous for both the dfl and Tbxl null alleles recapitulate the 

cardiovascular aspects of DiGeorge. In dfl mice, ectopic and/or hypoplastic thymi, 

a charateristic of the human condition, are seen in C57BL/6 and 129SvEv mice, but 

not on mixed backgrounds, indicating that genetic modifiers in addition to Tbxl 

haplo insufficiency are necessary to generate this phenotype (Taddei, Morishima et 

al. 2001). Both Tbxl null and dfl mice die at birth, and display abnormalities in 

tissues formed and patterned from the pharyngeal region. These include 
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cardiovascular defects, which are the cause of death; smaller, shortened necks; 

abnormal face structure and ears; and usually complete absence of thymic or 

parathyroid tissue (although one lobe was found in a single Tbxl-'-  embryo). 

No defects in the formation of the 1st  pharyngeal arch and pouch are seen in Tbx1 

embryos. The more caudal arches and pouches are however severely hypoplastic. In 

keeping with this, both Gcm2 and Pax9, which are expressed in the 3" pouch 

endoderm (see sections 1.3.5 and 1.3.7), are strongly down-regulated in the 

pharyngeal region of Tbxl -l- 	E9.5 compared to wild-type littermates ,as 

determined by global transcriptional analysis (Ivins, Lammerts van Beuren et al. 

2005). Pax] is expressed in all four pharyngeal pouches (see section 1.3.7), and two 

analyses have looked at the expression of Pax] RNA in Tbxl-l-  embryos at E9.5: 1) 

Microarray analysis of pharyngeal region tissues - including the foregut endoderm, 

surrounding mesenchyme and surface ectoderm - detected no change in Pax] 

expression (Ivins, Lammerts van Beuren et al. 2005), however 2) in situ 

hybridisation showed specific lack of Pax] expression in the 2"d  to 4"  pharyngeal 

pouches at E9.5 (Xu, Cerrato et al. 2005). Given the severe hypoplasia of the 2 nd  and 

3rd pharyngeal pouches and arches in Tbxl-l-  embryos, comparison of gene 

expression levels between Tbxl null and wild-type embryos by microarray analysis 

of intact pharyngeal region requires validation by in situ hybridisation or 

immunohistochemistry. It is therefore likely that Pax] expression is down-regulated 

in the 2' and 3' pharyngeal pouches and that the microarray result is due to 

expression of Pax] in the Is' pouch and the loss of tissue from the more caudal 

pharyngeal region. Expression of Hoxa3 and Eyal, which are required for survival, 

patterning and proliferation of the 3 d  pharyngeal pouch, were also unchanged in the 

microarray analysis, although again validation by in situ hybridisation or 

immunohistochemistry is required. 

Analysis of mice in which Tbxl deletion was induced via use of the Cre-LoxP 

system (Cre ER  ) has indicated that Tbxl is required at the time of formation of the 3' 

pharyngeal pouch (Xu, Cerrato et al. 2005). Deletion of Tbxl at or before E9.5 

results in athymia, whereas deletion of Tbxl after El0.5 results in thymic hypoplasia. 
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Thus, Tbxl is likely to have both early and late roles in thymus organogenesis. The 

distinct temporal requirement for Tbxl during development of the pharyngeal region, 

and the absence of caudal arch and pouch formation in null animals, has led to the 

suggestion that this gene may be required for segmentation. Additionally Tbxl may 

be required for proliferation of the pharyngeal endoderm, since a 50% reduction in 

cell number is seen at E 1 in the absence of Tbxl (Xu, Cerrato et al. 2005). Specific 

down-regulation of Fgf8 (see next section) is seen in the endoderm of Tbx embryos 

suggesting that Fgf8 is downstream of Tbxl. These gene products may also interact 

genetically, since TbxFgf8 mice have a more severe thymus phenotype than 

Tbx1 animals (Vitelli, Taddei et al. 2002). However, due to the expression of Tbxl 

in all three germ layers of the pharyngeal region and the abnormal neural crest 

migration seen in null embryos, the exact role that Tbxl plays in formation of the 3rd 

pharyngeal pouch and thymus organogenesis remains elusive. 

1.3.2. Fgfs have multiple roles in thymus organogenesis 

1.3.2.1. Fgf8 is essential for 3rd  pharyngeal pouch 

formation 

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

cell surface receptor tyrosine kinases and have many roles in the developing embryo. 

In the pharyngeal region, Fgf8 is expressed in the foregut endoderm, surrounding 

non-neural crest mesenchyme and surface ectoderm from E8.0, and expression is 

later found in the pharyngeal pouches (Crossley and Martin 1995). Although analysis 

of Fgf8 function in thymus organogenesis in null embryos has not been possible due 

to early embryonic lethality, hypomorphic alleles in both mice (Abu-Issa, Smyth et 

al. 2002) and zebrafish (Reifers, Walsh et al. 2000) have been constructed. Fgf8 

hypomorphic embryos (Fgt8h1e0)  have multiple neural, limb, craniofacial and cardiac 

abnormalities. The l and 2nd  pouches are intact but fused (Abu-Issa, Smyth et al. 

2002) however, the 3rd  and 4th  pharyngeal pouches and their corresponding arches 

fail to form, suggesting an early role for Fgf8 in 3"' and 4' pouch formation. Fgf8 is 

believed to signal through the receptor FGFR1. However unlike Fgf81e0  embryos, 
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mice hypomorphic for this receptor have 2nd  pharyngeal arch and pouch defects, 

whereas arches 1 and 3 are normal in appearance; unfortunately the specific 31  

pharyngeal pouch phenotype was not analysed in this study (Trokovic, Trokovic et 

al. 2003). Analysis of Fgf8 conditional mutants has revealed that, similar to TbxI, 

removal of Fgf8 from the 3   pouch endoderm and ectoderm at E9.5, after initial 

pouch formation, results in hypoplasia and ectopia of the thymus and parathyroid 

glands (Macatee, Hammond et al. 2003), indicating a continued requirement for Fgf8 

in organogenesis. This defect may be due to a role for Fgf8 signalling between the 3rd 

pharyngeal pouch endoderm and the surrounding neural-crest derived mesenchyme, 

as increased apoptosis of neural-crest cells is seen in the hypomorphic mice (Abu-

Issa, Smyth et al. 2002). Notably, experimental ablation of neural crest cells also 

results in thymic hypoplasia (Bockman and Kirby 1984; Veitch, Begbie et al. 1999). 

1.3.2.2. Fgfr2-111b null animals have hypoplastic thymi 

Initiation of FgJr2-JIIb expression in the thymus occurs after E12, and by E13.5 

expression is found throughout the epithelial compartment of the thymus (Revest, 

Suniara et al. 2001). The expression of two Fgfr2-IIIb ligands, Fgf7 and FgflO, in the 

mesenchyme adjacent to the thymic primordia suggests that Fgfr2-IlIb could be 

involved in epithelial-mesenchyme interactions during thymus organogenesis 

(Revest, Suniara et al. 2001). In line with this observation, Fgfr2-IIIb and FgflO null 

embryos both have hypoplastic thymi due, at least in part, to a decrease in TEC 

proliferation (Ohuchi, Hori et al. 2000; Revest, Suniara et al. 2001). However, the 

Fgfr24IIb thymus is detectably smaller than that of Fgf10 animals, suggesting 

that Fgf7 and Fgfl 0 may have overlapping functions during thymus organogenesis, 

although no thymus phenotype was reported in FgfT animals (Guo, Degenstein et 

al. 1996). No defects in initial formation of the primordia were reported in Fgfr2-

iiIb embryos, and both Pax] and Pax9 were expressed at wild-type levels at E13.5. 

In addition parathyroid development was normal in Fgfr2-111b embryos. 
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1.3.3. Retinoid signalling is required for 3 r pharyngeal 

pouch formation 

The active derivative of vitamin A is retinoic acid (RA), which regulates gene 

transcription by binding to a retinoic acid receptor (RAR)/retinoid X receptor (RXR) 

heterodimer and plays multiple roles during embryo development (Chambon 1996). 

In the pharyngeal region, retinoid signalling is necessary for formation of the 3rd  and 

4th pharyngeal pouches. Analysis of cultured E8.0 embryos treated with a pan-RAR 

antagonist (Wendling, Dennefeld et al. 2000), mice hypomorphic for the 

retinaldehyde dehydrogenase 2 (RALDH2) enzyme responsible for synthesising RA 

in the pharyngeal region (Vermot, Niederreither et al. 2003), and embryos doubly 

null for RARa and RAR (Dupe, Ghyselinck et al. 1999), all reveal variably 

penetrant defects ranging from failure to initiate the formation of the 3 rd  and 4th 

pouches and their corresponding arches to hypoplasia of these structures. These 

phenotypes are due to an intrinsic defect in the endoderm rather than to neural crest, 

as neural crest migration occurs normally (Dupe, Ghyselinck et al. 1999) and pouch 

formation is known to occur in the absence of neural crest (Veitch, Begbie et al. 

1999). 

RA is known to directly regulate expression of some Hox genes, via RA response 

elements (Chambon 1996). Expression of Hoxal and Hoxbl is reduced in the 

pharyngeal region when RA signalling is limiting, suggesting that this mechanism 

may also operate in the pharyngeal region (Wendling, Dennefeld et al. 2000; 

Vermot, Niederreither et al. 2003). However, the pharyngeal pouch phenotype of 

HoxaF Hoxb1 embryos appears less severe than that described for RA deficiency 

(Rossel and Capecchi 1999), suggesting that RA also regulates expression of 

additional genes. Down-regulation of FO, Pax9 and Tbxl was also reported in the 

posterior region of the foregut endoderm upon removal of RA (Wendling, Dennefeld 

et al. 2000; Vermot, Niederreither et al. 2003), leading to the suggestion that only an 

enlarged 2h11  pharyngeal pouch is formed. However due to the abnormal morphology 

of the region these results are difficult to interpret. 
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1.3.4. Hoxa3 is required for formation of the thymic 

primordia 

Hox genes are transcriptional regulators that contain a homeodomain DNA-binding 

motif, and play roles in segmentation and specification. Elegant genetic studies have 

given insight into the role the Hox3 members, Hoxa3, Hoxb3 and Hoxd3 in 

development of the pharyngeal region. All three paralogues are expressed in neural 

crest cells that populate the third pharyngeal arch at E9.5. However Hoxa3 alone is 

expressed in the third pharyngeal pouch endoderm (Manley and Capecchi 1998). In 

line with the expression patterns, Hoxd3 embryos have transformations of the 

cervical vertebrae (Condie and Capecchi 1993), while Hoxb3 mice are healthy and 

fertile but present with defects in the cervical vertebrae and IXth  cranial nerve at low-

penetrance (Manley and Capecchi 1998). Hoxa3 null mice die shortly after birth due 

to circulatory problems, and exhibit a wide spectrum of defects including athymia; 

aparathyroidism; thyroid and tracheal abnormalities cervical vertebrae, cartilage and 

heart defects; and lack of the carotid body and IXth  cranial nerve (Chisaka and 

Capecchi 1991; Manley and Capecchi 1995; Manley and Capecchi 1997; Kameda, 

Nishimaki et al. 2002). 

The third pharyngeal pouch forms correctly in Hoxa3 embryos (Manley and 

Capecchi 1998; Kameda, Arai et al. 2004). However, although Pax] expression, 

which is required for proper thymus organogenesis (see 1.3.5), is initiated normally 

at E9.5, by El0.5 expression is specifically down-regulated in the third pharyngeal 

pouch (Manley and Capecchi 1998). The thymic and parathyroid regions of the 

pouch fail to extend at E11.5 and chromogranin A expression, which marks the 

parathyroid region from E11.5, was never detected in the null embryos (Kameda, 

Arai et al. 2004). Furthermore, increased apoptosis, observed in the primordium at 

E11.5, results in the disappearance of the structure by E12.5 (Kameda, Arai et al. 

2004; Chisaka and Kameda 2005). Neural crest migration is unaffected in Hoxa3 

embryos (Manley and Capecchi 1995; Chisaka and Kameda 2005), Hoxa3 

expression in the endoderm is normal in the absence of Hoxa3-expressing neural 

crest (Manley and Capecchi 1995), and Hoxa3 mice have tracheal defects which do 
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not require neural crest interactions, suggesting that the early failure in formation of 

the thymic and parathyroid rudiment may be due to an intrinsic defect in the 

endoderm. Alternatively it may be a result of loss of survival signals from the 

surrounding neural crest derived mesenchyme (Shinohara and Honjo 1997). 

Hoxa3 heterozygous mice do not display overt thymic or parathyroid defects 

although they do have decreased serum levels of parathyroid hormone, suggesting 

haploinsufficiency (Su, Ellis et al. 2001). Although Hoxb3 and Hoxd3 single and 

double null embryos do not exhibit thymic or parathyroid defects, the additional loss 

of one functional copy of Hoxa3 (Hoxa3 Hoxb3 and Hoxa3 Hoxd3) results in 

ectopic parathyroid glands and occasional ectopic thymi, due to a failure in caudal 

migration (Manley and Capecchi 1998). Heterozygosity for Hoxa3 on a Hoxb3 and 

Hoxd3 double null background (Hoxa3 Hoxb3 Hoxd3) results in a fully 

penetrant failure of thymus and parathyroid migration. These results suggested that 

there is a quantitative requirement for Hox gene expression in thymus and 

parathyroid organogenesis. Additionally, Hoxa3 may be required at multiple stages 

during development of these organs, including an early role in rudiment proliferation 

and a later role in primordia migration. Since Hoxa3 is expressed in the thymus at all 

stages of embryonic development and in the adult, it may also have a role in the 

mature organ (Manley and Capecchi 1995; Manley and Capecchi 1998), however 

conditional analysis is required to test this hypothesis. 

1.3.5. Pbxl null mice have delayed 3rd  pharyngeal pouch 

formation and thymic defects 

Subsets of Hox genes, including the Hox3 paralogues, are believed to mediate 

transcriptional activation after binding DNA in combination with members of the 

Pbx family of homeobox-containing genes (Jacobs, Schnabel et al. 1999; Ferretti, 

Marshall et al. 2000). Expression of Pbxl is found in the third pharyngeal pouch 

endoderm, surrounding mesenchyme and surface ectoderm (Manley, Selleri et al. 

2004) and Pbxl null mice display a wide spectum of defects in tissues derived from 
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all three germ layers, which result in embryonic lethality by E16 (Selleri, Depew et 

al. 2001). Derivatives of the third pharyngeal pouch, the thymus and parathyroid, 

display variable defects including bilateral absence, ectopic and hypoplastic 

primordia (Manley, Selleri et al. 2004). The hypoplastic nature of the rudiments 

results, at least in part, from decreased proliferation. Unlike Hoxa3 null embryos, 

formation of the third pharyngeal pouch is affected in Pbx] embryos, being both 

delayed and abnormal. Fax] expression was detected, but did not appear until E10.5 

and then only in a very small domain, whereas in Hoxa3 null mice Fax] expression 

is initiated normally but is then down-regulated from E10.5 (Manley and Capecchi 

1995). In contrast, Gcm2, which marks the dorsal, parathyroid region of the pouch, 

was initiated at the correct time although the level of expression was lower than in 

wild-type. Expression of Tbxl in the dorsal third pouch was similarly down-

regulated. 

1.3.6. Paxi and Pax9 are expressed throughout thymus 

organogenesis 

Members of the paired box (Fax) family of transcription factors play essential roles 

in regional specification during early organogenesis in several organ systems 

(Mansouri, Goudreau et al. 1999). Fax] and Pax9 are highly homologous members 

of this family, and contain a DNA binding-paired domain, an octopeptide sequence 

commonly found in Fax genes. However, they do not contain the paired-like 

homeodomain that is present in many other family members (Gruss and Walther 

1992; Wallin, Mizutani et al. 1993). Fax] and Pax9 are expressed in overlapping but 

non-identical patterns in the embryonic and adult thymus and also in the scierotome, 

facial mesenchyme and limb buds (Deutsch, Dressier et al. 1988; Neubuser, Koseki 

et al. 1995; Muller, Ebensperger et al. 1996; Wallin, Eibel et al. 1996). In the 

pharyngeal region expression of both Fax] and Pax9 is initiated in the ventral floor 

of the foregut endoderm at E8.5 and subsequently expression is found throughout the 

four pharyngeal pouches (Deutsch, Dressler et al. 1988; Neubuser, Koseki et al. 

1995). Studies using mutant mice suggest that Fax] (Dietrich and Gruss 1995; 
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Wallin, Eibel et al. 1996) and Pax9 (Hetzer-Egger, Schorpp et al. 2002) both have 

roles regulating development of the thymic and parathyroid primordia, although 

neither appears to be essential for the initial formation and patterning of the 

primordia from pharyngeal endoderm. 

1.3.6.1. Paxi null mice have a hypoplastic thymus and 

defects in T cell development 

Evaluation of the role of Pax] in development has been aided by the identification of 

a number of naturally occurring Pax] mutant mice, known as undulated or un 

mutants. Un mice were initially collected and bred for their short kinky tails, which 

are caused by irregularly shaped vertebrae and intervertebral discs (Dietrich and 

Gruss 1995). Four Pax] mutants have been preserved which display varying severity 

of phenotype (Dietrich and Gruss 1995; Adham, Gille et al. 2005) and an additional 

Pax] null line has been generated by gene targeting (Adham, Gille et al. 2005). All 

of these mutants have hypoplastic, cystic thymi, which contain reduced numbers of T 

cells, in addition to sclerotorne defects. 

Two hypomorphic Pax] alleles have been described, the original un mutant, which 

contains a point mutation in the paired domain (Wallin, Eibel et al. 1996), and the 

recently identified un scoliosis (un"') caused by deletion of exons 1 to 4 and the 5' 

region flanking the gene (Adham, Gille et al. 2005). Analysis of both un/un and 

un"'/un' embryos at E17.5 reveals a delay in T cell maturation, evidenced by an 

increase in the number of T cells negative for both CD4 and CD8 (DN) and a 

proportional decrease in double positive (DP) cells. The un extensive (ex) mutant 

contains a point mutation in the paired domain that results in a null allele (Wallin, 

Eibel et al. 1996), and these mice show a two-fold reduction T cell number and an 

increase in the DP/DN ratio at E17.5, as reported for the sco mutant. A fourth, 

naturally occurring mutation of Pax], short-tail (s), is semi-dominant in 

heterozygous mice and homozygous lethal (Dietrich and Gruss 1995). In this mutant, 

a large deletion event has completely removed the Pax] gene, and the semi-dominant 

phenotype results from ectopic expression of an adjacent gene, the transcription 
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factor Nkx2-2, in the Pax] expression domains of the somites and limb buds 

(Kokubu, Wilm et al. 2003). Although no ectopic Nkx2-2 expression was reported in 

the pharyngeal region of unS  mice, heterozgotes display a two-fold decrease in T cell 

number at E17.5 (Wallin, Eibel et al. 1996), suggesting that either there is an 

undetected level of mis-expression or that further, as yet unidentified, genes may be 

affected. 

In addition to expression in the developing pharyngeal region, Pax] is expressed in a 

subset of MHCII negative, cortical TEC in the adult thymus (Dietrich and Gruss 

1995; Wallin, Eibel et al. 1996), suggesting that it may have a further role in 

maintenance of the adult thymus, indeed in adult un ... /un 0  mice T cells numbers 

remain reduced although the DN:DP ratio is normal. 

1.3.6.2. Pax9 null mice have cystic and ectopic thymi and 

severe defects in T cell production 

Pax9 neonates die just after birth, probably due to a cleft palate (Peters, Neubuser 

et al. 1998), and display a more severe thymus phenotype than Pax] null mice 

(Hetzer-Egger, Schorpp et al. 2002). Development of Pax9 thymi appears normal 

until El 1.5, when development of both the 3rd  and 4th  pharyngeal pouches appears to 

be retarded. When formed, thymi are ectopically located in the larynx, due to a 

failure in caudo-ventral migration. Additionally, they are severely hypoplastic, 

contain cysts and display very compromised thymopoiesis. The Pax9 thymus is 

colonised by T cell precursors, however few mature a/P T cells are produced and 

increased levels of apoptosis are seen as development proceeds, suggesting that 

critical survival signals are not provided by TEC. No y/ö T cells are present due to an 

apparent lack of T cell receptor ?-chain expression, as determined by in situ 

hybridisation. IL-7 is currently the only factor known to be absolutely required for 

production of y/t T cells (Laky, Lefrancois et al. 2000), however, IL-7 expression 

was normal in Pax9 mice. Thus, Pax9 could be required independently of IL-7 for 

'/ö T cell production, or the authors failed to detect either a subtle change in IL-7 

expression or the presence of a very small y/8 T cell population. Interestingly, despite 
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the broad expression of Pax] and Pax9 in the pharyngeal pouches, only defects in 

the thymus, derived from the ventral portion of the 3rd  pharyngeal pouch, have been 

described in Pax]-l-  and Pax9 mice. Generation of embryos doubly mutant for Pax] 

and Pax9 may illuminate roles for these genes in other pharyngeal pouch derivatives 

that were previously undetected due to functional redundancy. Furthermore, it is 

possible that a more severe defect in thymus organogenesis may be detected. 

1.3.6.3. Maintenance of Paxi and Pax9 expression in the 

3rd pharyngeal pouch requires Hoxa3 

Pax] and Pax9 are specifically down-regulated in Hoxa3 null mice at E10.5, 

although their initial expression is unaffected, suggesting that Hoxa3 is upstream of 

Pax genes in thymus organogenesis (Manley and Capecchi 1995). Certainly, there is 

genetic interaction between Hoxa3 and Pax], as double heterozygotes (Hoxa3 

Pax1) display a thymus phenotype (hypoplastic thymi and thymopoietic defects) 

that is indistinguishable from Pax] null mice (Su and Manley 2000; Su, Ellis et al. 

2001). Loss of an additional copy of Pax] results in a more severe phenotype; 

Hoxa3Pax1 have ectopic thymi containing cysts and severe defects in 

thymopoiesis - specifically, decreased levels of immature CD4 CD8' thymocytes as 

a result of increased levels of apoptosis by their immediate precursors - caused by 

TEC malfunction (Xu, Woo et al. 1997; Hetzer-Egger, Schorpp et al. 2002). The T 

cell defect of Hoxa3 PaxI" null animals may be due to decreased MHC class II 

expression by TECs, as MHC class II is required for progression from double 

negative to double positive stages of T cell maturation (Anderson, Jenkinson et al. 

1993). Thus, Pax] and Pax9 are downstream of Hoxa3 in a common signal 

transduction pathway. 

1.3.7. Expression of Eyal and Sixi are necessary for 

formation of the common thymus/parathyroid primordia 

Eya genes contain a conserved protein-protein interaction domain (Eya) and a 

divergent transactivation domain. They play roles in organ and sensory development 
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in vertebrates, probably by controlling the expression of inductive signals (Xu, Woo 

et al. 1997). Eyal is expressed in the 1st  to 4th  pharyngeal arches, the 2nd  to 4th  pouch 

endoderm and the surface ectoderm including the 2"d  to 4 1h cleft regions from E9.5 

(Xu, Zheng et al. 2002). All four pharyngeal pouches form in Eyal embryos. 

However, the 3rd  pharyngeal pouch is lost after E10.5 as neither derivative is 

detected. Abnormalities in the ultimobranchial bodies derived from the 4th 

pharyngeal pouch are also present (Xu, Zheng et al. 2002). Eyal may be downstream 

of, or in a different pathway from, the Hox and Pax genes since Hoxa3, Pax] and 

Pax9 expression at E9.5 and E10.5 are unaffected in Eyal null mice (Xu, Zheng et 

al. 2002). 

Six family members are down-stream of Eya genes in a pathway regulating eye 

development, which is conserved from Drosophila to mouse (Halder, Callaerts et al. 

1995). Six1 mice are also athymic (Laclef, Souil et al. 2003) and expression of Six] 

was down-regulated in the endoderm of Eyal-1- mice, suggesting that this pathway 

operates during in thymus development. The parathyroid specific gene, Gcm2 is not 

expressed in Eyal null mice suggesting that parathyroid organogenesis is not 

initiated. Since no thymus organogenesis appears to occur (no Foxnl expression was 

detected), despite a lack of alteration in Hox and Pax gene expression in the 

pharyngeal region prior to E10.5, after which the pouch can no longer be detected, it 

is likely that either Eyal plays a direct role in initiation of the joint 

parathyroid/thymus primordium or that other, unidentified genes are affected. 

Although no change in levels of cell death were seen in the arch mesenchyme or 

pouch endoderm at E10.5, a significant increase in apoptosis was present in the 

surface ectoderm. Eyal is therefore required for ectoderm cell survival. Thus, the 

loss of ectoderm may affect endoderm survival, or the endoderm defect in Eyal 

embryos may be due to an intrinsic, or mesenchymal defect. 
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1.3.8. Gcm2 is required for formation of the parathyroid 

gland 

Gcm2 is one of two mammalian homologues of the Drosophila gene glials cells 

missing (Gcm), which is necessary and sufficient for the formation of glia in the 

developing nervous system. Gcm family members have a gem-motif, which mediates 

base specific DNA binding. Unlike Drosophila gcm, neither of the mouse 

homologues are expressed in the developing nervous system. Gcml is expressed in 

the labyrinthine trophoblast cells of the placenta and Gcm1 embryos exhibit 

placental failure. Gcm2 expression marks the dorsal region of the 3 rd  pharyngeal 

pouch from E9.5 when the pouch forms (Gordon, Bennett et al. 2001), and 

subsequently marks the parathyroid region of the common thymus/parathyroid 

primordia where it is co-expressed with parathyroid hormone (PTH). Although 

Gcm2 embryos display a complete lack of parathyroid glands, suggesting that 

Gcm2 specifies the parathyroid, the immediate fate of dorsal 3rd  pouch cells that 

should express Gcm2 have not been described in Gcm2 null animals. Gcm2 mice 

are viable and fertile and have normal serum PTH levels (Gunther, Chen et al. 2000) 

and, intriguingly the source of PTH in these mice has been suggested to be a small 

cluster of cells expressing Gcml present under the capsule of the thymus. This same 

group of cells is also found in wild-type mice. Since Gcm2 expression was down-

regulated in Hoxa3, Hoxa3 may regulate Gcm2 expression in the dorsal 3rd 

pharyngeal pouch. However, the function and down-stream pathways of Gcm2 have 

not been investigated. 

1.3.9. Foxnl is required for TEC differentiation and 

recruitment of T cell precursors 

Mutations in the transcription factor Foxnl, a member of the forkhead family of 

proteins, result in athymia and hairlessness as seen in the classical mouse mutant 

nude (Flanagan 1966; Cordier and Haumont 1980; Nehls, Pfeifer et al. 1994). Foxnl 

is not required for initiation of thymus organogenesis (Nehls, Pfeifer et al. 1994), but 

is required cell autonomously for further TEC development (Blackburn, Augustine et 
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al. 1996). In keeping with this, Foxnl is expressed at a high level throughout the 

thymic primordium from E11.25, after patterning of the 3' pharyngeal pouch and 

formation of the thymic primordium has occurred (Gordon, Bennett et al. 2001). 

However, expression can be detected by RT-PCR in the 3rd  pharyngeal pouch at 

E10.5 (Balciunaite, Keller et al. 2002) and in whole E9.0 embryos (Nehls, Pfeifer et 

al. 1994). Nude mice have a thymic rudiment, which undergoes correct migration to 

the ventral mid-line, but is alymphoid and highly cystic (Cordier and Haumont 

1980). Thymic epithelial cells of the postnatal nude thymus display extensive 

staining for the thymic epithelial progenitor cell markers, MTS20 and MTS24, and 

lack defined cortical and medullary regions, suggesting that they have failed undergo 

proliferation and differentiation (Blackburn, Augustine et al. 1996; Nehls, Kyewski 

et al. 1996). This result is consistent with the role of Foxnl in the skin, where it is 

responsible for initiation of keratinocyte terminal differentiation (Baxter and 

Brissette 2002; Janes, Ofstad et al. 2004) and were ectopic Foxnl induces 

keratinocyte hyperproliferation (Prowse, Lee et al. 1999). 

Further insight into the role Foxnl plays in TECs has been gained from a 

hypomorphic Foxnl allele (FoxnI) generated by insertion of a GFP transgene into 

exon three, which results in Foxnl protein lacking the domain encoded by exon three 

due to an in frame exon two - exon four splice (Su, Navarre et al. 2003). Like the 

null thymic rudiment, defined cortical and medullary regions cannot be identified in 

the postnatal FoxnI thymus, and most epithelial cells have an immature, K8 K5 

phenotype. However, in contrast to nude mice, the thymi of FoxnI 1' contain T cells, 

although their numbers are 2-5% of wild-type numbers and a majority are immature, 

double negative cells. Therefore, either expression of Foxnl, including the exon 

three domain, is required in TECs for T-cell - epithelial cell interactions that are 

necessary for the proliferation and differentiation of both cell types, or the expression 

level of Foxn] achieved in this mutant is insufficient for the cross-talk to occur. This 

work also suggests that the requirement for Foxnl (either expression level or exon 

three domain) is different at different sites of expression, as no skin or hair defects 

were identified. 
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Although Foxnl is required cell-autonomously for TEC differentiation, it does not 

specify the thymus. This has been established by three lines of evidence; 1) nude 

mice contain a correctly specified thymic rudiment (Cordier and Haumont 1980), 2) 

the nude thymic rudiment expresses IL-7, a TEC-specific marker required for T cell 

development (Zamisch, Moore-Scott et al. 2005), additionally FoxnF cells can 

correctly initiate expression of a reporter gene present in the Foxnl locus (Nehis, 

Kyewski et al. 1996; Gordon, Bennett et al. 2001), and 3) the region of the foregut 

endoderm that is going to give rise to the 2nd  and 3rd  pharyngeal pouches, is capable 

of forming a functional thymus when grafted under the kidney capsule of nude mice 

(Gordon, Wilson et al. 2004). 

1.3.10. 	Wnts can regulate Foxnl expression in vitro 

Writ proteins are secreted glycoproteins that play a diverse range of roles during 

development, including cell fate specification, proliferation, migration and cell death. 

Multiple Wnts are expressed in the thymus, both in the epithelial and lymphoid 

compartments (Balciunaite, Keller et al. 2002). In vitro data from cortical and 

medullary cell lines suggests that the canonical/[3-catenin Writ signalling pathway is 

active in the thymus, and that Wnt4 and Sb can directly up regulate Foxnl expression 

(Balciunaite, Keller et al. 2002). The expression domains of Wnt4 and Sb overlap 

with that of Foxnl, suggesting that they may regulate Foxnl expression in vivo. 

However, this has not as yet been demonstrated, nor has this possibility been 

eliminated, as construction of a double Wnt4 and Wnt5b knockout has not been 

reported. 
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1.3.11. 	Opposing gradients of Shh and Bmp4 may 

regulate patterning of the 3rd  pharyngeal pouch 

endoderm 

Opposing concentration gradients of sonic hedgehog (Shh) and bone morphogenetic 

proteins (Bmps) are used during development to provide positional information to 

cells present in a single tissue (Sasai and De Robertis 1997). Both families of 

molecules have multiple roles in thymus organogenesis. Shh expression is excluded 

from the 3" pharyngeal pouch until E10.5, at which point expression is seen in the 

most dorsal portion of the 3'd  pharyngeal pouch, where it meets the foregut endoderm 

(Moore-Scott and Manley 2005). In Shh embryos Foxnl expression is found 

throughout the 3rd  pharyngeal pouch and into the pharynx, while no Gcm2 expression 

can be detected. As Hoxa3 expression is unchanged in these embryos either Hoxa3 

and Shh may independently regulate expression of Gcm2 in the 3rd  pharyngeal pouch 

or Hoxa3 regulation of Gcm2 may be Shh-dependent. 

In contrast to Shh, Bmp4 expression is restricted to the thymic domain of the 3rd 

pouch at E10.5 and is also expressed in the 	and 2nd  pharyngeal arch mesenchyme 

and the dorsal portion of the 2'd  pouch (Moore-Scott and Manley 2005). These 

expression and transgenic analyses suggest that gradients of Shh and Bmp4 pattern 

the 3' pharyngeal pouch. Preliminary ectopic expression analyses using beads 

soaked with either Bmp4 or the Bmp antagonist noggin support this hypothesis, since 

ectopic Bmp4 leads to expansion of the Foxnl-expression domain whereas ectopic 

noggin results in a small expansion of the Gcm2 domain (J. Gordon, UGA, Athens, 

personal communication). Noggin expression is found in the dorsal region of the 

pouch at E10.5 (J. Gordon, PhD thesis). However, Bmp4 may not be required at least 

for maintenance of Foxnl expression since expression of noggin under the control of 

a Foxnl promoter construct does not markedly affect expression of Foxnl at early 

stages of thymus development (Bleul and Boehm 2005), although this analysis did 

not include quantitative analysis of Foxnl expression. These mice exhibit ectopic, 

hypoplasic and cystic thymi, without defects in T cell development, although T cell 

number is drastically reduced. Genetic deletion of the Bmp receptor, BmpRIA using 
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a Foxnl-Cre also results in formation of an ectopic and hypoplastic thymus (J. 

Gordon, UGA, Athens, personal communication), consistent with the Foxn]-noggin 

transgenic results. 

Bmps may also play a role in formation of the posterior pharyngeal pouches. Chordin 

(chrd) is a Bmp antagonist and is expressed in the dorsal region of the foregut 

endoderm at E8.5 (Bachiller, Klingensmith et al. 2003). Chrd embryos form a 

single anterior pharyngeal pouch and arch, and Tbxl, Fgf8 and Pax] are specifically 

down-regulated in Chrc[" pharyngeal endoderm (Bachiller, Klingensmith et at. 

2003). As ectopic chordin can induce both Tbxl and Fgf8 expression in Xenopus 

embryos, chordin may regulate the transcription of these genes in the pharyngeal 

endoderm. 

1.3.12. 	Summary 

The data discussed indicate that RA, Tbxl, Fgf8, and the Bmp antagonist Chordin are 

all required by the pharyngeal endoderm to segment the pharyngeal region and form 

the pharyngeal pouches, including the 3'd  pharyngeal pouch. Chordin is required for 

expression of both Tbxl and Fgf8, and Fgf8 is specifically down-regulated in the 

endoderm in the absence of Tbxl, as determined by in situ hybridisation. RA may 

also regulate Tbxl and Fg18 expression, since expression of these genes is also lost 

when RA signalling is inhibited. However, due to the loss of the structures of the 

pharyngeal region, interpreting expression results is complex. 

Hoxa3 has been placed at the head of a transcription factor network that is 

responsible for patterning of the 3fl  and 4th  pharyngeal pouches. Hoxa3 is not 

responsible for induction of Paxi and Pax9 expression in the 3rd  pharyngeal pouch, 

as expression of both genes is initiated normally in the absence of Hoxa3. However, 

it is required to maintain expression in the 3rd  pharyngeal pouch from E10.5, 

although it is unclear whether this is an endoderm-autonomous effect. Hoxb3 and 

Hoxd3 expression is present in the neural crest-derived mesenchyme surrounding the 
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3rd pharyngeal pouch, and although these genes are not necessary for formation of 

the thymic primordia they may play a later role in its chordo-ventral migration. 

Neither Pax] nor Pax9 are necessary for defining the thymic primordium, but both 

genes are required for normal TEC development and therefore for normal 

thymopoiesis. Lack of either gene may result in a specific TEC deficiency, as 

thymopoiesis is arrested at defined points in development and increased thymocyte 

apoptosis is seen. 

Hox genes regulate transcription in combination with members of the Pbx family. 

Pbxl is expressed in the pharyngeal region. In contrast to Hoxa3 embryos, 3   

pouch formation is delayed in the absence of Pbxl. However, the mice go on to form 

thymic and parathyroid organs, although they are commonly ectopic, hypoplastic and 

cystic. Thus, either Hoxa3 and Pbxl independently regulate gene transcription in the 

3rd pharyngeal pouch, or they both have additional regulatory partners. 

Eyal is required for production of the common thymic and parathyroid primordium. 

However, as with Hoxa3, it is difficult to establish the precise cause of the 

pharyngeal defect in Eyal mice, as Eyal is expressed in tissues descending from all 

three germ layers. Since Hoxa3, Pax] and Pax9 expression is unaffected until ElO.5 

in Eyal null mice Eyal maybe part of a different signalling pathway. Eya genes are 

down-stream of Pax family members in both eye and muscle development (Bonini, 

Leiserson et al. 1993; Cheyette, Green et al. 1994; Halder, Callaerts et al. 1998; 

Heanue, Reshef et al. 1999). Six genes are also present in this transcription factor 

pathway and Six] was down-regulated in the endoderm of Eyal -1- 	suggesting 

that this pathway may be operating during thymus development. However, 

demonstration of this interaction may require the generation of Pax] Pax9 as the 

thymic phenotype of single null mice is mild as compared to Eyal-'-. 

Gcm2 expression, which marks the dorsal region of the 3rd  pharyngeal pouch from 

E9.5, is affected in many of the mutant mice discussed, including those proposed to 

be present in independent pathways. Hoxa3, Pbxl, Eyal and Shh null mice all form a 

3rd pharyngeal pouch which is morphologically normal until at least E11.5 (Manley 

and Capecchi 1998; Xu, Zheng et al. 2002; Manley, Selleri et al. 2004; Moore-Scott 
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and Manley 2005). Gcm2 expression is never detected in Hoxa3, Eyal-' -  or Shh, 

suggesting that there is a 3'' pouch patterning defect in the absence of all three genes. 

However, Hoxa3, Eyal and Shh may regulate different aspects of 3rd  pouch 

patterning, as there is currently no indication of genetic interaction between them. 

Expression of Gcm2 is correctly initiated in Pbxl null animals but the level of 

expression may be lower than wild-type, indicating that patterning of the pouch has 

occurred but further defects are present. Unlike Gcm2 expression, Pax] expression 

was delayed in the Pbxl null animals, this result suggests that Pbxl involves 

different pathways in the regulation of Gcm2 and Pax] in the 3rd  pouch. 

Additionally, Pbxl may regulate early Pax] expression in the 3' pharyngeal pouch, 

whereas Hoxa3 may independently regulates Pax] from El0.5. 

The transcription factor, Foxnl, is only expressed at levels detectable by in situ 

hybridisation once thymic organogenesis has been initiated. Foxnl is required for 

TEC development subsequent to primordium formation, and is thus necessary for the 

production of a functional thymus. While Hoxa3, Pax], Pax9 and Eyal obviously 

play important roles in thymus development, they also regulate development of the 

parathyroid gland; Hoxa3, Pax1, Pax9 and EyaF mice all have defects in 

parathyroid gland formation (Dietrich and Gruss 1995; Manley and Capecchi 1995; 

Hetzer-Egger, Schorpp et al. 2002; Xu, Zheng et al. 2002). Gcm2 expression is 

restricted to the parathyroid domain of the 3rd  pharyngeal pouch two days before 

Foxnl comes on in the thymic domain (Gordon, Bennett et al. 2001). It is therefore 

likely that there are other factors involved in specification of the thymus and 

induction of Foxnl expression. Recent work has suggested that opposing gradients of 

Shh and Bmp2/4 may determine the extent of the thymus and parathyroid domains 

(Moore-Scott and Manley 2005), and whilst it is clear that in the absence of Shh the 

entire 3'd  pouch forms thymus, the reciprocal experiment with Bmp2/4 has not been 

reported. However, deletion of the Bmp receptor, Bmprl, or expression of noggin, in 

the Foxnl spatial and temporal expression domain using a Foxnl-Cre may not effect 

expression of Foxnl. Although, this result does not rule out an early role for Bmp2 

or 4 in induction of Foxnl, is does suggest that neither are required for maintenance 

of expression. 
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The very complex interactions and morphogenetic cell movements that occur during 

development of the pharyngeal region and thymus organogenesis suggest that many 

genes and gene products are involved. Whilst factors have been identified that are 

necessary for these processes to occur, we currently have very little real 

understanding of how the 3rd  pharyngeal pouch forms and is patterned and how it 

gives rise to a functional thymus. 
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1.4. 	Rhox and homeobox-containing genes 

1.4.1. The Rhoxfamily of homeobox containing genes 

The homeodomain is a 60 amino acid motif which mediates base-specific binding to 

DNA via formation of a helix-turn-helix structure. The homeobox was initially 

identified as a highly conserved sequence present in Drosophila homeotic selector 

genes, which define the identity of the developing body segments (Lewis 1978). 

Orthologues of the Drosophila HOX genes have been found in an ever-increasing 

number of species, and their role in segmentation has been conserved from flies to 

humans (Krumlauf 1992; Ferrier and Minguillon 2003). Although initially identified 

in Hox genes, the homeobox motif has been recruited and used by a wide range of 

genes, which play a role in many cellular processes both during development and in 

the adult. A gene that is found to encode a homeodomain is therefore likely to bind 

DNA, but the presence of a homeodomain does not suggest a function. With the 

exception of a few key residues, homeodomain proteins are highly diverged. 

However, with a few exceptions, they can however be subdivided into classes based 

on homeodomain sequence and the presence of other motifs. 

The mouse Rhox family of homeobox-containing genes is highly diverged from the 

original Hox genes (Maclean, Chen et al. 2005). There are twelve Rhox family 

members, present in the A2 region of the X chromosome (Figure 1.4). Family 

members are defined by their divergent homeodomain, which is encoded by three 

exons, their location on the X chromosome and their similar length. The twelve Rhox 

genes are located in three distinct clusters within a 0.7Mb interval; the a cluster 

contains Rhox] through to Rhox4, the P cluster Rhox5 to 9 and y cluster Rhox] 0, 11 

and 12. Rhox family members are primarily expressed in reproductive and extra 

embryonic tissues, although three members are each expressed in one additional 

tissue - including Rhox4, which is expressed in the developing and adult thymus 
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Figure 1.4 Diagram of the Rhox locus present in the A2 region of the mouse 
X chromosome. The twelve mouse Rhox genes are present in three gene 
clusters, a, P and y. Gene orientation is indicated by the direction of the 
arrows. Diagram taken from (Maclean et al. 2005). 
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(Lin, Labosky et al. 1994; Han, Park et al. 1998; Chun, Han et al. 1999; Takasaki, 

Mclsaac et al. 2000; Jackson, Baird et al. 2002; Jackson, Baird et al. 2003; Kang, Li 

et al. 2004; Maclean, Chen et al. 2005). Due to their relatively recent discovery, very 

little is know about the roles Rhox genes play in these tissues. However, knockout 

mice have been constructed for two family members. Rhox5 null mice have a mild 

reduction in male fertility due to a defect in the rate of sperm production (Maclean, 

Chen et al. 2005), while Rhox9 have no discernable phenotype (Takasaki, Rankin et 

al. 2001), possibly due to the overlapping function of Rhox family members in 

reproductive and extra-embryonic tissues. Androgens regulate many aspects of male 

reproduction; it is therefore interesting that expression of at least five members of the 

mouse Rhox family, Rhox2, 3, 5, 10 and 11 (Maclean, Chen et al. 2005) and one 

human Rhox gene (Geserick, Weiss et al. 2002) is upregulated by androgen 

treatment. Androgen responsiveness has not been assessed for any other mouse Rhox 

genes. 

Although the Rhox family has only been described in mice (Maclean, Chen et al. 

2005), a Rhox5 rat orthologue (Sutton and Wilkinson 1997) and two human 

homologues (Geserick, Weiss et al. 2002; Wayne, MacLean et al. 2002) also exist. 

Interestingly, rat Rhox5 and the Rhox5 gene from twelve sub-species of mice were 

found to have undergone rapid divergence and positive selection (Sutton and 

Wilkinson 1997), whereby selection events have occurred for nucleotide 

polymorphisms that result in a change in amino acid code. This feature is common 

among testis expressed genes (discussed below). The two human Rhox genes are 

present in the syntenic region of the human X chromosome (Xq24) (Geserick, Weiss 

et al. 2002; Wayne, MacLean et al. 2002) and to date, no other human family 

members have been identified. Both human genes are highly diverged from their 

mouse counterparts, and human and mouse Rhox families may therefore share a 

single common ancestral gene (Maclean, Chen et al. 2005). Although expression of 

both human genes is also found in the testis, neither is expressed in the placenta, a 

tissue in which expression of all twelve mouse genes can be detected albeit at 

varying levels. Placenta formation and structure differs widely between mammals, 

possibly due to the recent evolution of this tissue and/or the ideal location of the 
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placenta for establishing barriers between different species (Hemberger 2002). 

Morphologically, mouse and human placentas are very similar. However, expression 

of the Rhox gene family in mouse but not human placenta suggests that molecular 

control of this tissue may differ. Mouse and human Rhox genes may however play a 

common role in the testis, since at least one of the human genes can also be regulated 

by androgens (Geserick, Weiss et al. 2002). 

1.4.2. Co-linear expression of the Rhoxfamily 

Co-linear gene expression was first reported for the HOX clusters of Drosophila 

where it was observed that the chromosomal gene order corresponded with the order 

of gene expression down the anterior-posterior axis (Lewis 1978). This is now 

referred to as spatial co-linearity and has been observed in the Hox clusters of wide 

range of species including mammals. Two other co-linear mechanisms have been 

identified in mouse; temporal and quantitative co linearity, where the gene order 

corresponds to the time and level of gene activation respectively. It is becoming clear 

that co-linear expression of clustered genes is established and maintained by a range 

of different mechanisms, including gene transcriptional availability regulated by 

chromatin, signalling molecule concentration and global enhancers situated outside 

of the clustered genes (Kmita and Duboule 2003; Deschamps and van Nes 2005). 

Each mouse Rhox cluster (a, P and y) is reported to display quantitative co-linear 

expression during testis development. Additionally the a and y clusters are reported 

to exhibit temporal co-linearity, whereby a different Rhox gene is activated at each 

stage of testis development (Maclean, Chen et al. 2005). A subtle difference exists 

between the co-linear expression seen within the Rhox cluster and that of the 

classical HOX clusters; the Rhox genes are turned on and then rapidly down-

regulated as the next gene is up-regulated, so that one gene is active at one time, 

where as Hox genes are up-regulated and remain expressed as the next gene is being 

expressed, so that many Hox genes are expressed in one location at one time (Kmita 

and Duboule 2003). This difference may be due to different control mechanisms 
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controlling gene expression. Since there are only two Rhox genes in the human 

genome, it is unlikely that a similar observation will be made in the human testis and 

this may reflect differences in testis development between the two species. 

1.4.3. Rhox genes and the X chromosome 

The Rhox family are unique in being the only cluster of homeobox genes present on 

X, and are all expressed in reproductive and extra embryonic tissues, which are over-

represented on the X chromosome as compared to autosomes (Hemberger 2002; 

Vallender and Latin 2004; Vallender, Pearson et al. 2005). The reasons for this bias 

are much debated, but are likely to be due to phenomena experienced only by the sex 

chromosomes. These include the presence of a single X chromosome in males, 

resulting in hemizygous exposure and the possibility of fixing recessive male 

beneficial mutations in the population. Secondly, there are two X chromosomes in 

females, so a female-specific gene will be present twice as often in females as in 

males (sexual antagonism). 

Duplicated genes on the Drosophila X chromosome tend to be more diverged than 

duplicates located on autosomes (Thornton and Long 2002), again probably due to 

sexual selection. Whether this observation is also true of mammalian X 

chromosomes is unclear. However, the mouse Rhox cluster probably arose through 

gene duplication and Rhox genes are highly diverged, showing as low as 30% amino 

acid identity in the homeodomain. This observation may additionally be due to the 

possible role of Rhox family members in male reproduction, since rapid divergence 

has now been reported for many testis genes, including Rhox5 (Sutton and Wilkinson 

1997; Ting, Tsaur et al. 1998; Wyckoff, Wang et al. 2000; Wang and Zhang 2004). 
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1.5. 	Gene duplication 

1.5.1. Gene duplication 

Current knowledge of gene and protein structure indicate that a limited number of 

protein and nucleotide motifs found in nature have been recruited to mediate 

differing functions in various cellular processes. Usually, at least one motif is found 

in each gene or protein, and the same motifs are found throughout evolution. The 

primary mechanism that has allowed, and continues to allow, these processes to 

occur is gene duplication (Ohno 1970). 

Gene duplication events resulting from duplication of an entire genome, an 

individual chromosome, a chromosomal segment or stretch of genomic DNA have 

all occurred in evolution. Mechanisms mediating duplication events include; 

abnormal chromosome segregation, abnormal sister chromatid crossing over, DNA 

slippage and transposition via transposable elements (Figure 1.5) (Achaz, Netter et 

al. 2001). Duplicated genes present either at a location remote from, or inverted with 

respect to, their original gene copy are likely to have been generated initially via 

tandem duplication, and been inverted or redistributed later (Achaz, Netter et al. 

2001). A classical example of a gene family having arisen through gene duplication 

is the Hox family. Here, an ancient duplication initially created a single Hox cluster, 

which in mammals has been duplicated twice, both completely (HoxA and HoxD) 

and incompletely (HoxB and probably HoxC) to create four clusters on four different 

chromosomes, each containing up to 13 paralogues (Akam 1989; Krumlauf 1992). 

Although generated by gene duplication, the Hox clusters of vertebrates (but not 

invertebrates) now appear to be protected from further events as tandem duplications 

have not been identified in mammals and transposable elements are excluded from 

the vicinity of these clusters (Wagner, Amemiya et al. 2003). 
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Figure 1.5 Two mechanisms of gene duplication, a) abnormal crossing over 
between sister chromatids during meiosis after asymmetric pairing, this can 
occur between homologous genomic sequences including homologous genes 
and transposable elements. b) DNA slippage results from mispairing of 
chromatids during replication and recombination creating loops of DNA, which 
generate duplications and deletions when repaired. 
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1.5.2 Fate of duplicated genes 

The study of complete and partial genome sequences indicates that in mammals, 

around 1% of genes duplicate every one million years (Lynch and Conery 2000). 

Although up to 80% of gene duplicates are subsequently lost from the genome, a 

significant proportion (up to 50%) are maintained and become fixed in the 

population. Due to functional redundancy after a duplication event, gene duplicates 

experience a period of moderately relaxed selective pressure, which allows mutations 

to accumulate. Mathematical models of gene mutation rates predict that the amount 

of time required for a gene to become non-functional (to generate a pseudogene) is 

relatively short: around four million years (Force, Lynch et al. 1999). Recently, there 

has been much debate about the evolutionary processes that lead to preservation of 

duplicates. Classical studies suggest that duplicates are preserved only if they acquire 

mutations that give the gene a new function (neo-functionalisation) (Ohno 1970), and 

that this process may have played an important role in the evolution of new 

morphological structures (Force, Cresko et al. 2005). How often neo-

functionalisation occurs is unknown, however, it is unlikely to be frequent enough to 

account for the large proportion of duplicates retained in most genomes. 

Many genes are multi-functional, for example, being expressed in more than one 

tissue or at multiple times during development; having a role in a number of 

biological processes; being alternately spliced to form different protein products; 

and/or being composed of multiple functional domains. It has therefore been 

proposed that duplicates can undergo sub-functionalisation, whereby different gene 

copies retain complementary functions allowing the survival of both gene copies in 

the genome, and many examples appear to exist (Force, Lynch et al. 1999; Lynch 

and Force 2000; Makova and Li 2003; Aharoni, Gaidukov et al. 2005; Kopelman, 

Lancet et al. 2005). Sub-functionalisation may not require active selection but could 

be a neutral process (Force, Cresko et al. 2005). A number of factors influence 

whether sub-functionalisation is likely to occur. For instance, a small population size 

is required for both genes to be fixed in the population; the bigger and more complex 

a gene, the more likely it is that functions can be divided between duplicates. 
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Whether all regulatory elements and structural features are inherited by the duplicate 

is an additional and important factor (Lynch and Katju 2004; He and Zhang 2005). 

Subfunctionalisation and possibly neofunctionalisation has occurred in the Hox3 

cluster; Hoxa3 is required for thymus organogenesis and uniquely for Hox3 

paralogues is expressed in the endoderm (Chisaka and Capecchi 1991; Manley and 

Capecchi 1995), while Hoxd3 is essential for the correct specification of the cervical 

vertebrae, a process in which Hoxa3 is not thought to function (Condie and Capecchi 

1993). 

1.5.3 Duplications present in the mouse genome 

Over 80% of genes present in the human genome have a single mouse orthologue 

(Waterston, Lindblad-Toh et al. 2002), and contained within remaining 20% are 

species specific genes. Analysis of the mouse genome sequence has identified 

clusters of gene families which have undergone large expansions via gene 

duplication and are specific to the mouse. These families are primarily involved in 

reproduction, immunity and olfaction (Waterston, Lindblad-Toh et al. 2002; Emes, 

Goodstadt et al. 2003; Huminiecki and Wolfe 2004), all of which play a role in 

survival. It is no coincidence that genes from these families are additionally likely to 

have undergone rapid evolution (and sometimes positive selection), resulting in a 

high level of sequence polymorphism between orthologues from different species 

and also between different subspecies. The combination of enhanced rates of gene 

duplication and rapid evolution has resulted in the divergence of mouse reproductive 

mechanisms, creating species barriers and generating biodiversity (Lynch and 

Conery 2000; Taylor, Van de Peer et al. 2001; Emes, Goodstadt et al. 2003). 

An example of such a species specific cluster is the mouse Rhox cluster (Maclean, 

Chen et al. 2005), members of which are expressed in reproductive tissues and at 

least one member of which has undergone positive selection (Sutton and Wilkinson 

1997). There are twelve Rhox family members in mice and only two in human 

(Geserick, Weiss et al. 2002; Wayne, MacLean et al. 2002; Maclean, Chen et al. 
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2005). An additional feature of this cluster, commonly observed amongst species 

specific duplications, is that the expression patterns of members from two different 

species are unlikely to be conserved (Huminiecki and Wolfe 2004); thus, the mouse 

Rhox genes are expressed in reproductive and extra-embryonic tissues whereas the 

human genes are only expressed in reproductive tissues (Geserick, Weiss et al. 2002; 

Wayne, MacLean et al. 2002; Maclean, Chen et al. 2005). 

1.5.4 Gene duplication and gene conversion 

Gene conversion is a recombination mechanism that copies a DNA sequence from 

one stretch of genomic DNA to another (Radding 1978). Gene conversion events are 

thought to be common amongst gene families, especially when paralogues have 

retained a high degree of sequence identity (Ahn, Domfeld et al. 1988; Elliott, 

Richardson et al. 1998) and remained in close physical proximity (Galtier 2003). 

They result in a high degree of sequence identity being maintained between gene 

duplicates, making old duplicates appear young and preventing elimination of gene 

copies from the genome. In transgenic systems the rate of gene conversion between 

duplicates is so high that it has been suggested that mechanisms may exist to inhibit 

these events, otherwise the efficiency of gene conversion would prevent tandem gene 

duplicates from diverging (Murti, Bumbulis et al. 1992). However, gene conversion 

events are not uniform between all gene duplicates, one bias that has been identified 

is for DNA sequences with a high GC content. Therefore, regions with high gene 

content are favoured by gene conversion, and further gene conversion events can 

result in increased GC content by favouring GC basepairs (Galtier 2003; Marais 

2003). However, despite the potential significance of gene conversion mechanisms 

for gene evolution, very little is known about the role gene conversion has played, 

and continues to play in sculpting genomes. 
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1.6Aims 

The data discussed in 1.3 indicate that no genes have yet been identified that are 

responsible for specification of the thymus. Foxn] is expressed specifically in the 

thymic domain of the 3' pharyngeal pouch and is required for TEC differentiation, 

however the thymus is already specified by the time of onset of Foxnl expression. 

All other regulators of thymus development identified to date also affect parathyroid 

development. Several possible models could reconcile these data into specification 

mechanisms, including the presence of an as yet unidentified thymus factor. Previous 

work carried out in this lab showed that Rhox4 is expressed in the thymic domain of 

the 3   pharyngeal pouch endoderm at E9.5, and might therefore play a role in 

specification of this organ. 

In this thesis, I set out to investigate whether Rhox4 might play an important role in 

early thymus organogenesis, and in particular, whether it is responsible for 

specification of the thymus. Chapter 3 describes expression of Rhox4 during thymus 

organogenesis, and shows that the expression pattern is consistent with a role in 

specification. However, I was unable to map Rhox4 into known transcription factor 

pathways. In Chapter 4 I describe characterisation of the Rhox4 locus, a prerequisite 

to generation of null and conditional-null alleles for functional analysis. This analysis 

uncovered tandem duplication events in the Rhox4 locus, containing seven Rhox4 

copies. Additionally, the evolutionary history of these duplications is addressed. The 

identification of seven Rhox4 copies necessitated further analysis of copy expression 

patterns which is described in Chapter 5. Finally, Chapter 6 describes the design and 

construction of a transgenic RNAi strategy for establishing the role of Rhox4 in 

thymus organogenesis. 
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Identification of genes expressed in anterior endoderm during ES cell 
differentiation 

Afifah Rahman, Anestis Tsakiridis, Richard Axton, Lesley Forrester and Josh 
Brickman. 

Institute for Stem Cell Research, The University of Edinburgh, Roger Land Building, 
King's Builings, West Mains Road, Edinburgh, EH9 3JQ, UK. 

The precise nature of signals and mechanisms underlying the process of anterior-
posterior patterning in mammals is not entirely understood. One of the earliest 
molecular asymmetries is seen by the expression of homeobox gene Hex, which is 
expressed asymmetrically in the pen-implanting embryo. We have an ES cell line that 
reports reliably on Hex expression during ES cell differentiation. This line contains a 
dsRed in exon 1 of the Hex locus. We will use a GFP labelled gene trap vector to 
identify genes co-expressed with Hex during ES cell differentiation. Our gene trap 
vectors are unique in that they include a splice acceptor, followed by 3-ga1actosidase 
and hygromycin resistance to monitor expression and splice donor-neomycin to select 
for integration into class II genes. We will present data on the functionality of these 
gene traps alongside data from a pilot screen for co-expression with Hex. The nature 
of the gene trap will enable the identification of both direct and indirect targets. This 
approach is more economical than standard in vivo gene-trap screening because it is 
possible to determine if likely knock-out alleles are expressed in one or more specific 
embryonic tissues before generating chimaenic or transgenic mice. 
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Chapter 2 	Materials and Methods 

	

2.1 	Materials 

Unless otherwise stated, analytical grade chemicals were obtained from either Sigma, 

BDH Laboratory supplies or Fisher Scientific. Flowgen supplied electrophoresis 

grade agarose. Synthetic oligonucleotides were synthesised by Sigma. 

	

2.2 	Molecular biology 

Basic molecular biology techniques were performed as described in Molecular 

Cloning - A Laboratory Manual (Sambrook, Fritsch et al. 1989). 

2.2.1 Isolation of nucleic acids 

2.2.1.1 Plasmid preparation 

Small scale plasmid purification was performed using QlAprep miniprep spin kits 

(Quiagen). Large scale plasmid purification was performed using Plasmid Maxi Kits 

(Quiagen). 

2.2.1.2 Genomic DNA isolation 

DNA from fresh liver: Tissue was chopped into small pieces then incubated 

overnight at 55°C with lOmi DNA lysis buffer (100mM Tris, pH8.5; 5mM EDTA; 

0.2% SDS; 200mM NaCl; 100tg/ml proteinase K). Undigested tissue was removed 

by centrifugation at 3000xg for 5 minutes. Supernatant was put in a fresh tube and 

lOml of phenol: chloroform: isoamyl alcohol (25:24:1) added, vortexed and spun at 

10000rpm for 10 minutes. The aqueous phase was then transferred to a fresh tube 

and the DNA was precipitated after adding 2 volumes of isopropanol. Samples were 

mixed by rocking, the DNA precipitate was allowed to settle and the aqueous phase 
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was poured off. The DNA pellet was washed in 5m1 70% ethanol, air dried at room 

temperature and left to dissolve overnight at 4°C in 1 ml sterile water. DNA from 

inbreed mouse strains: C57BL16, 129, CBA and wild-type Mus musculus castaneous 

mice as well as DA rat was prepared in this manner. Genomic DNA from other wild 

mouse strains mentioned was purchased from Jackson Labs. 

Ear punch DNA: 100tl of DNA lysis buffer was added to ear punches in eppendorf 

tubes and incubated overnight at 55°C. 100pl of isopropanol was then added and 

tubes were shaken vigorously by hand to precipitate the DNA. Tubes were then spun 

for 10 minutes at 10000rpm in a microcentrifuge. Supernatants were removed and 

the DNA pellets were washed in 70% ethanol. DNA was then resuspended in 100tl 

of sterile water. 

2.2.1.3 Isolation of RNA 

50-100 mg of freshly isolated tissues were homogenised in lml of Trizol reagent 

(Gibco BRL). RNA was isolated from cells by incubating 5-10x106  cells in lml of 

Trizol reagent. Homogenisation was performed at 15-30°C. 0.2m1 of chloroform was 

then added to homogenised samples in eppendorf tubes and then shaken vigorously 

by hand for 15 seconds. Samples were incubated at 15-30°C for 2-3 minutes and 

centrifuged at 12000xg for 15 minutes at 2-8°C. Aqueous phases were transferred to 

fresh eppendorf tubes and RNA was precipitated by adding 0.5m1 isopropanol and 

mixing the samples. Following this, samples were incubated at 15-30°C for 10 

minutes and centrifuged at 12000xg for 10 minutes at 2-8°C. supernatants were 

removed and RNA pellets were washed in lml 75% ethanol. Samples were mixed by 

gentle vortexing and then spun at 7500xg for 5 minutes at 2-8°C. RNA pellets were 

then air dried for 10 minutes and resuspended in RNAse free water. To ensure the 

RNA was fully dissolved, samples were incubated at 55°C for 10 minutes. Human 

testis RNA was purchased from Clontech. 
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2.2.2 Molecular cloning 

2.2.2.1 Conventional DNA cloning 

DNA plasmids were digested with the appropriate restriction enzymes and fragments 

were separated by gel electrophoresis on a 0.8% agarose gel. Fragments were then 

isolated using Quiagen gel extraction kits. The plasmid backbone was 

dephosphorylated by incubation with 1U of Antarctic Phosphatase (NEB) for 15 

minutes at 37°C, followed by inactivation at 75°C for 10 minutes. Purified plasmids 

and inserts were ligated at 1:1 and 1:3 DNA ratios using Quick ligation kit (NEB). 

Reaction mixtures were incubated for 2 hours at 37°C and transformed into 

chemically competent E. coli. Colonies containing the ligated products were isolated 

by plating on agar plates containing the appropriate antibiotic selection. 

2.2.2.2 Cloning of oligonucleotides 

The sequences of oligonucleotides used for introducing the human Hi promoter, a 

polylinker and the shRNA sequences are shown below. Each oligonucleotide was 

synthesised and 5' phosphorylated by Sigma. Oligonucleotide pairs (called forward 

and reverse below) were then annealed by incubating 5d of a 100tM solution of 

complementary oligonucleotides at 70°C for 10 minutes, then removing them to a 

beaker of water at 37°C and allowing them to cool to room temperature. 1tl of a 

1:1000 dilution of the annealed oligonucleotides were then used in each cloning 

reaction 

Oligonucleotide sequences: 

Human Hi promoter forward: 

5 'AATTCTTAATTAAAATATTTGCATGTCGCTATGTGTTCTGGGAAATCAC 

CATAAACGTGAAATGTCTTTGGATTTGGGAATCTTATAAGTTCTGTATGA 

GACCACTCGGTACCAT3' 



Chapter 2: Materials and Methods 

Human Hi promoter reverse: 

5 'GAATTAATTTTATAAACGTACAGCGATACACAAGACCCTTTAGTGGTAT 

TTGCACTTTACAGAAACCTAAACCCTTAGAATATTCAAGACATACTCTGG 

TGAGCCATGGTAGATC3' 

Polylinker ligated 3' of the human Hi promoter forward: 

5' CTAGAGGATCCGGCGCGCCCCG C3' 

Polylinker ligated 3' of the human Hi promoter reverse: 

S 'TCCTAGGCCGCGCGGGG3' 

RNAi1 forward: 

5 'GTACCAACACCAACTACCTACTTCATTTCAAGAGAAAATGAAGTAGGT 

AGTTGGTGTTTTTTTGGAAAT3' 

RNAi1 reverse: 

5 'CTAGATTTCCAAAAAAACACCAACTACCTACTTCATTTTCTCTTGAAAT 

GAAGTAGGTAGTTGGTGTTG3' 

RNAi2 forward: 

5' GTACCAAGCTGCCAGAGGAGCCAGTTTTCAAGAGAAAAACTGGCTCCT 

CTGGCAGCTTTTTTTGGAAAT3' 

RNAi2 reverse: 

5' CTAGATTTCCAAAAAAAGCTGCCAGAGGAGCCAGTTTTTCTCTTGAA 

CTGGCTCCTCTGGCAGCTTG3' 

RNA14 forward: 

5 'GTACCGGGACAAAGCAGAAGAATTAATTCAAGAGAAATTAATTCTTCT 

GCTTTGTCCCTTTTTGGAAAT3' 
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RNAi4 reverse: 

5' CTAGATTTCCAAAAAGGGACAAAGCAGAAGAATTAATTTCTCTTGAAT 

TAATTCTTCTGCTTTGTCCCG3' 

RNAi5 forward: 

5 'GTACCTTTAAGAAGAGGAGAGAGCACTTCAAGAGAAAGTGCTCTCTCC 

TCTTCTTAAATTTTTGGAAAT3' 

RNA15 reverse: 

5' CTAGATTTCCAAAAATTTAAGAAGAGGAGAGAGCACTTTCTCTTGAAG 

TGCTCTCTCCTCTTCTTAAAG3' 

AvrII containing RNAi1 forward: 

5' GTACCAACACCAACTACCTACTTCATTTCCTAGGAAATGAAGTAGGTA 

GTTGGTGTTTTTTTGGAAAT3' 

AvrII containing RNAi1 reverse: 

5' CTAGATTTCCAAAAAAACACCAACTACCTACTTCATTTCCTAGGAAATG 

AAGTAGGTAGTTGGTGTTG3' 

AvrII containing RNA12 forward: 

5' GTACCAAGCTGCCAGAGGAGCCAGTTTTCCTAGGAAAACTGGCTCCTC 

TGGCAGCTTTTTTTGGAAAT3' 

AvrII containing RNAi2 reverse: 

5' CTAGATTTCCAAAAAAAGCTGCCAGAGGAGCCAGTTTTCCTAGGAAAA 

CTGGCTCCTCTGGCAGCTTG3' 

AvrII containing RNAi4 forward: 

5' GTACCGGGACAAAG CAGAAGAATTAATTCCTAGGAATTAATTCTTCTG 

CTTTGTCCCTTTTTGGAAAT3' 
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AvrII containing RNA14 reverse: 

5' CTAGATTTCCAAAAAGGGACAAAGCAGAAGAATTAATTCCTAGGAATT 

AATTCTTCTGCTTTGTCCCG3' 

AvrII containing RNAi5 forward: 

5 'GTACCTTTAAGAAGAGGAGAGAGCACTTCCTAGGAAGTGCTCTCTCCT 

CTTCTTAAATTTTTGGAAAT3' 

AvriII containing RNA15 reverse: 

5' CTAGATTTCCAAAAATTTAAGAAGAGGAGAGAGCACTTCCTAGGAAGT 

GCTCTCTCCTCTTCTTAAAG3' 

2.2.2.3 PCR cloning 

The specificity of PCR products was confirmed by gel electrophoresis and aliquots 

taken directly from the PCR reaction mixtures were used for each cloning reaction. 

PCR products containing a polyA overhang were cloned using the pCR2.1-TOPO 

plasmid (Invitrogen) using the manufacturers instructions. Products that gave a blunt 

product were cloned using the pCR-Blunt 11-TOPO plasmid and the Zero Blunt 

TOPO PCR Cloning Kit (Invitrogen). 

2.2.2.4 Chemically competent E. coli 

E.coli (DH5a) were grown overnight in 5m1 LB medium (1% w/v tryptone; 0.5% 

w/v yeast extract; 85mM NaCl), this starter culture was then transferred to 500m1 LB 

medium and grown until a cell density reading of between A600=0.3-0.6 was reached 

to ensure the cells were in log phase. Cells were then chilled by swirling on ice and 

centrifuged at 3000rpm in pre-chilled bottles. Cells were resuspended in 1/20 volume 

ice cold, sterile LB pH6.1, supplemented with 10% PEC Mw 3350; 5% DMSO; 

10mM MgCl2; 10mM MgSO4  and 10% glycerol, incubated on ice for 10 minutes. 

Cells were aliquoted into eppendorf tubes on dry ice, then stored at -80°C. 
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2.2.2.5 Transformation of chemically competent E. coli 

20tl of DNA ligation mixture was added to 20tl of KCM (0.5M KC1; 0.15M CaCl2; 

0.25M MgC12) to a final volume of 100d with sterile water. The resulting mixture 

was then chilled on ice for 5-10 minutes. 100tl of KCM competent E. coli was then 

added and incubated on ice for 20 minutes. Following this, the mixture was 

incubated at room temperature for 10 minutes. 1 ml of LB medium was then added 

and incubated at 37°C for 60 minutes with shaking at 200rpm. Mixtures were spun at 

12000rpm for 30 seconds and resuspended in 100!i1 of LB medium. Cells were then 

plated onto agar plates (1.5% w/v agar in LB) containing the appropriate antibiotic 

selection. 

2.2.3 PCR 

PCR reactions in this thesis were carried out using three Taq DNA Polymerase 

enzymes, Taq DNA Polymerase (Roche) was used for all PCR reactions where the 

product was not intended for sequencing. Two proofreading enzymes were used for 

producing products for cloning, Pfu Turbo Hotstart DNA Polymerase (Stratagene) 

and Platinum Pfx DNA Polymerase (Invitrogen). Details of reaction mixtures used 

for each enzyme are: 

Taq DNA Polymerase (Roche) 

1il cDNAIDNA 

lx buffer 

0.1mM dNTPs 

0.7M each primer 

0.6U enzyme 
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Platinum Pfx DNA Polymerase (Invitrogen): 

ltl cDNA 

lx buffer 

1mM MgSO4  

0.3mM dNTPs 

0.3 tM each primer 

0.5U enzyme 

Pfu Turbo Hotstart DNA Polymerase (Stratagene): 

1t1 eDNA 

lx buffer 

3mM MgSO4  

0.3mM dNTPs 

0.3tM each primer 

1U enzyme 

2.2.4 Primers used for all PCR and RT-PCR reactions 

Details of primers used for all PCR and RT-PCR reactions are shown in Table 2.1. 

All primers were synthesised by Sigma. 
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Table 2.1 Details of primers used in this thesis. 

Gene Primer name Sequence Annealing cDNA Figure 

name temperature product size 

(°C) 

mRhox4 5060 TCAGGACATGGAGCATCAAA 64.3 708 3.5, 3.6, 5.2, 

Ehox exon 4 TGCAATAACATGCTGGTGGAAG 66.8 5.7, 5.9, 5.10 

mRhox4 Ehox forward TGGAGCATCAAAACACCNC 66.2 336 5.1, 5.8, 6.2, 

Ehox reverse GGAATAGGCTGCACTTTGTC 68.3 6.3 

mRhox4 Ehox exon 2F CACTGGATGGAGAGGGAAGA 64.2 369 4.1, 4.7 

Ehox exon 2R CGGATGAAGTGATTCTGCTG 63.4 

mRhox4 GeneRacer 5' CGACTGGAGCACGAGGACACTGA 74 5.4 

5' RACE rev2 AGCAGGCCCACCTTCTCCACTTAA 71.4 

mRhox4 GeneRacer 3' GCTGTCAACGATACGCTACGTAACG 72 5.5 

3' RACE fwdl GGAGGCCTGGTGTACCACCCTTGA 74.5 

rRhox4 Rat Ehox fwd GCCTCGTGGATAACAGGAAC 63.4 450 5.11 

Rat Ehox rev CTTGAGCAAGGGTGGTTCTC 63.7 

rRhox4 Rat EE2 fwd GTGCAIAAGGCACAGAAGGTT 64.1 429 4.18 

Rat EE2 rev CCGATGAAGTGATTCTGCTG 63.4 



Gene - Primer name Sequence Annealing cDNA Figure 

name temperature product size 

(°C) 

,6-actin Bact 516F CGTTGACATCCGTAAAGACC 60 206 All RT-PCR 

Bact 516R ATCTGCTGGAAGGTGGACAG 62 experiments 

fl-actin GeneRacer 5' CGACTGGAGCACGAGGACACTGA 74 872,828 5.6 

Control Primer Bi GACCTGGCCGTCAGGCAGCTCG 72 

fl-actin GeneRacer 3' GCTGTCAACGATACGCTACGTAACG 72 1800, 1715 5.6 

Control Primer A GCTCACCATGGATGATGATATCGC 76 

mRhoxl Rhoxi fwd GAGGAAAATGCGAATGGTGT 63.7 344 5.8, 5.9, 5.10 

Rhoxi E2 rev GATGTACTGAGTGCGCTGGA 64.1 

mRhox2 Rhox2 fwd GCGACAAAGCGTCAATTACA 63.7 473 4.9, 5.8, 5.9, 

493053112 GCCTCCTTAGTGCTGATGTAGTG 63.8 5.10 

mRhox3 Rhox3 fwd GAAGATGGAGGACAGGTGGA 64.1 344 4.10, 5.8, 5.9, 

Tex2 rev GGCCAGTTGTTTTCTTGCTT 63 5.10 

rRhox3 Rat XM343759R TGGCCTTGAAAATGCTCTCT 63.7 326 5.11 

Rat XM343759RF TGCTGACTGAAGAGGGAAGAA 64 

mRhox5 Rhox5 fwd GCAAGGTCACCAGGCTACTC 63.8 321 5.8 

Rhox5 rev CTACCCCCAGGATTTCCATT 63.6 



Gene Primer name Sequence Annealing cDNA Figure 

name temperature product size 

(°C) 

mRhox6 Rhox6 fwd TCAAGAAGAGCCTGCTCCAT 64 386 5.8 

Rhox6 rev ATCCGAAACCAATTCTGCAC 63.7 

mRhox7 Rhox7 fwd AAGCATGGATGGGTCTGAAG 64 364 5.8 

Rhox7 rev TACACTCAGGGACCCGATTC 63.8 

mRhox8 Rhox8 fwd GAAGAATGGAGCCAATGGAA 63.8 736 5.8 

Rhox8 rev GGTAAACCTGTAGCGGTTGC 63.3 

mRhox9 Rhox9 fwd TCAAGAAGAGCCTGCTCCAT 64 483 5.8 

Rhox9 rev GCTGCTCCAAAATCTTCAGG 63.7 

mRhoxl RhoxlO fwdATGTCGCTTTGGAAGAGGTG 64.1 370 5.8 C-) 

0 RhoxlO rev TCGAGGTTCCAGATGTAGCA 63.4 

Q) 

mRhoxl Rhoxi 1 fwd GGGATGAGCTTCTGTGAGGA 64.4 322 5.8 N) 

I Rhoxi 1 rev TTTCTTTTGAGGGCATCTGG 63.9 CD 

mRhoxl Rhoxl2 fwd CAAACTGGGGGAGAATGAGA 63.9 398 5.8 CO 

2 Rhox12 rev TGCTTTGCAAGGTTCTTCCT 63.7 

mFoxnl Foxnl E3 Fwd CTCCAGAGAGGACACCCTCA 64.5 367 3.8 

Foxnl E3 Rev CTCTGCTGGGAAGCTAGGC 64.1  
0 
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Gene Primer name Sequence Annealing cDNA 	Figure 

name temperature product size 

(°C) 

hPEPP1 hPEPP1 F2 CACCGTGTTCTACTGCCTGA 63.9 350 	 5.12 

hPEPP1 R2 CGGAAAACACTTTCCAGCTC 63.6 

hPEPP1 hPEPP2F2 GCAGTGCAGATTTGGTTTGA 63.8 332 	 5.12 

hPEPP2 R2 TTGGGGAATGTGAAAGAAGG 63.7 

hHoxa3 	hHoxa3 fwd 	CTGGATGAAAGAGTCTCGAC 	60 	 379 	 5.13 

	

hHoxa3 rev 	CCAGCGAATGCATAGAGTTC 	60 

hPaxl 	hPaxl fwd 	CCAACGTGGTCAAGCACATC 	62 	 512 	 5.13 

hPaxl rev 	CTAAGGCAGGTTTCTCTAGC 	60 

hFoxnl 	hFoxnl 	 GAAACCTGTGGGAACAGTTG 	60 	 365 	 5.13 

hFoxnl 	 ACTTCCAGACCAGGCAAACG 	62 

C) 

CD 

N.) 

CD 
:3 

(I) 

:3 

CD 

0 
0. 
C') 
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2.2.4.1 cDNA synthesis 

First strand cDNA was synthesised from 5tg of total RNA using oligo dT with 

Superscript II Reverse Transcriptase (Invitrogen) following the manufacturers 

instructions. Following cDNA synthesis, DNase treatment was performed using the 

DNase treatment kit (Ambion). 1!.1l  cDNA was then used in each PCR reaction. 

2.2.5 RT-PCR 

2.2.5.1 5' and 3' RACE 

5' and 3' RACE reactions were performed using GeneRacer Kit (Invitrogen). 

Briefly, full length cDNA was synthesised from 5tg of RNA from both a mix of 

RNA from all embryonic tissues (whole E9.5 embryo, whole E15.5 embryo, E15.5 

placenta, E1l.5 yolk sack and ES cell line) and adult tissues (brain, heart, lung, 

muscle, skin, testis and thymus) known to express Rhox4 (see Figure 5.1) and HeLa 

cell line RNA which was provided in the kit as a control. 5' and 3' RT-PCR 

reactions were then carried out using a gene specific primer and 5' or 3' RACE 

primer (see Table 2. 1), with Platinum Taq DNA Polymerase High Fidelity 

(Invitrogen). 

PCR reaction mixture for 5' and 3' RACE (see Table 2.1 for details of generacer and 

gene specific primers): 

Generacer primer (1OtM) 	3tl 

Gene specific primer (10tM) 1 tl 

cDNA 1tl 

Buffer 5!il 

dNTPs (10mM) 1tl 

Taq(1U/tl) 0.5tl 

Mg504  (50mM) 2tl 

dH 20 36.5p1 
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PCR cycle parameters 5' and 3' RACE (touch down): 

Cycle name Step Temperature Time Number of 

(°C) (seconds) cycles 

Initial Denaturation 94 120 1 

denaturation 

72°C Denaturation 94 30 5 

Annealing 72 45 

70°C Denaturation 94 30 5 

Annealing 70 45 

63°C Denaturation 94 30 30 

Annealing 63 30 

Extension 72 45 

Final Extension 72 600 1 

extension 

PCR products were gel purified using QlAquick Gel Extraction Kit (Qiagen) and 

shotgun cloned using Zero Blunt TOPO PCR Cloning Kit for Sequencing 

(Invitrogen). 

2.2.5.2 Real-time RT-PCR 

cDNA synthesis was performed as described in section 1.2.4. cDNA was diluted 

five-fold with sterile water and 5tl was added to the reaction mixture described 

below: 

2tl 5 x Lightcycler-DNA Master SYBR Green reaction mixture (Roche) 

(containing Taq DNA polymerase, reaction buffer, dNTP, SYBR green I dye 

and 1mM MgCl2) 

0.1tM forward primer 

0.1 tM reverse primer 

sterile water to 10tl 
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Each reaction was loaded into capillary tubes, centrifuged at 3000rpm for 30 seconds 

and loaded into the Lightcycler (Roche) and run according to the programme shown 

below: 

Denaturation: 	95°C for 30 seconds 

Amplification: 	95°C for 10 seconds, 55°C for 5 seconds, 72°C for 20 

seconds, 85°C for 2 seconds 

Melting curve: 	65°C - 95°C at 0.10C/second 

Cooling: 	 95°C - 40°C 

Fluorescence was acquired at the end of each amplification cycle and throughout the 

melting curve analysis. To enable the derivation of a standard curve for 

quantification, dilution series containing 106,  105, 104  and 103  copies of each gene 

analysed were also performed using plasmids containing clones of each PCR 

generated product. 

2.2.6 DNA sequencing 

DNA sequencing was performed on plasmid DNA with 3.2pmol of sequencing 

primer and was carried out by the School of Biological Sciences Sequencing Service 

using Big Dye Terminator reaction mix (ABI). 

2.2.7 Southern blotting 

2.2.7.1 Restriction enzyme digestion of genomic DNA 

80U of the appropriate restriction enzyme was added to 1 0tg of genomic DNA. The 

reaction mixtures were then incubated overnight at 37°C. Following this, a further 

40U of restriction enzyme was added to the reaction mixture and incubated for 2-4 

hours at 37°C. 
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2.2.7.2 Blotting 

Restriction enzyme digested genomic DNA was run on a 0.8% agarose gel 

containing 0.5tg/ml ethidium bromide overnight. The gel was then photographed 

alongside a fluorescent ruler to allow verification of band sizes against a 1kb ladder. 

Following this, the gel was rinsed in dH20 and washed for 20 minutes in 

depurination buffer (0.25M HC1). A second rinse in dH20 was performed and then 

the gel was washed for 2x20 minutes in denaturation buffer (1.5M NaCl; 0.5M 

NaOH). A third rinse in dH20 followed and then the gel was washed for 2x20 

minutes in neutralisation buffer (1.5M NaCl; 0.5M Tris; pH7.0). the gel was then 

rinsed for a final time in dH20. To blot the DNA onto a membrane, the gel was 

placed upside down on a Whatman 3M paper wick soaked in 2xSSC, the ends of 

which were dipped in a basin containing 20xSSC. A Hybond N nylon membrane was 

pre-wetted in dH20 and then placed on top of the gel. A small amount of dH20 was 

then poured onto the membrane and four pieces of Whatman 3M filter paper were 

placed on top of the membrane. A stack of paper towels were then placed on top of 

the Whatman filters and a 200g weight was placed on top of construction. DNA was 

then blotted overnight for 12-16 hours. Following this, the blotting apparatus was 

disassembled and the membrane was washed for 20 minutes in 2xSSC. The 

membrane was then air dried and baked at 120°C for 40 minutes to immobilise the 

DNA. 

2.2.7.3 P32  labelling of DNA probes 

For details of primers used to generate probes used for southern blotting see Table 

2.1. All probes were generated by PCR as described in section 1.2.3. The PCR 

products were then purified using Quiagen PCR purification columns following the 

manufacturers instructions. 25ng of probe was then radiolabelled with dCTP-32P 

using the Rediprime II kit (Amersham), following the manufacturers instructions. 

Labelled probe was then separated from unincorporated nucleotides by passing 

through ProbeQuant G-50 Micro Columns (Amersham). 
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2.2.7.4 Hybridisation of Southern blots 

Hybridisations were performed in Techne hybridisation bottles rotating in a Techne 

HB-1 oven using 20m] of Rapid-hyb buffer (Amersham). Pre-hybridisation, 

hybridisation and washed were carried out at 65°C. 

Southern blots were pre-hybridised for 15 minutes in Rapid-hyb buffer. 25ng of 

radiolabelled probe was denatured at 100°C, snap cooled on ice for 5 minutes and 

added directly to the hybridisation buffer. Blots were hybridised for 2-3 hours. 

Following hybridisation, blots were washed for 2x15 minutes in 2xSSC; 0.1% SDS, 

and 2x15 minutes in 1xSSC; 0.1% SDS. After washed, blots were wrapped in Saran 

wrap and exposed either to autoradiographic film at -70°C for 4 days or to 

phosphorimaging plates. 

2.3 	Tissue Culture 

2.3.1 ES cell culture 

All cell manipulations were performed in laminar flow sterile hoods using a sterile 

technique that included wiping the hood down and spraying all items entering the 

hood with 70% industrial methylated spirits. Cell culture plastic ware was supplied 

by Iwaki. All cell culture flasks were gelatinised (5 minutes, 0.1% gelatin in PBS) 

prior to addition of ES cells. El5Tg2a ES cells were used for all ES cell experiments 

and COS cells (Simian fibroblasts) for transient transfection of Rhox4 over-

expression constructs. Cells were incubated in 7.5% CO2  at 37°C in a humidified 

incubator (Scientific Laboratory Supplies Ltd). All solutions were tested for sterility 

and warmed to 37°C prior to use. ES cells were examined using an inverted 

microscope (Olympus CK2). 

2.3.1.1 Reagents 

ES and COS cells were maintained in 1 x glasgow minimum essential medium 

(GMEM) (GibcoBRL) containing: 10% foetal calf serum; 15% sodium biocarbonate; 
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0.1% nonessential amino acids; 4mM glutamine; 2mM sodium pyruvate; 0.1mM 2-

mercaptoethanol. ES cells were maintained in an undifferentiated state by addition of 

I 00 leukaemia inhibitory factor (LIF). 

2.3.1.2 Passage and expansion of cells 

Cultures were monitored every day to ensure that cells had not become over-

confluent. Cells were normally passaged every 2 days. Culture medium was 

aspirated and cells were rinsed twice in PBS. Trypsin solution (0.025% trypsin 

(Gibco); 0.1% chicken serum (Flow Labs); 1.3 mM EDTA in PBS) was added to the 

cells and incubated at 37°C for 5 minutes until cells had detached. The trypsin was 

quenched with at least 5m1 medium and the cells dispersed to a single cell suspension 

by gentle pipetting with a narrow bore glass pipette. The cell suspension was 

centrifuged at 1200rpm for 3 minutes. Following this, the supernatant was aspirated 

and the cell pellet was resuspended in medium. Cells were then transferred to fresh 

wells or flasks at dilution ratios of 1:2 or 1:8 depending on rates of growth. 

2.3.1.3 Transient transfections 

Transient transfections on E14Tg2a ES cell line and COS cell line were carried out 

using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. 

ES cell transfections were performed in 6-well plates with 11g of eGFP-C1 over-

expression plasmid (Invitrogen) and 3ig of shRNA expression plasmid. COS cell 

transfections were performed in 100cm cell culture dishes with 24tg of Rhox4 over-

expression plasmid. 

2.3.1.4 ES cell differentiation protocols 

ES cells were trypsinised and centrifuged to pellet as above. Cells were then 

resuspended in media (without LIF) and diluted to a concentration of 105  cells/ml. 

Embryoid bodies (EB) were formed by pipetting 10!i1 drops of the cell suspension 

onto the inside of a 100cm bacteriological plate lid. The lid was subsequently 
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inverted onto a base containing 20ml PBS so that the drops are hanging in a humid 

environment and the EBs were cultured for 48 hours. The EBs were then collected 

by flooding the lid with media, removing to a conical bottomed 20ml tube for 2 

minutes to allow the EBs to settle by gravity and the media was replaced. For a 

suspension culture (called - gelatin) the EBs were transferred to a new 100cm 

bacteriological plate in 20ml media without LIF. For adherent culture the EBs were 

resuspended in 20ml media without LIF and plated onto a 100cm cell culture plate 

coated with gelatin (5 minutes, 0.1% gelatin in PBS). Both adherent and suspension 

cultures were cultured for 5 days and the media was changed on every second day 

either by aspiration of culture medium (adherent cultures) or by allowing the EBs to 

settle by gravity (suspension cultures). 1 plate of EBs was harvested each day by 

centrifugation, the cells resuspended in imi Trizol and processed as for RNA 

isolation. 

24 	Row cytometry 

2.4.1 Cell preparation 

For separation of transiently transfected cells into GFP positive and negative 

fractions, cells were removed from monolayer culture by trypsinisation and were 

resuspended as single cells in FACS wash (10% foetal calf serum in PBS) at 1 x 10 

cells/ml. Before flow cytometric cell sorting a 1:5000 dilution of Topro3 (Molecular 

Probes) was added to the cell suspension, to enable exclusion of dead cells from the 

sorted populations. 

Preparation of CD45 positive cells and CD45 negative/MTS20 negative fraction of 

E15.5 thymic lobes was carried out by N. Blair. For separation of E15.5 thymic 

lobes, lobes were dissected into PBS. After dissection the PBS was removed and lml 

cell dissociation mixture added (2mg/ml hyaluronidase; 0.7mg/mi collagenase; 

0.05mg/ml deoxyribonuclease in PBS) and lobes were incubated at 37°C for 10 

minutes. The dissociation mixture was removed after centrifugation at 1200rpm for 3 

minutes and PBS/trypsin solution added (0.025% trypsin (Gibco); 0.1% chicken 
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serum (Flow Labs); 1.3 mM EDTA in PBS), lobes were then incubated at 37°C for a 

further 10 minutes. To pellet, lobes were centrifuged at 1200rpm for 3 minutes and 

washed in 2m1 FACS wash (10% FCS in PBS). Cells were then incubated with 

primary antibodies; MTS20 (provided as hybridoma supernatants by R. Boyd, 

Monash University Medical School, Melbourne, Australia); CD45-FITC 

(Pharmingen); Ten 19-biotin (Pharmingen) (enables red blood cells to be excluded)) 

for 10 minutes at 4°C, washed with FACS wash. Subsequently they were incubated 

with secondary antibody (anti-rat IgM-PE (Pharmingen); rabbit anti-rat IgG-

FITC(Fc?) (Jackson Labs); strep-FITC (Pharmingen)) for 10 minutes at 4°C, washed 

in FACS wash, resuspended in 1 .5m1 FACS wash and stained for exclusion of dead 

cells with Topro3 as above. 

2.4.2 Cell sorting 

Cell sorting was carried out by J. Vrana. Single cell suspensions were prepared and 

stained as described above. Cells were sorted on a FACS Star machine (Becton 

Dickinson), gating was applied to exclude dead cells and sorted populations were re-

analysed by FACS to assess purity. 

2.5 Animals 

All animals were housed and treated in accordance with the animal (scientific 

procedures) act 1986. Animals were housed in a 12:12 light dark cycle with food and 

water provided ad libitum. 

Foxnl/LacZ mice used to generate nude embryos for in situ hybridisation were 

derived from ES cells that were a generous gift from T. Boehm (MPI 

Immunobiologie, Frieburg, Germany) (Nehls, Kyewski et al. 1996). The colony was 

maintained by crossing heterozygous males with C57B1/6 females. 
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Gcm2 (Gunther, Chen et al. 2000) and Hoxa3 (Condie and Capecchi 1993) null 

embryos were a generous gift from N. Manley (UGA, Athens, USA) and were 

received fixed and dehydrated for use in in situ hybridisation. 

2.5.1 Embryo collection 

Routinely, matings were between C5713L/6 females and CBA males or between DA 

rat females and DA rat males. Animals 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 PBS. Embryos were removed from the uterus and all 

extraernbryonic tissues removed. Embryos were staged by somite counts or by 

morphological criteria. 

2.6 	Tissue isolation 

Embryos and embryonic thymi were removed by microdissection under a dissecting 

microscope (Olympus SZ40). Adult tissues were dissected free of connective tissue 

and washed in PBS. 

2.6.1 Endoderm dissection 

Isolation of the endodermal gut tube was carried out under an Olympus SZH 

dissecting microscope with the aid of a pulled glass pipette. E9.5 embryos were 

removed from the uterus into M2 medium (Sigma) and freed from extraembryonic 

tissues. Structures caudal to the heart were removed by dissection and the remaining 

tissue digested in a pancreatin / trypsin enzyme mixture for 15-20 minutes on ice 

then transferred to M2 medium. Following removal of the head, the ectoderm was 

peeled off and the heart and neural tube were removed. The remaining mesenchyme 

was then stripped away to leave a clean gut tube that was trimmed to include on the 

3rd pharyngeal pouch. Tissue was stored in Trizol reagent (Invitrogen) for RNA 

extraction. 
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Trypsin/Pancreatin Enzyme Mix 

0.5g pancreatin (from porcine pancreas, Sigma) 

0.1g trypsin (From porcine pancreas, Sigma) 

0. 1  polyvinylpyrrolidone (PVP) (Sigma) 

In 20ml Ca2 Mg2tfree Tyrode Ringer's Saline 

The solution was filtered through a No.1 Whatman filter before filter-sterilising 

through a 0.45 tm syringe filter (Sartorius), and stored at -20°C in lml aliquots 

Ca2 -Mg2 -free Tyrode Ringer's Saline 

8g NaCl 

0.3g KCI 

0.093g NaH2PO4.5H20 

0.025g KI-12PO4  

I  NaHCO3  

2g Glucose 

Made up to a final volume of 1 litre with sterile water, and pH adjusted to pH7.6 - 

pH7.7. 

2.7 Human embryos 

First trimester human embryos were obtained from with ethical approval from We 

have the following approval for work with human foetal tissue, from both 

the Lothian University Hospitals NHS Trust and the Lothian Research Ethics 

Committee: Smith et al "Isolation and propagation of fetal stem cells" 

LREC/2002/6/15. Consent is obtained from all donors, and the tissue is anonymized 

before being made available to us. Use and disposal of tissues are strictly regulated. 

Consenting is done by a fully trained research nurse. 
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2.8 	In situ hybridisation 

2.8.1 Probes used for in situ hybridisation 

All antisense riboprobes were DIG-labelled and were used at a concentration of 

1 tg/ml in hybridisation buffer. Details of in situ probes used in this thesis are 

presented in Table 2.2. 

Table 2.2 Details of probes used for in situ hybridisation 

Probe 	Description and Preparation 	 Source 

mRhox4 	Full-length sequence cloned G. Graham, Beaston 

from d5 cDNA library. 893bp Institute for Cancer 

fragment. Linearised with Xhol, Research, UK 

transcribed with T3 

mGcm2 	927bp fragment corresponding D. Anderson, Howard 

to 3' end exon. Linearised with Hughes Medical Institute, 

EcoRl, transcribed with 17 USA 

mFoxnl 	 500bp exon 3 fragment. C. Blackburn, ISCR 

Linearised with Hind/Il, 

transcribed with T7 

mPaxl 	 313bp paired-box fragment. P. Gruss, Max Plank 

Linearised with HindlIl, Institute, Germany 

transcribed with 17 

mHoxa3 	Exon 1/2 fragment. Linearised N. Manley, UGA, Athens, 

with Xhol, transcribed with T3 Georgia 

hFoxnl 	365bp fragment. Linearised with Cloned from 61 week 

PmeI, transcribed with T7 thymic RNA 

hHoxa3 	379bp fragment. Linearised with 	Cloned from 61 week 

Not!, transcribed with T3 	 thymic RNA 

hPax! 	512bp fragment. Linearised with 	Cloned from 61 week 

PmeI, transcribed with 17 	 thymic RNA 
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2.8.1.1 Probe synthesis reaction 

Plasmids containing the coding sequence were linearised and used as templates for 

riboprobes. Restriction digests were performed using standard protocols, as 

recommended by the suppliers (NEB and Roche). Digestion products were routinely 

analysed by agarose gel electrophoresis with gels cast and run in 1 x TAE buffer 

containing 0.5tg/ml ethidium bromide. Probe synthesis incorporated DIG-UTP. 

1 tg purified linear template 

2t1 NTP labelling mix (Roche) 

2pl lOx transcription buffer (Roche) 

1 tl RNase inhibitor (Roche) 

2ti RNA polymerase (Roche) 

Made up to a final volume of 20tl in RNase-free water. 

Reactions were incubated for 2 hours at 37°C, then stopped by adding 0.2M EDTA 

and precipitated with 4M lithium chloride. Riboprobes were stored at -20°C at 

0.1mg/mi. 

Hybridisation buffer 

1% Boehringer block 

50% formamide 

5 x SSC 

lmg/ml yeast RNA 

0.1mg/ml heparin 

0.1% Tween-20 

0.1% CHAPS 

5mM EDTA 

In RNase-free water 

The solution was dissolved by heating to 50°C and stored at -20°C. 
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2.8.2 Wholemount in situ hybridisation 

Embryos were removed from the uterus, freed of all extraembryonic tissues and 

fixed overnight in 4% PFA in PBS at 4°C. The following day embryos were 

dehydrated through a methanol series and stored in 100% methanol at -20°C until 

required. 

2.8.2.1 Pre-hybridisation 

Prior to rehydration, head cavities were pierced in E9.5 and E10.5 embryos to avoid 

trapping of probe and staining substrate. Embryos were rehydrated through a 

methanol series, washed in PBST (0.1% Tween-20 in PBS), and bleached for 1 hour 

in 6% hydrogen peroxide (Sigma). After washing, tissue was permeabilised by 

incubation with 10tg/ml Proteinase K (Sigma), as appropriate: 5 minutes for E8.5, 

15 minutes for E9.5, 30 minutes for E10.5. Proteinase K was inactivated by two 5-

minute incubations in 2mg/ml glycine and tissues were washed and refixed in 4% 

PFA/0.2% glutaraldehyde. Embryos were then incubated for 1 hour in hybridisation 

buffer at 70°C to block non-specific binding. 

2.8.2.2 Hybridisation 

Embryos were hybridised at 70°C in 1 tg/ml DIG-labelled probe in hybridisation 

buffer. 

2.8.2.3 Post-hybridisation 

After hybridisation, embryos were washed for: three times 30 minutes in Solution 1 

(50% formamide; 5xSSC (pH4.5); 1% SDS) at 70°C, 10 minutes in 50:50 Solution 

1:2 at 70°C, three times 5 minutes in Solution 2 (0.5M NaCl; 10mM Tris-HCI 

(pH7.5); 0.1% Tween-20) at room temperature, two times 30 minutes in 100tg/m1 

RNaseA (Sigma) in Solution 2 at 37°C, three times 30 minutes in Solution 3 (50% 

formamide; 2xSSC) at 65°C. Embryos were then washed for three times 10 minutes 

in TBST and blocked in 10% sheep serum for 60-90 minutes before incubating 

overnight in 1:2000 anti-DIG-AP antibody at 4°C. 
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The following morning embryos were washed for three times 5 minutes then five 

times 1 hour in TBST, and stored in TBST at 4°C overnight. Prior to the colour 

reaction, embryos were washed 3x20 minutes in freshly prepared NTMT (100mM 

NaCl; 100mM Tris-HCl (pH9.5); 50mM MgC12; 0.1% Tween-20; 2mM 

Levamisole). imi BM Purple (Roche) was added to each sample, and samples were 

incubated in the dark at room temperature until the desired colour developed. If 

required, staining was continued overnight at 4°C. Embryos were then washed in 

PBS, post-fixed overnight in 4% PFA at 4°C, and stored in PBS; 0.05% EDTA at 

4°C until required. 

2.8.2.4 Paraffin embedding and sectioning 

R. Wilkie carried out paraffin embedding and sectioning of human embryos 

processed by in situ hybridisation. Embryos for paraffin embedding were treated as 

follows: 

70% ethanol 15 minutes 

90% ethanol 15 minutes 

100% ethanol 15 minutes 

100% ethanol 15 minutes 

xylene 	15 minutes 

xylene 	15 minutes 

wax (60°C) 30 minutes 

wax (60°C) 30 minutes 

wax (60°C) 30 minutes 

Samples were embedded in wax and cooled to 4°C. Sections were cut at 7tm. Wax 

was removed by two 4 minutes incubations in zylene followed by mounting in DPX. 

For photography, images were captured using 100ASA print film (Fujifilm) and an 

SZH1O stereomicroscope (Olympus) with C-35AD-4 camera (Olympus). 
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2.9 Bioinformatics 

2.9.1 Sequence alignments 

Sequence alignments were carried out using the default settings of the Clustal W 

algorithm, MegAlign version 6.0 (DNASTAR). AVID global alignments were 

created using the AVID program of the mVISTA package using the default settings 

(http://genome.lbl.gov/vista/index.shtml)  (Bray, Dubchak et al. 2003). 

2.9.2 Ka/Ks calculations 

FASTA sequence alignment files were generated using BioEdit 

(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Calculation of the number of 

synonymous and non-synonymous substitutions between Rhox2, 3 and 4 alleles were 

then carried out using dnaSP version 3 with the default settings 

(http://www.ub.es/dnasp/)  (Rozas and Rozas 1999). 
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Chapter 3 Expression of Rhox4 in Thymus 

Organogenesis1  

3.1 Introduction 

The thymus plays a central role in the vertebrate immune system. However, despite 

its importance the genetic control of early thymic development remains poorly 

understood. The thymus arises in a common primordium with the parathyroid gland, 

which develops from 3rd  pharyngeal pouch endoderm between day 9.5 and 11.5 of 

murine embryogenesis (E9.5 and El 1.5 respectively) (Schreier and Hamilton 1952; 

Hammond 1954). It is likely that the transcription factor Gcm2 is responsible for 

establishment of the parathyroid region of the 3 rd  pharyngeal pouch, as this gene is 

expressed in the dorsal region of the 3' pharyngeal pouch from E9.5 (Gordon, 

Bennett et al. 2001) and Gcm2 null mice have no parathyroid glands (Gunther, Chen 

et al. 2000). The first gene known to solely affect thymus organogenesis is the 

transcription factor Foxnl, a member of the forkhead family of proteins. Mutations 

in this gene result in athymia in mice and humans (Nehis, Pfeifer et al. 1994; Frank, 

Pignata et al. 1999). Foxnl is expressed in the thymic primordium from El 1.25 

(Gordon, Bennett et al. 2001) and is required cell autonomously for TEC 

development (Blackburn, Augustine et al. 1996). However, three lines of evidence 

suggest that Foxnl is not required for specification of the thymus; 1) nude mice 

contain a thymic rudiment, and thymus development in nu/nu mice is affected only 

from around E12, subsequent to formation of the thymic primordium (Flanagan 

1966), 2) grafting of E8.5 - E9.0 2 d  and 3rd  pouch endoderm under the kidney 

1  This work represents a continuation of initial observations made in this lab by Julie 

Gordon. The expression of Rhox4 (then Ehox) in the developing thymus was 

published after work described here was completed, by 

Jackson, M., J. W. Baird, et al. (2003). "Expression of a novel homeobox gene Ehox 

in trophoblast stem cells and pharyngeal pouch endoderm." Dev Dyn 228(4): 740-4. 
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capsule of nude mice gives rise to a functional thymus (Gordon, Wilson et al. 2004), 

and 3) in the pharyngeal region, IL-7, which is required for early T cell development, 

is expressed specifically in the 3rd  pharyngeal pouch from E11.5, in a Foxnl 

independent manner (Zamisch, Moore-Scott et al. 2005). 

Phenotypic analysis of single and compound mouse mutants has suggested a 

transcription factor hierarchy required for thymus organogenesis, this includes 

members of the Hox, Fax and Eya families. However, whilst Hoxa3, Fax], Pax9 and 

Eya] obviously play important roles in thymus development, they also regulate 

development of the parathyroid gland: Hoxa3, Pax1, Pax9 and EyaF' mice all 

have defects in parathyroid gland formation (Dietrich and Gruss 1995; Manley and 

Capecchi 1995; Hetzer-Egger, Schorpp et al. 2002; Xu, Zheng et al. 2002). Gcm2 

expression is restricted to the parathyroid domain of the 3rd  pharyngeal pouch two 

days before initiation of high level Foxnl expression in the thymic domain (Gordon, 

Bennett et al. 2001). Thus, either thymus is the default pathway for the 3' 

pharyngeal pouch endoderm or there are other, unidentified genes involved in 

specification of the thymus and induction of Foxnl expression. 

Rhox4 (formerly Ehox) is a member of the Rhox family of homeodomain-containing 

transcription factors which are primarily expressed in reproductive and extra-

embryonic tissues (Maclean, Chen et al. 2005). Uniquely amongst Rhox family 

members, Rhox4 is expressed in the thymus (Jackson, Baird et al. 2002; Maclean, 

Chen et al. 2005), and initial observations made in this lab indicated that Rhox4 is 

expressed during thymus organogenesis (J. Gordon). In this chapter, I describe 

Rhox4 expression during thymus development. Furthermore, I analyse Rhox4 

expression in Hoxa3, Gcm2 and Foxnl mutant embryos to determine whether Rhox4 

expression is regulated by transcription factor pathways with established roles in 

thymus organogenesis. 
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3.2 Results 

3.2.1 Detailed analysis of the spatial and temporal 

expression profile of Rhox4 during thymus ontogeny. 

To determine whether Rhox4 is expressed during specification of the thymus and 

subsequent organogenesis, in situ hybridisation was carried out on staged mouse 

embryos using a probe corresponding to full length Rhox4 (Jackson, Baird et al. 

2002). Rhox4 expression was first detected at E8.5 in the ventral foregut endoderm 

(Figure 3.1a,b). Between E8.5 and E9.5, the time frame in which the first three 

pharyngeal pouches form, Rhox4 is expressed transiently in the ventral regions of all 

three pouches and at a low level in the region of the foregut where the 4th  pouch will 

form (Figure 3.2a). The Rhox4 expression domain is then progressively restricted 

such that by E9.5 expression is limited to the ventral region of the 3rd  pharyngeal 

pouch, the region destined to become thymus (Figure 3.2b). Rhox4 was expressed at 

barely detectable levels in the 3 pharyngeal pouch at El0.5 (Figure 3.3a,b), and by 

El 1 expression could not be detected by in situ hybridisation (Figure 3.4a). 

Strikingly, Foxnl is expressed in the former Rhox4 domain from El1.25 (Figure 

3.4b) (Gordon, Bennett et al. 2001), suggesting a regulatory relationship between the 

two genes. Rhox4 expression was not detected in any other regions of the embryo at 

any of these time points. 

To further define the expression pattern, Rhox4 expression was compared with other 

genes known to be present in the region; Hoxa3, Fax] and Gcm2. Initiation of Rhox4 

and Fax] expression appears to occur simultaneously at E8.5 in the same region of 

the ventral foregut endoderm (Figure 3.1c). Subsequently, Fax] is expressed 

throughout the four pharyngeal pouches, although staining is less intense at the 

dorsal/anterior tip at E9.5 (Figure 3.2d) (Muller, Ebensperger et al. 1996; Wallin, 

Eibel et al. 1996). The homeobox gene, Hoxa3 is initially expressed in the dorsal 

mesoderm, at E8.5 (Figure 3.1c). Uniquely amongst Hox3 paralogues, from E9.5, 

expression is found throughout the 3 rd pharyngeal pouch endoderm in addition to the 
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a) 	 b) 

C) 
	

d) 

Figure 31 Rhox4 is expressed in the ventral foregut endoderm from E8.5 in 
the same domain as Paxi but before onset of Hoxa3 expression. Images 
show whole embryos processed by in situ hybridisation using probes for 
Rhox4 (a,b), Hoxa3 (c), Paxi (d). a) No Rhox4 expression was detected at 
E8.0; b) by E8.5, Rhox4 marked a domain in the ventral floor of the foregut 
endoderm; C) Hoxa3 is expressed in the neural crest derived mesenchyme but 
is not detected in the foregut endoderm at E8.5; d) Paxi is expressed in the 
ventral floor of the foregut endoderm in an E8.5 embryo, some expression is 
also seen in the developing somites. Arrows indicate the position of the ventral 
foregut endoderm. Orientation: head is left and dorsal is up. 
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a) 
	

b) 
Ali I Rhox4 

C) d) 

Pi p2 p3 
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Figure 3.2 Rhox4 expression is restricted to the ventral region of the 3rd 
pharyngeal pouch by E9.5. Images show whole embryos processed by in situ 
hybridisation using probes for Rhox4 (a,b), Hoxa3 (C), Paxi (d) and Gcm2 (e). 
a, b) At E9.0, Rhox4 is expressed in the ventral region of pharyngeal pouches 
1, 2 and 3, and by E9.5 is restricted to the ventral domain of the 3rd 
pharyngeal pouch; c) At, E9.5, Hoxa3 is detected in the 3rd  pharyngeal pouch 
and more caudally; d) Paxi expression at E9.5 is seen in the pharyngeal 
pouches 1 to 3 and e) Gcm2 is expression is initiated at E9.5 in the dorsal 
region of the 3rd  pharyngeal pouch. p1, 2, 3: pharyngeal pouches 1 to 3 
respectively. Orientation: head is left and dorsal is up. 
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a) 
	

b) 

C) d) 

e) 

Figure 3.3 Rhox4 expression is being down-regulated at E10.5 in the ventral 
region of the 3rd  pharyngeal pouch. Images show whole embryos processed 
by in situ hybridisation using probes for Rhox4 (a,b), Hoxa3 (c), Paxi (d) and 
Gcm2 (e). a, b) Rhox4 expression is present at E10.0 (a) and E10.5 (b) in the 
ventral portion of the 3rd  pharyngeal pouch however, the level of expression is 
lower at E10.5 (b); Hoxa3 (c) and Paxi (d) are still expressed in the thymic 
pnmordium at E11.0; e) Gcm2 expression in the dorsal region of the 3rd 
pharyngeal pouch at E10.5. p3 indicates the position of the 3rd  pharyngeal 
pouch. Orientation: head is left and dorsal is up. 
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IL 
b) 

Gcm2 

I 
Foxnl 

Figure 3.4 Rhox4 expression can not be detected in the thymic pnmordium at 
El 1.5. Images show whole embryos processed by in situ hybridisation using 
probes for a) Rhox4 in a El 1.5 embryo, showing no expression in the ventral 
region of the 3rd  pharyngeal pouch, the position of the 3rd  pharyngeal pouch is 
indicated (p3); b) Foxnl (red) and Gcm2 (purple), taken from (Gordon et al. 
2001), showing expression in complementary domains of the 3rd  pharyngeal 
pouch at El 1.5. Orientation: head is left and dorsal is up. 
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surrounding mesenchyme (Figure 3.2c) (Manley and Capecchi 1995; 1998). The 

anterior and dorsal region of the 3'd  pharyngeal pouch gives rise to the parathyroid 

gland. Expression of the parathyroid-specific gene, Gcm2 marks this region from 

E9.5, the point at which the 3rd  pharyngeal pouch is formed (Figure 3.2e, 3.3e) 

(Gordon, Bennett et al. 2001). Expression overlaps with Rhox4 in a small region of 

the anterior pouch at E9.5. However, by ElO Rhox4 and Gcm2 are expressed in 

complementary regions of the 3 d  pharyngeal pouch. Gcm2 expression is sustained in 

the dorsal pouch (Gordon, Bennett et al. 2001) after Rhox4 has been strongly down-

regulated (Figure 3.3e, 3.4b). 

A previous study has indicated that Rhox4 is expressed in the neonatal and adult 

thymus, in addition to earlier expression in the foregut and 3 d  pharyngeal pouch 

endoderm (Jackson, Baird et al. 2002; Maclean, Chen et al. 2005). As Rhox4 

expression could not be detected by in situ hybridisation after E10.5, we carried out 

quantitative RT-PCR using cDNA from stages of thymus development from E8.5 

through E15.5 and adult (Table 3.1, Figure 3.5a). In these analyses, RNA was 

obtained from micro dissected whole thymi; however, at E8.5, E9.5, E10.5 and 

El 1.5 dissections all contained tissue surrounding the endoderm or thymus primordia 

and, as Rhox4, is highly expressed only in the endoderm (Table 3. 1, Figure 3.5b) the 

level of expression in these samples appears artificially low. Rhox4 expression was 

detectable throughout ontogeny and in the adult thymus. Surprisingly a high level of 

expression was detected at E15.5, as compared to both Ell.5 and adult. Since 

lymphoid precursors infiltrate the thymic primordium from around El 1 (Moore and 

Owen 1967; Le Douarin and Jotereau 1975), it was possible that the increase in 

Rhox4 expression in the thymus after El 1 reflected expression by lymphocytes. RT-

PCR was therefore carried out on RNA isolated from the lymphocyte (CD45 

positive) fraction of E15.5 lobes after purification of this fraction by flow cytometry 

(carried out by N. Blair). In addition RT-PCR was carried out on both intact E15.5 

lobes, and the population containing differentiated TEC and mesenchymal cells, 

which were identified as the CD45 negative/MTS20 negative fraction. MTS20 is a 

monoclonal antibody which marks thymic epithelial progenitor cells at E15.5 

(Bennett, Farley et al. 2002; Gill, Malin et al. 2002), the CD45 negative/MTS20 
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Table 3.1 Rhox4 expression throughout thymus organogenesis as 
determined by real-time RT-PCR. In these analyses, RNA was obtained from 
micro dissected whole thymi; however, at E8.5, E9.5, E10.5 and E11.5 
dissections all contained tissue surrounding the endoderm or thymus 
primordia and, as Rhox4, is highly expressed only in the endoderm (see E9.5 
endoderm), the level of expression in these samples appears artificially low. 
For E9.5 endoderm, n =2, all other stages, n = 4. 

Tissue Age Rhox4 3 actin Ratio of expression 

(Rhox4/actin)x1 03  
Standard 

deviation 

of ratio 

E8.5 40,284 3,850,625 10.6 3.0 

E9.5 14,778 2,489,250 5.7 1.7 

E9.5 endoderm 61,885 914,500 67.7 

El 0.5 10,247 2,446,250 4.4 1.0 

E11.5 2,521 787,600 2.9 1.7 

E15.5 55,433 929,025 59.6 7.7 

Adult 32,076 5,479,250 6.0 1.6 

81 



100 

1 

Chapter 3: Expression of Rhox4 in Thymus Organo genesis 
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Figure 3.5 Rhox4 is expressed in the 3rd  pharyngeal pouch endoderm and 
thymic rudiment throughout ontogeny and in the adult thymus. Real-time RT-
PCR for Rhox4 expression during (a) thymus development from E8.5, before 
formation of the 3 d  pharyngeal pouch, to adult (n=4) and (b) expression at 
E9.5 is highly enriched in the 3rd  pharyngeal pouch as compared to the E9.5 
pharyngeal region, containing the 2' and 3rd  pharyngeal pouch endoderm and 
surrounding tissue (n=2). 
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Figure 3.6 Rhox4 is expressed in the non-lymphocyte compartment of the 
thymic rudiment at E15.5. RT-PCR (35 cycles) for Rhox4 and P actin on cDNA 
synthesised from; intact E15.5 thymic lobes, lymphocytes (CD45 positive) and 
epithelial/mesenchymal cells (CD45 negative, MTS20 negative). The CD45 
negative; MTS20 negative population contains differentiated TEC and 
mesenchymal cells, but not thymic epithelial progenitor cells, which are 
MTS20 positive. Cell populations were isolated by staining whole E15.5 thymi 
followed by flow cytometric cell sorting, and was carried out by N. Blair. 
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negative population therefore excludes the progenitor cell population. Rhox4 

expression was detected in whole E15.5 lobes and the population containing 

differentiated TEC and mesenchymal cells. However no expression found in the 

lymphocyte population (Figure 3.6). Rhox4 expression at E15.5 is therefore restricted 

to the non-lymphocyte compartment of the thymic rudiment where it is expressed at 

a level comparable with the E9.5 endoderm, and may be detectible by in situ 

hybridisation at this stage. 

3.2.2 Rhox4 Expression is Unchanged in Mice with Primary 

Defects in Thymus Organogenesis 

The Rhox4 expression pattern described above indicates this gene as the first specific 

marker of the prospective thymic domain of the 3'd  pharyngeal pouch, suggesting 

that Rhox4 may play a role in specification of this tissue. To determine whether 

Rhox4 might function within established transcription factor networks, I therefore 

investigated whether Rhox4 expression was altered in mice carrying mutations in 

genes with key roles in thymic development. 

In situ hybridisation using a Rhox4 specific probe showed no change in Rhox4 

expression in Hoxa3 embryos compared to wild-type and heterozygous littermates 

at E9.5 or ElO.5 (Figure 3.7). Although, changes occurring at ElO.5 would be hard to 

detect as Rhox4 expression is being down-regulated at this time, these data suggest 

that Rhox4 lies in a different genetic pathway from Hoxa3 and Pax]. 

To determine whether in the absence of Gcm2 the Rhox4 expression domain 

expanded to include the dorsal 3rd  pharyngeal pouch, as would be expected if Rhox4 

played a role in patterning the pouch into thymus and parathyroid domains, Rhox4 

expression was examined in E9.5 Gcm2-1- embryos. No difference in Rhox4 

expression was observed in the Gcm2 null embryos (Figure 3.8a,b), indicating that 

Gcm2 is not required to limit the Rhox4 expression to the ventral region of the 3' 

pharyngeal pouch at E9.5. 
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Figure 3.7 Rhox4 expression is unaffected in Hoxa3 null embryos. Images 
show whole embryos processed by in situ hybridisation for Rhox4 in a) E9.5 
Hoxa3; b) E9.5 Hoxa3; C) E10.5 Hoxa3; d) E10.5 Hoxa3. p3 indicates 
the position of the ventral 3rd  pharyngeal pouch, where Rhox4 is expressed at 
both E9.5 and El 0.5. Orientation: head is right and dorsal is up. 
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a) 	 b) 

Gcm2 	 Gcm2' 
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C) 	 d) 

FoxnV' 	 Foxnt' 

TP 
TP 

OF  

- - 	 . 

Figure 3.8 Rhox4 expression is unaffected in Gcm2 and Foxnl null embryos. 
Images show whole embryos processes by in situ hybridisation for Rhox4 
expression in a) E9.5 Gcm2 embryo; b) E9.5 Gcm2 embryo; c) E11.5 
Foxn1' embryo; d) E11.5 FoxnV embryo. Arrow indicates position of the 
ventral region of the 3 r pharyngeal pouch (p3) or the thymic primordium (TP). 
Orientation: head is right and dorsal is up. 

84 



Chapter 3: Expression of Rhox4 in Thymus Organo genesis 

The down-regulation of Rhox4 at the time of high-level Foxnl expression suggests a 

possible regulating relationship for these genes. In situ hybridisation for Rhox4 was 

therefore carried out on Ell.5 Foxnl-null embryos to determine whether Rhox4 

expression is prolonged in the absence of Foxnl. No Rhox4 expression was detected 

in these embryos or littermate controls, indicating that Foxnl is not required for 

down-regulation of Rhox4 at Eli in the ventral region of the 3rd  pharyngeal pouch 

(Figure 3.8c,d). 
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3.3 Discussion 

In this chapter, I have described detailed analysis of the expression of Rhox4 during 

embryonic development. This revealed that Rhox4 is specifically expressed at E9.5 

in the region of the 3 rd  pharyngeal pouch that is going to form the thymus. Since no 

other genes have been identified that mark this region before onset of Foxnl at 

El 1.25, these data suggest that Rhox4 may play a role in specification of the thymic 

domain. Furthermore, Rhox4 expression was strongly down regulated at the time of 

onset of Foxnl expression suggesting that there may be genetic interaction between 

these two genes in the 3rd  pharyngeal pouch endoderm. Analysis of Rhox4 expression 

in embryos null for Hoxa3, Gcm2 and Foxnl however failed to place Rhox4 in any 

transcription factor networks with established roles in thymus development. 

The progressive restriction of Rhox4 expression from a broad region of the ventral 

floor of the foregut endoderm at E8.5 to the ventral portion of the 3 rd  pharyngeal 

pouch at E9.5, before onset of Foxnl, is striking and strongly suggests that Rhox4 

may play a role in specifying this tissue. Alternatively it may play a role in 

pharyngeal pouch development or neither. Rhox4 expression is maintained at a low 

level throughout ontogeny and in the adult thymus. Thus, Rhox4 may have additional 

roles in both later stages of thymus organogenesis and in the postnatal thymus. 

Surprisingly, the real-time RT-PCR analysis showed that Rhox4 was highly 

expressed in the E15.5 embryonic thymus, as compared to Ell.5 and adult thymic 

lobes, and further investigation showed that expression was restricted to the non-

lymphoid compartment of the primordia. As the non-lymphoid 

(epithelial/mesenchymal) component is only 20% of the cellularity at this stage, due 

to colonisation by lymphoid precursors and T cell proliferation (J.M. Sheridan, 

unpublished), the actual level of Rhox4 expression is at least five times that recorded. 

Further analysis will determine whether expression of Rhox4 at El5.5 is limited to 

the epithelial compartment. Distinct cortical and medullary regions can be detected 

in the thymus from E15.5 (Klug, Carter et al. 1998; Klug, Carter et al. 2002), thus, 

Rhox4 may have a role in thymus development during end stage epithelial 

differentiation. 
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Thymus organogenesis involves formation of a common thymus/parathyroid 

primordia, specification of the thymic portion of the 3' pharyngeal pouch and 

outgrowth and separation of the thymic and parathyroid regions, followed by 

colonisation of the thymic rudiment by T cell progenitors and proliferation and 

maturation of thymic epithelial cells (Blackburn and Manley 2004). Many genes and 

gene products have been identified that affect one or more stages of thymus 

organogenesis, although we are currently far from understanding the complete 

picture. Rhox4 expression was unchanged in Hoxa3, Gcm2 and Foxnl null embryos. 

Hoxa3 is required for the proliferation and outgrowth of the 3rd  pharyngeal pouch 

and null embryos lack both the thymus and parathyroid gland (Manley and Capecchi 

1995). Specific loss of Pax] expression is also seen at E10.5 in the 3rd  pouch 

endoderm of Hoxa3 mice. The data presented here show that there is no dramatic 

change in Rhox4 expression in Hoxa3 embryos at E10.5. However, we cannot rule 

out the possibility that there is a subtle change, since Rhox4 expression is beginning 

to be lost in the ventral portion of the 3'' pouch endoderm at this time, making small 

changes in expression hard to detect by in situ hybridisation. 

Gcm2 and Rhox4 are expressed in complementary domains in the 3 rd  pharyngeal 

pouch from E9.5, until Rhox4 expression is lost at E11.5. Gcm2-1- mice have no 

parathyroid glands (Gunther, Chen et al. 2000). As Rhox4 expression is still 

restricted to the ventral portion of the pouch in Gcm2 null embryos at E9.5, either 

Rhox4 is responsible for patterning the thymic portion of the 3' pharyngeal pouch or 

another factor limits Rhox4 expression to the ventral portion of the pouch. Rhox4 

expression is down-regulated in 3rd  pharyngeal pouch endoderm by E11.5, and 

Foxnl is expressed in its place (Gordon, Bennett et al. 2001). In the absence of 

Foxnl, Rhox4 expression was not maintained, predicting that Foxn] is not 

responsible for its down-regulation. However the converse scenario is possible. We 

have therefore been unable to place Rhox4 in a transcription factor network with an 

established role in thymus organogenesis. The role Rhox4 plays in the developing 

pharyngeal pouches and in thymus organogenesis therefore remains to be 

determined. 
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Chapter 40rganisation of the Rhox a locus 

4.1 Introduction 

The recently described Rhox locus comprises three clusters of genes in the A2 region 

of the mouse X chromosome (Maclean, Chen et al. 2005). The a cluster contains 

Rhox] through to Rhox4, the P cluster Rhox5 to 9 and the y cluster, RhoxlO, 11 and 

12. Family members are defined by their divergent paired-like homeodomain, which 

is encoded by three exons. Rhox family members are primarily expressed in 

reproductive and extra embryonic tissues. However, three members are each 

expressed in one additional tissue, including Rhox4 - which is expressed in the 

developing and adult thymus (Chapter 3) (Jackson, Baird et al. 2002; Jackson, Baird 

et al. 2003; Maclean, Chen et al. 2005). 

As described in Chapter 3, Rhox4 is expressed in the developing pharyngeal 

endoderm and 3rd  pharyngeal pouch in a pattern highly suggestive of a role in early 

thymus development. An original aim of this thesis was therefore to address Rhox4 

function via generation of conventional and conditional Rhox4 null copies by gene 

targeting. As a prerequisite for construct design and building, detailed examination 

of the Rhox4 locus structure was carried out. In this chapter, I therefore describe the 

physical characterisation of the Rhox a locus. 
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4.2 Results 

4.2.1 A Seven Copy Rhox4 Array Exists on Mouse 

Chromosome X 

Rhox4 is present in the A2 region of the mouse X chromosome (Jackson, Baird et al. 

2002; Maclean, Chen et al. 2005). The 893bp Rhox4 cDNA is encoded by four 

exons, which span 4.7kb of genomic DNA. Although a previous publication reported 

only one copy of Rhox4 (Maclean, Chen et al. 2005), alignment of the published 

Rhox4 cDNA sequence (NM 021300) with the mouse genome sequence, NCBI 

build 33, gave multiple, high scoring hits. Further analysis of this sequence 

suggested the presence of seven complete copies of Rhox4 between 29.8Mb and 

30.1Mb on the mouse X chromosome. 

In order to validate the mouse genome sequence data, restriction analysis using the 

restriction endonucleases Afihil, BstEJI, EcoRV, Hindlil, NdeJ, ScaL SspI and 

Tth Jill, which were predicted to reveal differences between duplicate copies, were 

performed (Table 4.1). Southern blotting, followed by analysis with a probe specific 

to Rhox4 exon two, revealed the presence of all predicted bands, and band intensities 

apparently reflected the number of copies of each fragment expected for each digest 

pattern (Figure 4.1). These data therefore confirmed that there are seven copies of 

Rhox4. The sequences of all copies were extracted from RP23 BAC clones 43020 

(Accession number AL451076), 111C11 (AL589623), 167L6 (AL954686) and 

457N24 (AL808133), which span the region, and were numbered Rhox4.1 (closest to 

the centromere) to Rhox4. 7 (Figure 4.2). Analysis of the BAC sequences indicated 

that R hox4. 1 to 4.5 are orientated 5' to 3' relative to the centromere, while duplicates 

Rhox4. 6 and Rhox4. 7 are in the opposite orientation. 

To determine whether or not all Rhox4 copies were likely to be expressed, and the 

extent of homology between the seven copies, the extracted genomic sequences were 

analysed in greater depth. The seven predicted Rhox4 cDNA sequences all contain a 

start and stop codon and a polyadenylation signal, and are predicted to have the same 

;,Ji 
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Table 4.1 Sizes of fragments predicted after digestion with restriction 
endonucleases for each Rhox4 gene copy, when revealed with a probe to 
exon 2. No entry indicates that either a single or no restriction site is present 
from 4.2kb 5' and 2.5kb 3' of the copy. 

Afilli BstEll EcoRV Hindill Ndel Scal Sspl Tthllll 

Rhox4.1 3.1 10.0 1.4 5.2 9.6 9.1 4.1 

Rhox4.2 2.3 1.4 5.2 9.6 9.1 4.0 

Rhox4.3 4.0 1.4 25.7 5.9 

Rhox4.4 1.2 6.0 1.4 9.7 4.1 7.2 

Rhox4.5 3.1 7.4 1.4 10.4 8.4 5.4 

Rhox4.6 3.1 1.4 13.6 8.3 9.1 4.1 

Rhox4.7 2.2 1.4 21.0 9.8 9.1 4.1 

Figure 4.1 Rhox4 exists as a seven-copy tandem array. C57BU6 genomic 
DNA was digested with the restriction endonucleases shown and separated 
on a 0.8% agarose gel. After Southern blotting, a Rhox4 exon 2 probe was 
used to reveal the restriction fragments. Multiple bands confirmed the 
presence of multiple gene copies, in agreement to predicted sizes. Position of 
size markers (kb) are indicated to the left of blot. 



29.75 

29.80 
Rhox 4.1 4 

29.85 Rhox 4.2 4 
2990 Rhox 4.34 

Rhox 4.4 4 29.95 

Rhox 4.5 4 30.00 

Rhox 4.6 
30.05 

Rhox 4.7 $ 

30.10 

RP23-43o20 

RP23-11101 

RP23-1 6716 

RP23-457n24 

Chapter 4: Organisation of the Rhox a locus 

Figure 4.2 Position of the Rhox4 seven-copy tandem array in the A2 region of 

mouse chromosome X. Rhox4 gene copies were numbered Rhox4. 1 (closest 

to the centromere) to Rhox4. 7. Arrows indicate gene orientation relative to the 

chromosome and the numbers are the position on the X chromosome relative 

to the centromere (Mb, NCBI build 33). 4 BAG clones span the region and are 

shown on the right of the diagram. X chromosome diagram taken from 

www.ensembl.org. 
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open reading frame. Multiple alignment of the cDNA sequences from the start codon 

to the polyadenylation codon showed that the sequences are highly conserved. The 

least degree of sequence identity was 98.2%, between copies Rhox4.5 and Rhox4.6 

(Table 4.2a), and the highest was 99.7%, between Rhox4.2 and Rhox4.4; mean 

identity was 99.0%. The region of the cDNA sequence encoding the homeodomain 

contained three polymorphic nucleotides and displayed comparative levels of 

sequence identity to the rest of the cDNA sequence (between 98.3% and 100% with 

a mean of 99.1%) (Table 4.2b). Inclusion of intronic sequences in the multiple 

alignment reduced the mean identity to 96.5%, with a range of 94.5% (between 

Rhox4.3 and Rhox4. 7) to 98.8% (Rhox4.2 and Rhox4.5) (Table 4.2c), indicating that 

these regions are less highly conserved than the coding sequences. Multiple 

alignment of the 11.4kb region from 4.2kb 5' of the start codon to 2.5kb 3' of the 

polyadenylation signal resulted in a greater range of sequence identities (Table 4.2d). 

Rhox4.3 and Rhox4.7 displayed 88.6% identity whereas the same region of Rhox4.1 

and Rhox4.4 was 98.5% identical; the mean identity was 93.8%. 

The AVID global alignment program (Bray, Dubchak et al. 2003) was used to 

visualise the distribution of genomic sequence differences between the 11.4kb region 

of each Rhox4 and the other six copies, representative plots with Rhox4. 1 and 

Rhox4.6 as the base sequence are shown in Figure 4.3. This confirmed that, as 

described above, the coding regions were highly conserved, the greatest differences 

in the non-coding regions were located at the 3' end of the alignment, and that this 3' 

divergent region accounted for the lower degree of sequence identity between 

Rhox4.3 and the other Rhox4 copies (Table 4.2d). Interestingly, the other significant 

sequence differences were mainly concentrated in narrow regions 5' and 3' of the 

genes and within the introns (Figure 4.4). Some of these regions are due to a variable 

sequence present within the base sequence of Rhox4. 1 or Rhox4.6, identifiable by a 

variable region that occurs in one AVID global alignment but not the other. 

However, distinct regions that are polymorphic between all duplicates also exist. 

Further, examination of the sequence content of these regions (Figure 4.4a) reveals 

that they contain repeated sequences and small insertions and/or deletions indicating 

that they are regions of low sequence complexity. 
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Table 4.2 All seven Rhox4 gene copies are highly conserved. Percentage 
identity and diversity of Rhox4 copies within the a) cDNA (mean identity 
99.0%); b) cDNA region encoding for the homeodomain (mean identity 
99.1%); C) genomic sequence from the start codon to the polyadenylation 
signal (mean identity 96.5%); d) 11.4kb region from 4.2kb 5' of the ATG to 
2.5kb 3' of the polyadenylation signal (mean identity 93.8%); e) peptide 
sequence (mean identity 97.3%); f) peptide sequence in homeodomain (mean 
identity 97.3%). 
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Figure 4.3 Genomic sequence differences between the seven Rhox4 gene 
copies are found 3' of the gene, in distinct regions 5' of the gene and within 
the intronic sequences. AVID global alignment of an 11.4 kb region from 4.2kb 
5' of the ATG to 2.5kb 3' of the polyadenylation signal of a) Rhox4.1 aligned 
with Rhox4.2 to Rhox4.7 and b) Rhox4.6 aligned with Rhox4.1 to Rhox4.5 and 
Rhox4.7. Percentage identity is shown on the vertical axis and position within 
the sequence on the horizontal axis. The position of the four exons are boxed 
and numbered. 
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6190 	 6200 	 6210 	 6220 	 6230 	 6240 

6017 TAAGCAG6GCCCTACTGAAAGTGTGAAAGGTGGATTGITIGGAATTATAGCAACTTCGTA 4-111.4 
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6018 1 A A 6 C A 6 G 6 C C C I A C 11* A AG 1 6 T 6 A A AUG TUG ANT GUT TUG A A 11*1* 6 C A A C I I C G TA 4-3 11.4 
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6076 AATCTGTATATCGTGTGTTTGACTTTTAAGTTCCTTTGTTT - - - - GTTTGTTTGTTTGTT 4-411.4 
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6133 II A C I I A 1 6 A C 1 6 C A 1 1 ARC I C TI C A 6 6 6 1 C I C C C TA A A I A TART 1 6 1 6 1 6 TUTUTUTUT 4-7 11.4 

6370 	 6360 	 6390 	 64,00 	 6410 	 6420 

L 'L6185 ATA1ATATGTGTCTCIGTGTGTGTGTCT6IGTG 	 TCTGT6T 	 AICI 4-111.4 
6192 ATATATAT 	GTGIGTGTGTGTGTGTGTG 	 1616161 ----------AICT4-211.4 
6197 ATATATAT I 16161G1GTGTGT6TGIGTGTG- - - -1616161 ----------*1(14-311.4 
6192 ATATAIATGTGTGTGTGTGTGIGT6TCTGTGT6 	 TGTGTGT 	 *1(14-411.4 
61*4 ATAT I TGTGIGTCTGTGTGTGTGTGIG 	 1616161 - - - - - - - - - - A T C T 4-5 11.4 
6194 UTUT 1 1 6 1 6 1 6 1 6 1 6 1 6 1 G 1 6 1 6 1 6 1 6 16 1 6 - - - - - - T G 1 6 1 6 1 - - - - - - - - - - A I C 1 44 11.4 
6193 AT A TA IA TUIUTUTUTUTUT 6 1 6 T GIG 1 6 	 T 6 1 6 161 - - - - - - - - - - UT C 1 4-7 11.4 

6430 	 6440 	 64SO 	 6460 	 6476 	 6490 

'L L6235 C 6 C 1 6 G C T 6 6 C A 1 6 6 A A CUT A T C I A C C I C A A 6 1 6 6 1 6 6 1 CA. C A A C C C I I I A A I A C C A C C A C 4-1 11.4 
6232 CC 1 6 6 C 1 6 6 C A I C 6 A A C IT A I C T A C C 11* A 6 1 6 C T C C T 6 C A A C C C I IT A AT A C C A C C A C 4-2 11.4 
6243 C G C 1 6 6 C I CRC A 1 6 G A A C I I A 1A 6 C T C A A 6 1 C G 1 C 6 T C C A A 6 C C 1 1 1 A A I A C C A G C A C 4-3 11.4 
6252 C 6 C 1 6 6 C 1 6 C C A T 6 6 A A CUT A I C I A 6 C I C A A G. 1 6 6 1 6 6 1 6 C A A C C C I TI A I A C C A C C A C 4-4 11.4 
6224 C C T 6 6 C 1 C 6 C A 1 6 6 A A C I I A I C I A 6 C TEA A 6 1 6 C 1 6 6 1 G C A A 6 C C I I A A I A C C A 6 C A C 4-S 11.4 
6238 CC TGGCTGGCATCGAACTTATTACCICAAGTGGTGGTGCAAGCCTTTAAIACC AG (AC 4-611.4 
62 33 	G C 1 6 IC T 6 6 C A 1 6 GA A C I IA I 	AUC IC A A 6 1 6 6 1 6 6C A A 6 C C I I TA A TIC C 9 6 C A C 4-7 11.4 

 

11470 	 11486 	 11490 	 11500 	 11510 	 1252 

(1168 A TUA C 6 1.1 6 T A I C 1 6 1 C I A 1 6 1 TUG I A T 6 C A - - C A C C C A 1 6 1 1 6 1 6 C 1 6 I C C 1 1 6 1 6 1 6 4-1 11.4 
11186 ATGACGTGTGTATGTGTGTA

lll  

TGTTTGTATGCA- - CAGGCATGTTGTGCTGTGCTTGTGTG 4-211.4 

11216 	
AT 	_______ 1 1 6 1 A 1 6 C A - - C A 6 C C A 1 6 1 1 6 1 6 C I C 1 6 C I T 6 1 6 1 6 4-4 11.4 

11161 	 6 A I __________ A 

11.r4 	
C A•GA TTUT 	 4-3 11.4 

6161 GTATG 1.1171 AT ACGT 16 

	

G 	GUA TIC 	-IA 	I 6G - 	 C6 	4-5 11.4 
11166 A T G A C GTGTGIATGTGTGTATGTITGTATGCA - - CAGGCATGTTGTGCTGIGCTTGTGTG 4-611.4 
(lisa AEG ACGTGTGTUTGTGTGTRTG TNT G TOT G 	C AN&NNlNllOTGTG61T14-711.4 

11226 1 6 C A I G I T A A C A A 6 A C I C C A - I AT C 1 C. C 8 6 6 C - I A 6 A A 6 A C A 6 C 1 1 6 1 6 C C - AG I 11 I I 4-I. 11.4 
1124; T 	 A A A6 A C 1 6 C A - T A I C T 6 6 A C 6 C - I A 6 A A 6 A C A I C I I G T 6 6 C - A 6 1 T•T I T 4-2 11.4 
12217 T 

1jjj 	
C TU C ANT AN 	A _______ I A 	6 A A I C NElENEEN AIEWG T M 4-3 11.4 

11229 TGC4IGTTAACAAGACTGCA - TAICTGGAGGC - IAGAAGACAGCTTGTGGG-*6116111 4-411.4 
11272 T GR&T AA ( AlT 

 

	

1 AT 6 6 AMCAC -MAMA AA 6T- 	 A GOOlEllTI 4-5 11.4 
11224 1 6 C A 1 6 1 1 A A C A A C A C 1 6 C A - I A T C 1 6 6 A 6 6 C - I A 6 A A C A C A 6 C 1 1 6 1 6 6 6 - A C 1 1 C 1 1 1 4-6 11.4 
11218 NlNlNlTNN§AMANllNNl T CEllElENTOT 61*16 CElEllEAMANA I CUT 616111*11 11T 	4-7 114 

Figure 4.4 Examples of nucleic acid sequences containing significant 
sequence differences between Rhox4 gene copies located in a) intron 2 and 
b) 2kb 3' of Rhox4 exon 4. Sequence differences are highlighted. Numbers to 
left and above alignment indicate the position in an 11.4kb region of genomic 
DNA from 4.2kb 5' of the ATG to 4.5kb 3' of the polyadenylation signal. 
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Multiple alignment of the seven predicted Rhox4 peptide sequences revealed a range 

of identities from 94.7% (between Rhox4.5 and Rhox4.6) to 99.0% (between Rhox4.2 

and Rhox44) with a mean of 97.3% (Table 4.2e). Differences between the sequences 

were spread throughout the protein. The homeodomain also had a mean sequence 

identity of 97.3% (Table 4.2f), containing three polymorphic residues clustered in the 

third helix of the homeodomain (Figure 4.5). The arginine - threonine polymorphism 

that occurs in three Rhox4 copies at position 47 of the homeodomain is of note, since 

this amino acid is involved in base-specific DNA contacts (Otting, Qian et al. 1990) 

and changes at this position may result in altered binding specificity. 

The ratio of nonsynonymous substitutions per nonsynonymous site (Ka) to 

synonymous substitutions per synonymous site (Ks) is a measure of selective 

pressure. A ratio of one is indicative of neutral selection whilst a ratio greater than 

one suggests that positive evolutionary selection has been applied to the sequence. 

Inversely, a value of less than one is an indication of negative selection against 

changes in peptide sequence. The Ka/Ks ratio of the seven Rhox4 copies is 2.69 

when calculated using DnaSP (Rozas and Rozas 1999), suggesting that evolutionary 

mechanisms have acted on the locus in C57BL/6 inbred mice to enhance the number 

of nonsynonymous substitutions. 

Pairwise alignment of the seven peptide sequences showed that eight of the twelve 

polymorphisms are present in multiple copies (Figure 4.5). Multiple rounds of 

mutation and duplication cannot easily explain the distribution of these 

polymorphisms, since the pattern of polymorphic residues between duplicates is 

complex. Therefore, the likely explanation for this observation is that the Rhox4 

locus has undergone multiple gene conversion events. Gene conversion is the non-

reciprocal transfer of DNA sequence between homologous sequences (On-Weaver 

and Szostak 1985; Petes and Hill 1988), and is understood to be widespread between 

gene duplicates (Murti, Bumbulis et al. 1992; Hogstrand and Bohme 1997; Noonan, 

Grimwood et al. 2004). Examination of the intronic, upstream and downstream 

regions of the seven Rhox4 copies showed that, due to the presence of particular 
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a) 

4a 	 so 	 60 	 70 

4 
(HQNTI4VLIHEGL 6*OK6LNGGKTQ*Vt PIDGE GRNEGESVLGQSGAAAVE lEAK EL SGEGGPAAGD Rhoi4,1 

MCHQNTNYLL HE 61 SKOECEL NGGKTQIVI Pt. DIE GRNCGESVLGQSGAAAVE DEAl CL S G E G G P A A G D RN40,Z 
NEHQNTNVLLI4EK LGNOKEKL NGIKTQ*V I PIDGEIRNEGE SAL GQSGAAAVV D K A E El SGEGGPAAGDRI,ox4,3 
MEHQNTNYLLHEGLGEOKE LI4 EGKTQIVLPLDGEGRNCGESVLGQSGAAAVL DKAEELSGEGGPAAED Rt.ox44 
HEHQNJNYLLHEGL KOKE INS KTQAVLPLDGEGRNEGESVLGQSGA AVE DVAEEISGEGGPAAGDRNox4,5 
N £ H Q N 7 NY 1 1 H C K 4. CD K C K I N I K I QIA I P L 06 1 6 8 N C 6 V S I C. Q S 6 A A V C 6 0 K A C N I S G V 66 P A A 6 0 Rtiox4,6 
MEHQNTNYIIHEGI.GKOKEKINGGK 1QAVLPLOGIGRNE4ES IGQSGANAVE GOKAEELSGEGGPAAGD RNcH4,7 

98 	 108 	 160 	 128 	 190 	 148 

AOLNONSNQEDQD15GSAQCCEKLP(EPV LED AVAIDKV Q PIPVLVSGVRPKSVIVQ MSIHYNFQU•QL Iiox4,i 
ADLNDNSNQEDQOTSGSAQEEEKLPCEPVLDAVVVDKV Q PIPVIVSGVRPKSVIVQ RSLHYNF UlQLI,on4,2 
ADLMDNSNQEDQDTSGSAQECCI(IPEEPVL 0AVV1DKV PIPVLVSGVRPKSVNVQ RSLIIYNIQUUQI hox4,3 
AOLNONSPIQE DQOTSGSAQEEEKLPE V FYI EOAVVIOKV Q PIPVLVSGARPKSVPVQ RSLHYNPQINQL lio,4,4 
ADLWDNSWQCDQDI5GSAQECCKIPEEPVIROAVVZDKV PIPVLVSGVRPKSVIVQ RSLHYNIQ•IQL ho4,5 
ABLWONSNQE DQDTSGSAQEEEKLPEEPVLIOAVVIDKV  Pt PALVSGVRPKSVIVQ RSLHYNPQ119L ho4,6 

	

AOLNDNSNQCDQDT5GSAQ(CEKLPEEPVLROAVVIDKV Q PIPVLVSGVRPKSVIVQ RSLNYNFQIIQL 	,t4,7 

ISA 	 178 	 198 	 190 	 200 

K L C 8 I F Q Q H H F I H A V C N N 44 L A R N I 6 V S I * N vil NW F K K N I K H F N N I Q S  Q I. KM It DO A•V 6 S H S T C I 
EIERIPQQNI4F IRAIERRHLARII 6051*85K 	NP KKRNEHFRRGQSQLGIINDOAPVGSHSTF I 
C L K N I F Q Q N H F I N A C £ N R 	I. A K I I 6 V S 	IN V 	NW F K KR N C H F R 8 6 Q SQL 6 MN DO A P V 6 S H S I F I 
EIERIPQQNHF INAEERRHLA0 01 GVSEARAMRUFKKRRE KPNRGQSQIGMNDDAPVG5HSTF L 

K  C L C N I F Q Q N H C I N A C C N N H L A 	U I 6 V S E IN VN A F K K N K V H F R R 6 Q S  Q 1 6 MM 0 0 A P V 6 S H S I F I 
(LENt FQQNHF IRAEERRH4ARNI GVS[*KVN 	NFKKRREHFRRGQSQL GMNDDAPVGSHSTF I 
KLCNIFQQPIHF IRACERRHLARIIIVSCARVK 	NFEKNRCHFNRGQSQLGMNDDAPVGSHSTFL 

Helix HI 

10 	 20 	 39 	 454 	 50 	 68 

I'L1 	CAC.CGTAGCTTACACTACAATTTCCAATGGTGGCAGCTGCAGGAGCTGGAGCGCATTTTC 4-1448 
1 	C A G C G T A G C T T A C A C T A C A A T T T C C A A T G G T G G C A G C T G C A G G A G C T G G A G C G C A T T T T C 4-2440 
I CAGCGTAGCTTACACTACAATTTCCAATGQTGGCAGCTGCAGGAGCTGGAGCGCATTTTC4-3H8 
1 CAGCGTAGCTTACACTACAATTTCCAATGGTGGCAGCTGCAGGAGCTGGAGCGCATTTTC4-4UB 
1 CAGCGTAGCTTACACTACAATTTCCAATGGTGGCAGCTGCAGGAGCTGGAGCGCATTTTC 4-SUB 
1 CAGCGTAGCTTACACTACAATTTCCAATGGTGGCAGCTGCAGGAGCTGGAGCGCATTTTC4-6H8 
1 CAGCGTAGCTTACACTACAATTTCCAATGGTGGCAGCTGCAGGAGCTGGAG(GCATTTTC 4-7)46 

70 	 90 	 100 	 110 	 120 

61 CAGCAGAATCACTTCATCCGTGCAGAGGAAAGAAGACATCTGGCAAGAIGGATAGGTGTG4-1I48 
61 CAGCAGAATCACTTCATCCGTGCAGAGGAAAGAAGACATCTGGCAAGATGGATAGGTGTG4-2148 
61 CAGCAGAATCACTTCATCCGTGCAGAGGAAAGAAGACATCTGGCAA6ATGG*TAGGTGTG 4-3140 
61 CAGCAGAATCACIICATCC(;TGCAGAGGAAAGAAGACATCTGGCAAGATGC.ATAGGTGTG4-4140 
61 £AGCAGAATCACTICATCCGTGCAGAGGAAAGAAGACATCTGGCAAGATGGATAGGTGTG 4-SUB 
61 CAGCAGAATCACTICATCCGTGCAGAGGAAAGAAGACATCTGGCAAGATGGATAGGTGTG4-6HB 
61 CAGCAGAATCACTTCATCCGTGCAGAGGAAAGAAGACATCTGGCAAGATGGATAGGTGTG4-74H8 

130 	 140 	 150 	 160 	 170 	 180 

121 AGTGAAGCCAGAGTTAGA6ATGGTITAAGAAcjAGGAGAGAGCACTTC4GAAGAGGA(AA 4-1148 
121 A 6 1 6 A A 6 C C A 6 A S I T A T 6 AlA I S G I T I A A 6 A A 6 A 6 6 A G. A G A G C A C I I C A 6 A A 6 A 6 6 A C A A 4-2 440 
121 AGTGAAICCAGAGTTAIGAGATGGTTTAAGAAGACGAGAGAGCACTTCAGAAGAGGACAA 4-3440 
121 AGTGAAGC CAGAGTTATGAGATGGTTTAAGAAGAGGAGAGAGCACTTCAGAAGAGGACAA 4-4448 
121 A 6 T 6 A AN  C A 6 A 6 TI All  AG A 1 6 6 1 TI A A I A A 6 A 6 G A I A GA 6 C A C IT C A GA A 6 AG S A C A A 4-SUB 
I2IAGTGAAGCCAGAGTTATGAATCGTTTAAGAAGAGGAGASAGCACTTCAGAAGAGGACAA4-6HB 
121 AGTGAACCCAGAGTTATGA ATGGTTTAAGAAGAGGAGAGAGCACTTCAGAAGAGGACAA 4-7148 

Figure 4.5 Eight out of twelve polymorphic residues are present in multiple 
Rhox4 gene copies. a) Pairwise alignment of the peptide sequences of all 
seven copies of Rhox4. Sequence differences are highlighted, including 
sequence corresponding to the 3rd helix of the homeobox domain. The boxed 
region contains the homeodomain. b) Pairwise alignment of the region of the 
cDNA sequence which encodes the homeodomain showing the three 
polymorphisms, which are present in multiple copies (highlighted). 

Rhcx4 .1 
Rho.4,2 
RIiuk4,3 
Rho,.4,4 
Rhx4,S 
RI'o,46 
Rhox4 ,7 
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sequence polymorphisms in multiple, non-adjacent copes, these regions are also 

likely to have undergone gene conversion (Figure 4.6). Whether the residues that 

have been converted, including in the homeodomain, result in altered protein 

function or expression pattern has yet to be determined. 

The high level of sequence identity between the seven Rhox4 copies observed in both 

the coding and non-coding sequences, suggest that the duplication events must be 

very recent. The analyses of the mouse locus described above were carried out on 

C5713L/6 genomic DNA. Therefore to determine whether the duplication of Rhox4 

was specific to C5713L/6 mice, locus organisation was investigated in the CBA and 

129 inbred strains and in the wild sub-species M. castaneous, M spretus, M caroli 

and M. pahari. The phylogenetic relationship of the different sub-strains is shown in 

Figure 4.7a. Multiple bands were seen by Southern analysis in all sub-strains of mice 

investigated, including the non-musculus sub-strain, Mus (Coelomys) pahari, 

indicating the presence of more than one Rhox4 copy (Figure 4.7b). Whether all sub-

strains have seven copies as seen in C5713L/6 will require further investigation. 

However, this result indicates that the duplication events present within the Rhox4 

locus are likely to have taken place before the divergence of the above mouse sub-

species, which may have occurred as recently as 5 million years ago (Bonhomme and 

Guenet 1996). 

4.2.2 Rhox2 and 3 are also present in the duplicated 

array 

As for Rhox4 (described above), a previous report described single copies of Rhox], 

2 and 3 in the Rhox a cluster (Maclean, Chen et al. 2005). However, alignment of 

Rhox2 and Rhox3 but not Rhox] with the mouse genome sequence gave multiple 

hits, suggesting that Rhox2 and Rhox3 might also be present within the duplicated 

unit. Further examination of the alignments suggested eight copies of both Rhox2 

and Rhox3; the six most 5' copies of both genes being present 5' to 3' relative to the 

centromere, and the remaining two copies in the opposite orientation (Figure 4.8). In 

order to validate the mouse genome sequence data, restriction analysis were 
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7998 	 8080 	 Belle 	 8020 	 8038 	 8040 

7772 TTGAAATG6CT(ATTTTAACACAGAGCAIAGCTICTCAAAGGAACACAGAACACATACAC4-111.4 
7766 1 1 6 A A A To  C I C A I I T I A A C A C A 6 A I C A C A GUT  I C I C A A A C 6 A A CIC A C A A C A C A I A C A C 4-2 11.4 
7785 TTGAAATGGCTCATTTTAOCACAG AM( AAGCTTCTCAAACGAACACAGAACACATACAC 4-311.4 
7785 TTGAAAIGGITCATTTTAOCACAGAGCA ACTTCTCAAAGGAACACAGAACACAIACAC4-411.4 
7759 TTGAAATUGCTCATTTTAACACAGAGCACAC TTCTCAAAGGAACUCAGAACACAIACAC 4-S 11.4  
7765 T T G A A A T G G C T C 6111 T A A C A C A G A G C ACAGC T T C T C A A A G G A A C A C A G A A C ACA T A C AC 4-611.4 
7758 TIGAAATGGCTCAIITTAAUAGAGCACACCTTCTCAAAGGAACICAGAACACATACAC4-711.4 

8050 	 8060 	 8870 	 8080 	 8898 	 818 

7032 ACACATCAGATATGAIGTATCTTGCATAIAAACTACAAATATATGTTGIACCACATACT 4-111.4 
7826 A C A 6 A I C A 6 A I A I G A iii AT CC I Tic  A TA I A A A C TA C A A A I A I A I C I I 6 1 A C C A C A T A C 1 4-2 11.4 
7845 A C A 6 A T C A 6 A I A 1 6 A I G I A I C I I G C A T A T A A A CIA  C A A A I A T A 1 6 1 1 G. T A C C AMA I ANT 4-3 11.4 
7845 A C A G A T C A G A T A T GATGTATCTTGCAIATAAACIACAAAIATATGTTGTACCACAIACI 4-411.4 
7819 A C A 5 A I C 6 6 A I A 1 6 A TUT A I C I T C A T A I A A A C I A C A A AT A I A I G 1 1 6 1 A C C A C A I A C 1 4-5 11.4 
7825 ACAGATCACATAIC ATGIAICTT CATATAAACTACAAATAIAICTTGTACCACAIACI 4-611.4 
7808 A C A C A I C A C A T A I G A 1 6 T A I C I T C C A T A I A A A C T A C A A A I A T A 1 6 T 1 6 1 A C C AUA I A C 1 4-7 11.4 

8110 	 8120 	 8130 	 8148 	 8150 	 8168 

7892 C I C TA T 6 C A T I A A I A C 1 1 6 1 A I TA A I A A A A I T 6 A I A I I C A AUC T C AUA T A I A T A C A I A T A 4-1 11.4 
7886 CTCTATGCATTAATACTTCTATTAATAAAATTGAIATICAAGCTCAAAIATATACATATA 4-2 11.4 
7905 CTUTAIGCATIAATACTIGIAITAATAAAATTGATAITCAACTCAAATATATACAIAIA  4-3 11.4 
790.5 C T C I A I 6 C A T I A A I A C I T 6 T A I I A A I A A A A I T 6 A I A I I C A AlC I C AlA  I A I A T A C A T A T A 4-4 11.4 
7879 CTCTATGCAITAAIACTIGTATTAAIAAAAITGATATTCAAGCTCAAATATATACATATA 4-5 11.4 
7885 CTCTATGCATIAATACTTGTATIAAIAAAATTGATAITCAAGCTCAAATATAIACATATA 4-611.4 
7868 CTCIAIGCAITAATACTTGTATTAAIAAAATTGAIATICAAICICAIAUATATACATATA4-711.4 

Figure 4.6 Gene conversion has occurred within the non-coding regions. 
Multiple alignment of genomic sequence from a region of intron 2 of the seven 
Rhox4 gene copies, showing that polymorphic residues are found in multiple, 
non-adjacent copies. Sequence differences are highlighted. Numbers to left 
and above alignment indicate the position in an 11.4kb region of genomic DNA 
from 4.2kb 5' of the ATG to 4.5kb 3' of the polyadenylation signal. 
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Figure 4.7 All sub-strains of mice investigated have multiple Rhox4 gene 
copies. a) Phylogenetic tree of mouse sub-species taken from Bonhomme and 
Guenet (1996). b) Genomic DNA from three inbred strains of M.(Mus) 
musculus domesticus; C57BL/6, CBA and 129; and from M.(Mus) musculus 
castaneous, M.(Mus) spretus, M.(Mus) caroli and M. (Coelomys) pahari was 
digested with Afilli, separated on a 0.8% agarose gel, blotted and probed with 
a Rhox4 exon 2 probe. Position of size markers (kb) are indicated to the left of 
blot. 
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Chapter 4: Organisation of the Rhox a locus 

Figure 4.8 Position of the eight Rhox2 and 3 gene copies and the seven 
Rhox4 gene copies, which are present in a tandem array in the A2 region of 
mouse chromosome X. Copies were numbered Rhox. 1 (closest to the 
centromere) to Rhox. 7. Arrows indicate gene orientation relative to the 
chromosome and the numbers are the position on the X chromosome relative 
to the centromere (Mb, NCBI build 33). X chromosome diagram taken from 
www.ensembl.org. 
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performed using restriction endonucleases, as described for Rhox4. Southern blotting 

followed by analysis with probes specific for either Rhox2 or Rhox3 confirmed the 

Band intensities apparently reflected the number of copies of each fragment expected 

for each digest pattern. 

The predicted cDNA sequences of Rhox2 and Rhox3 were obtained from M.F. 

Wilkinson and J.A. Maclean (UTMD Anderson Cancer Centre, Houston, Texas), and 

the sequences of the eight copies were then extracted from the genomic sequence of 

four BACs that span the region (Figure 4.2). Comparison of these sequences showed 

that all copies of Rhox2 and 3 were conserved. However, the degree of conservation 

of Rhox2 and Rhox3 copies was more variable than seen for Rhox4 copies, as shown 

in Table 4.5 for Rhox2 and 3 and Table 4.2 for Rhox4. Rhox2 copy eDNA sequences 

were particularly variable, showing as low as 92.4% sequence identity (between 

copies Rhox2.4 and 2.6) (Table 4.5a). The minimum sequence identity for Rhox3 

copies was 97.0% (Table 4.5b) and 98.2% for Rhox4 copies (Table 4.2a). Although 

the mean sequence identity between Rhox2 copies was slightly lower than seen for 

Rhox3 and 4 copies, the highest degree was 99.4%, between Rhox2.2 and 2.5. This 

range shows that Rhox2 copies have undergone varying degrees of sequence 

divergence. Unlike Rhox4, variation in intron size was seen for both Rhox2 and 

Rhox3 copies. Rhox2.5 intron 2 was 8.2kb, whereas all other copies had a 1.6kb 

intron 2, and intron 3 of copy Rhox2. 7 was only 1.8kb where all other copies had a 

2.2kb intron. The only difference in intron size between Rhox3 copies was found in 

copy Rhox3. 7, where intron 2 was 2.7kb as opposed to 1.9kb. As expected, intronic, 

upstream and downstream regions of both Rhox2 and 3 copies were less highly 

conserved than exon sequences (Table 4.5c,d). The mean identity of a region 

spanning 4.2kb 5' of the start codon to 2.5kb 3' of the polyadenylation signal was 

80.5% for Rhox2 copies and 89.3% for Rhox3 copies, while the same region from 

Rhox4 copies was 93.8% identical. Although the lower values obtained from Rhox2 

and 3 copies than for Rhox4 copies were partially due to the differences in copy 

intron size, regions of significant sequence variation between copies were also 

present and these were visualised using the AVID global alignment program (Bray, 

Dubchak et al. 2003) (Figures 4.11 and 4.12). Figures contain representative 
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Table 4.3 Sizes of fragments (kb) predicted for each Rhox2 gene copy after 
genomic DNA digested with restriction endonucleases shown is probed with 
an Rhox2 exon 2 probe. 

Rhox 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 

flIlI 1.9 2.0 1.9 2.1 2.0 1.9 3.2 2.3 

BstEII >11 >11 >11 >11 9.4 >10 >14 >14 

EcoRV 6.5 6.5 6.5 >8 5.4 6.5 >10 >10 

HindIll 5.9 1.7 1.7 1.4 3.4 8.1 2.5 >8 

Ndel 4.0 3.0 3.0 2.6 2.9 4.1 3.4 2.9 

5cal 5.5 5.6 5.6 6.1 3.5 5.6 6.1 6.0 

spI 1.6 1.6 1.6 1.6 5.5 1.6 1.9 1.9 

IthillI >13 >13 >14 >14 >8 >14 >9 >14 

- 	
60 e 	C, ç, 

10- 

6- 

4- 

Figure 4.9 Rhox2 exists as an eight-copy tandem array. C57BU6 genomic 
DNA was digested with the restriction endonucleases shown and separated 
on a 0.8% agarose gel. After Southern blotting, a Rhox2 probe was used to 
reveal the restriction fragments. Multiple bands confirmed the presence of 
multiple gene copies, in agreement with predicted sizes. Position of size 
markers (kb) are indicated to the left of blot. 
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Table 4.4 Sizes of fragments (kb) predicted for each Rhox3 gene copy after 
Southern blotting of genomic DNA digested with restriction endonucleases 
shown, and probing with an Rhox3 exon 2 probe. 

Rhox 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 

flhIl 2.7 2.7 3.9 2.7 2.7 2.7 3.6 3.9 

BstEIl 0.8 0.8 >9 >9 0.8 0.8 0.8 >9 

EcoRV >12 11.8 >11 12.2 >12 >12 >13 >13 

HindIll 12.3 11.0 >14 >11 11.0 >11 >11 2.9 

Idel 3.6 3.7 3.6 3.7 3.6 3.6 3.7 2.9 

caI 1.7 1.7 2.4 1.7 1.7 1.7 1.7 0.7 

3spl 3.5 3.5 3.5 j 	3.5 3.5 3.5 3.5 3.5 

FthllIl 3.6 3.6 3.6 1 	>13 3.6 >14 >12 >11 - 
10- 	SI 

M. 

S 

Figure 4.10 	Rhox3 exists as a eight-copy tandem array. C57BL/6 
genomic DNA was digested with the restriction endonucleases shown and 
separated on a 0.8% agarose gel. After Southern blotting, a Rhox3 probe was 
used to reveal the restriction fragments. Multiple bands confirmed the 
presence of multiple gene copies, in agreement with predicted sizes. Position 
of size markers (kb) are indicated to the left of blot. 
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Table 4.5 All eight Rhox2 and Rhox3 gene copies are conserved. 

Percentage identity and diversity of a) Rhox2 copy cDNAs (mean identity 
95.6%); b) Rhox3 cDNAs (mean identity 98.3%); c) Region from 4.2kb 5' of 
Rhox2 copy ATGs to 2.5kb 3' of the polyadenylation signal (mean identity 
80.5%); d) Region from 4.2kb 5' of Rhox3 copy ATGs to 2.5kb 3' of the 
polyadenylation signal (mean identity 89.3%); e) Rhox2 peptide sequence 
(mean identity 93.8%); f) Rhox3 peptide sequence (mean identity 92.9%); g) 
Rhox2 homeodomain (mean identity 92.6%); h) Rhox3 homeodomain (mean 
identity 99.2%). 
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a) 
	 1 2 	 3 	 4 

Figure 4.11 	Genomic sequence differences between the eight Rhox2 
gene copies are found in distinct regions 5' and 3' of the gene and within the 
intronic sequences. AVID global alignment of a region spanning 4.2kb 5' of the 
ATG to 2.5kb 3' of the polyadenylation signal of a) Rhox2.1 aligned with 
Rhox2.2 to Rhox2.7 and b) Rhox2.6 aligned with Rhox2.1 to Rhox2.5 and 
Rhox2.7. Percentage identity is shown on the vertical axis and position within 
the sequence on the horizontal axis. The position of the four exons are boxed 
and numbered. 
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a) 
	

1 2 	 3 	4 

Figure 4.12 	Genomic sequence differences between the eight Rhox3 
gene copies are found in distinct regions 5' and 3' of the gene and within the 
intronic sequences. AVID global alignment of a region spanning 4.2kb 5' of the 
ATG to 2.5kb 3' of the polyadenylation signal of a) Rhox3. I aligned with 
Rhox3.2 to Rhox3.7 and b) Rhox3.6 aligned with Rhox3.1 to Rhox3.5 and 
Rhox3.7. Percentage identity is shown on the vertical axis and position within 
the sequence on the horizontal axis. The position of the four exons are boxed 
and numbered. 
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alignments, each showing plots of the first and sixth copies aligned with seven other 

copies for both Rhox2 and Rhox3. Two alignments are shown to distinguish between 

sequences which are divergent only in the base sequence and sequences which are 

divergent between multiple copies. Differences in Rhox2 copies were found in large 

regions both 5' and 3' of the gene and within intron three and, as seen for Rhox4 

copies, there were also small, distinct regions which were divergent between copies 

(Figure 4.11). Differences between Rhox3 copies were found primarily 5' of the 

gene, although again short regions of sequence difference were found in introns and 

5' and 3' regions (Figure 4.12). 

Multiple alignment of the eight Rhox2 copies predicted protein sequences showed 

that there are thirty three polymorphic residues, and the identity of copies varied 

from only 87.5% (between Rhox2.4 and 2.6) to 100% (between Rhox2.1 and 2.5) 

(Table 4.5e). Eleven polymorphic residues were present within the homeodomain 

(Figure 4.13) and were concentrated at the N-terminus and within the second helix. 

Unlike Rhox4, no polymorphisms were present in residues with established roles in 

helix packing or DNA specificity. However the glutamine - lysine polymorphism 

found in Rhox2. 7 at position 42 of the homeodomain is in a residue that is conserved 

between all Rhox family members except Rhox5 (Maclean, Chen et al. 2005), 

therefore suggesting that the function of this copy may be affected by the presence of 

this polymorphism. 

Translation of Rhox3 gene copy cDNA sequences predicted copies 3.2 and 3.7 to 

have a peptide sequence that contained only 51 residues (Figure 4.14), due to the 

presence of a stop codon 30 nucleotides after the first ATG. Since a second, down-

stream start codon is present in the same reading frame, all copies could theoretically 

generate a truncated protein missing the N-terminus. Either start codon could be 

utilised by Rhox3 copies lacking the stop codon. However, examination of the Kozak 

sequences surrounding the two ATGs showed that the second but not the first ATG 

contained a G at position +1, which is thought to be important for efficient 

translation (Kozak 1986) and is conserved in all Rhox proteins except Rhox] 1. The 
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41 	 S8 

I MERQSVNYKLOVGPEEDEENANGVKTLMVLLAGEGRNEGESGRGLPGSGASAAEGYRAGE 2,1? 
1 NERQSVNYKLOVGPEEDEENANG KTLNVLLAGEGRNEGESGUGLPGSGASAAEGYRAGE  2,2? 
1 MERQSVHYKLOVGPEEDEENANG KTI.MVLLAGEGRNEGESGRGLPGSGASAAEGYRAGE 2,3? 
1 	N EIQ SUN V K 1 0 V G P E E 0 E E N A N 6 V K I L H V I L A G 1 6 8 N 1 6 E S GIG  I. P G S GUS A A 1 6 V 8 A 6 1 2,4? 
1 MERQSVNYKLDVGPEEDEENANGVKTLMVLLAGEGRNEGESGRGLPGSGASAAEGVRAGE 2,6? 
1 	N E R Q S N YI. 0 V G P 1 1 0 E I N A N 6 V K T I U V I I A GIG  R N I G E S G 8 6 1 p G 5 6 A S A A E 6 V R A 6 E 2,6? 
1 MERQS NVKLOVGPEEDEENANG KTLUVLLAGEGRNEGESGRGIPGSG SAAEGYRAGE 2,? 
I NERQS NVKLOVGPEEDEENANG KTLP4VLLAGEGRNEGESGRGLPGSG SAAEGYRAGE 2,7? 

	

10 
	

lie lie 

61 1 SAGGAAPVAOLUONSNQEOLGATGCOQEKEKQPEEPVPOSHGOLENVKRVSGPWSTVN 2,1? 
61 	SAG 6 A A P V A 0 1 HO KS N Q E C I. GAl 6 C 0 Q I K I K Q P 1 1 P V p o S MG 0 1 £ N V KUV S G P 8 S TV N 2,29 
61 LSAGGIAAPVADLHONSNQEOIGATGCDQEKEKQPEEPVPDSMGOLENVKRVSGPWSTVN 2,3? 
61 1 S A 6 6 L Alp  VA C I U DIS  H  Q E D 11* T G CIQ E K I K Q P E E P V p o S MG 0 L E N V K5 6 p w S I V N 2,49 
61 1 SAGGAAPVADLHONSNQEOLGATGCDQEKEKQPEEPVPOSMGOLENVKRVSGPKSTVN 2,59 
61 	5 A G G A AN A 0 L U C S N Q 1 0 L G A TC C Q I K E K Q P £ 1 P V P 0 S H 6 0 L E N V K R V S G PC S I V N 2,6? 
61 LSAGGIAAPVAOLHON N Q E D L G A T G C QEKEKQPEEPVPDSMGDLENVK 	SGPWSTVN 2,7 
61 ISAGGLAAPVADLHON N Q E D L G A T G C QEKEKQPEEPVPDSMGDLENVK 	SGPWSTVNZ,7P 

121 P V R V L V P E RHGWQQSFNVLQLQELESIFQCNIIYISTKEANRLARSNGVSEATVQEWFLK 2,19 
121 P V R V I V P 	8 H 6 8 Q Q S F N V I. Q I  Q I L E S I F Q C N H V I S I K I A N 8 I. A 8 S U 6 V S E A I V Q E C F I K 2,2? 
121 P V R V L V P 	RHGWQQSFNVLQLQELESIFQCNHYISTKEANRLARSMGVSEATVQEWFIK 2,39 
121 p v R V I V P 1 R8 Q Q S F N V I Q L  Q I I I S I F Q C  NIV I S TIE AIR I  als N G V S E A I V Q E C F I K 2,49 
121 P V R V L V P E RHGW 	SFNVLQLQELESIFQCNKYISIKEANRLARSMGVSEATVQECFLK 2,59 
121 P V R V I V P 	8 HIC 	S F N V I Q I  Q I I I S I F Q C N H V 1 S I K I A N R I A 8 S U 6 V S E A T V Q E N F I K 2,6? 
121 PVRVIVPE 	HGWQQSFNVL.QLQEIESIFQCNHYISTEL 	LARSMGVSIATVQEIdFLKZ,7  
321 PVRVIVPE 	HGWQQSFNVIQIQELESIFQCNHYIST EL RLARSMGVSEAIVQEWFLK 2,7P 

ige 
181 RREKYRSVK I 
181 RREKYRSVK I 
181 RREKVRSYK I 
181 RREKYRSVK I 
181 881 KVRSYK I 
181 CR1 KYRSYK I. 
181 RRIKVRSYK L 
181 CR1 KVRSYK I 

Helix II 	 2.19 
2,29 
2,39 
2,49 
2,59 
2,6? 
2,7 
2,7? 

Figure 4.13 	There are thirty polymorphic residues between the eight 
Rhox2 gene copies. Multiple alignment of the peptide sequences of all eight 
copies of Rhox2. Sequence differences are highlighted, including sequence 
corresponding to the 2d  helix of the homeobox domain, the boxed region 
contains the homeodomain. 
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10 	 20 	 30 	 40 	 50 	'S 	60 

1 MKPERSISNWIHSNVERAGRNLFQVNGNRSALLPELPQDYHRASRSVNGCETKMOST G  3,19 
1 	 HOST 613,29 
1 	U K P E R S I S N 8 I H S N V 6 R A 6 R N I F Q V N 6 H a s A I I P 6 1 P Q 0 V H a A S R S 

VP 
C £ I K U 0 S I Q 6 T 3,39 

1 MKPERSI NWIHSNVERAGRNLFQVNGIIRSAILPEIPQDYHRASRSVHGCETKMOSTQGT 3,49 
1 	M K P E R S I S NNIHSNVERAGRNIFQVNGHRSALLPEIPQDYHRASRSVNGCETKNDSTQGT 3,59 
1 	U K P 6 0 SM S N I I H S N V E E A G. 9 N I F Q V N 6 H 0 S A I I P 6 1 P Q 0 V H 0 A S R S V N 6 C £ I K U DT Q 6 1 3,60 
I 	 N 0 S I QMT  3.7P 
1 	NKPERSI S NOIHSNVE 0 AGRNLFQVNGHRSALIPELPQDYHRASRSVNGCETKUDSTQGT 3,89 

	

79 	 so 	 96 	 lee 	 10 	 120 

61 KVLPAEEGKNEEDGGQVESALGATAARGRGKEAINGESPAAAGTAGLVEEORNKEOGGTK 3,19 
$ 	K V I P A £ 6 6 K N £ E 0 6 6 Q V 6 S A 1 6 A TAU 0 6 a 6 K 6 A I H 6 E S P A A A 6 TA 6 I. V £ £ C 0 N IC £ C 6 6 1 K 3,29 
61 K V L P A £ 6N E £ 0 6 6 Q V E S A L 6 A I A A 0 6 a 6 K £ A I N C 6 S P A A A C I A C I V 6 6 0 0 N K 6 0 6 6 1 IC 3,39 
61 KVLPAEEGKNEEDGGQVESALGATAAR6RGKEAINGESPAAA6TAGIVEEORNKEOGGIK3,4P 
61 KVLPAE(GKNEEI)GGQVESALGATAAR6RGKEALNGESPAAA6TAGLVEEDRNKEOGGTK 3,59 
61 K V L P A E E 	IIEECGGQVESALGATAARCRGKEAINGESPAAAGIAGIVEEDRNKEDGGTK 3,60 
O KVLPAEEG NEEOGGQVESALGATAARGRGKEALNGESPAAAGTAGIVEEORNKEDGGTK3,7P 
61 KVLPAE( 	NEEOGGQVESALGATAARGRGKEAINGESPAAAGTAGIVEEDRNKEDGGTK 3,89 

	

1.30 	 140 	 150 	 160 	 170 	 180 

121 G G E KU EQEVO E Q I P E H V E GESDQAEAPRQVPRRRLHHRFTQOQLOE 1£ RI F RNNY F L S I 63,19 
68 CGEKNEQEVREQIPEHVEGESDQAEAPRQVPRRRLHHRFTQWQLCELERIFRUNV FISIE 3,29 
121 6 6 6 IC N £ Q E V 0 £ Q I P £ H V E C £ S 0 Q A £ A P R Q V p  a a R I H H 9 F I Q N  Q I C F I 6 9 I F R H N V F I S I £ 3,39 
121. G 6 £ K N £ Q £ V 0 £ Q I P 6 H V £ C £ S C Q A £ A P a Q V P a a a I H H 9 F I Q N  Q 1 0 F I 6 0 I F 0 N N V F I S I. £ 3,49 
121 6 6 6 K N E Q F V 0 E Q I P 6 H V £ G £ S C Q A £ AP a Q V P P 9 0 1. H H 0 F I Q N  Q I C F L E 0 I F 0 U N V F I S I £ 3,59 
121 6 G 6 K N £ Q £ V 0 £ Q I P E H V E G £ S C Q A £ AUR Q V P 0 R L H H 0 F 1 Q VI  Q I. 0 £ I £ a i F 0 MN V F I S I. F 3,60 
63 GGEKNEQEVREQIPEHVECESDQAEAPRQVPRRRIHHRFTQNQLOELERIFRNNV FISLE 3,79 
121 6 6 E K N £ Q F V 0 E Q I P 6 H V E 6 £ S 0 Q A E A P R Q V P 0 9 9 1 H H R F I Q N  Q 1 0 £ I E R I F 0 U N V F I. S I £ 3,89 

	

190 	 210 	 210 

IOIARKQLARWHGVNEAIVKRWFQKRRE Q VRWVKI

L 

3,19 
128 ARKQIARWHGVNEAIVKRWFQKRRE VRWYK 	 3,29 
181.ARKQLARWNGVNEAIVKRWFQKRRE VRWYK 	 3,39 
181. AUK Q I A P II N 6 V N £ A I V K a N F Q K 0 a 6 Q V P N V K 	 3,49 
181 ARKQLARNMGVNEAIVKRWFQKRRE VRIVK 	 3,59 
181 ARKQLAaWNGvNEAIVKRWFQKRRE YawYK 	 3,69 
128 ARKQIARWHGVNEAIVKR!FQKRREQYRWYK 	 3,79 
181 A P IC Q I A 0 VI N G V N I A I V K 9 VI F Q K P R £ Q V a a a 	 3,39 

	

Figure 4.14 	There are two possible start codons within six of the eight 
Rhox3 gene copies. Multiple alignment of the predicted peptide sequences of 
all eight copies of Rhox3. Copies Rhox3.1, 3.3-3.6 and 3.8 may transcribe a 
product that is 53 residues longer than Rhox3.2 and 3.7. The arrow indicates 
the position of the downstream methionine. Sequence differences are 
highlighted and the homeodomain is contained within the box. 
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presence of an upstream open reading frame within Rhox3.2 and 3.7 is likely to 

reduce translation efficiency from these copies. Utilisation of the second start codon 

would result in a product of only 160 amino acids in length, which would make 

Rhox3 the shortest Rhox family member. Rhoxl2 is currently the shortest at 187 

residues and the average is 222 residues. In peptide sequence identity calculations for 

Rhox3, it was assumed that the first start codon is utilised by all copies except 

Rhox3.2 and 3.7 and that two different sized products are present (Table 4.5f). 

With the exception of the difference in product size, very few sequence 

polymorphisms are present between Rhox3 copies (Figure 4.14). Two 

polymorphisms are found in the homeodomain, again neither are present in residues 

with roles in helix packing or DNA binding specificity. However the polymorphism 

in Rhox3.4 at position 31 is in a residue conserved in all Rhox family members 

except Rhox2 and Rhox7 (Maclean, Chen et al. 2005). 

To determine whether selective pressure appeared to have operated in the Rhox2 or 

Rhox3 copies, the Ka/Ks ratios between copies at each locus were examined. 

Although less than 1, the Ka/Ks ratios for Rhox2 and Rhox3 copies were also very 

high for gene duplicates, being 0.67 and 0.53 respectively, again suggesting that 

positive selection or gene conversion events may have occurred. These values are 

much lower than the Ka/Ks ratio for Rhox4 (2.69). The presence of the same 

sequence polymorphisms in multiple, non-adjacent copies of both the protein 

sequence of Rhox4 and intron, upstream and downstream sequence suggested that 

multiple gene conversion events had taken place. Examination of peptide and 

genomic sequences of Rhox2 and Rhox3 copies showed that gene conversion events 

are also likely to have taken place at these loci (see Figure 4.13, 4.14 and 4.15). The 

difference in Ka/Ks ratio between Rhox4 copies and Rhox2 and 3 copies is due to the 

very high proportion (67%) of Rhox4 nonsynonymous polymorphisms that are 

present in more than one copy. Only 42% of Rhox2 and 23% of Rhox3 peptide 

sequence polymorphisms are found in more than one copy, suggesting that either 

increased numbers of gene conversion events may have occurred between Rhox4 
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831.1 ATACAGCAGIIAIAAGAGGCTGTAAA GCTCAGAGGTCCTCTTCCTGC TTCCGGAGCAT Rhox2.711 
8254 ATACAGGAGIIATAAGAGCCTCTAAA GCTCAGAGGTCCT(TTCCTGC TTCCGGAGCAT Rhox2.811,4 
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Figure 4.15 	Gene conversion events have occurred within the non- 
coding regions of Rhox2 and Rhox3 gene copies. Multiple alignment of the 
genomic sequence from a) a region of intron 3 of the eight Rhox2 copies and 
b) a region of intron 2 of the eight Rhox3 copies, showing that polymorphic 
residues are found in multiple, non-adjacent copies. Sequence differences are 
highlighted. Numbers to the left of alignment indicate the position of each 
sequence in the alignment which contains from 4.2kb 5' of the ATG to 2.5kb 3' 
of the polyadenylation signal. Numbers above plot indicate the position within 
the whole alignment. 
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copies compared to the Rhox2 or 3 copies, or that increased selective pressure for 

advantageous mutations has been applied at the Rhox4 copies. 

4.2.3 Identification of Rat Orthologues of Rhox3 and 

Rhox4 

The presence of multiple copies of Rhox4 in all sub-species of mouse investigated 

suggests that the duplication events present in the Rhox a cluster took place before 

their divergence. I was therefore interested in identifying orthologues of the Rhox a 

cluster genes to determine when the duplication events occurred. The syntenic region 

of the rat genome sequence (Xql 1), although currently incomplete, contains two 

predicted genes that display a high degree of similarity to genes present in the mouse 

Rhox a cluster, including the characteristic arrangement of the homeobox-containing 

region between three exons. Rattus norvegicus similar to homeobox protein EHOX 

(XM_233314) displays the highest level of identity to Rhox4 (63.1% amino acid 

sequence, 77.8% nucleotide across the open reading frame; Table 4.6a,b and Figure 

4.16) and Rattus norvegicus similar to RIKEN cDNA 4930539112 (XM_343759) 

displays the highest level of identity to Rhox3 (64.0% amino acid sequence, 83.2% 

nucleotide, Table 4.6a,b and Figure 4.16), suggesting that these are rat orthologues of 

mouse Rhox4 and Rhox3. The level of peptide sequence identity of both sets of 

predicted orthologues was significantly greater within the horneodomain than over 

the whole peptide sequence; 83.3% sequence identity for Rhox3 orthologues within 

the homeodomain and 76.7% for Rhox4 orthologues (Table 4.6c and Figure 4.16). 

The level of identity between mouse and rat for both genes is very low, since on 

average rat and mouse genes are 94% identical at the amino acid level (Wolfe and 

Sharp 1993). However, mouse Rhox3 and Rhox4 are more identical in both cDNA 

and peptide sequence to their predicted rat orthologues than they are to all other 

mouse Rhox family members (Table 4.6e,f), suggesting that these orthologue 

predictions are correct. Furthermore, some sequence identity was also present 

between the genomic sequences of mouse and rat orthologues of Rhox3 and 4. Rhox3 
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Table 4.6 Identities of predicted mouse and rat Rhox3 and Rhox4 
orthologues. Percentage identity and divergence of a) cDNA sequences; b) 
protein sequences; C) homeodomain sequences d) genomic sequence from 
4.2kb 5' of start codon to 2.5kb 3' of polyadenylation signal e) mouse Rhox 
family member's cDNA sequences and f) mouse Rhox family member's 
protein sequences. 
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Figure 416 	Multiple alignment of mouse and rat Rhox3 and Rhox4 
predicted orthologues. Sequence differences are highlighted and the position 
of the homeodomain is contained within the box. 
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1 2 	 3 	4 

Rhox3.1 
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Rhox3.3 

Rhox3.4 

Rhox3.5 

Rhox3.6 
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Rhox4.2 

Rhox4.3 

Rhox4.4 

Rhox4.5 

Rhox4.6 
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Figure 4.17 	Rat and mouse Rhox3 and 4 orthologues display some 
degree of sequence identity within intron, upstream and downstream 
sequences. AVID global sequence alignment of rat genomic sequence 
showing a) rat Rhox3 with the eight mouse Rhox3 gene copies and b) rat 
Rhox4 with the seven mouse Rhox4 gene copies. Percentage identity is 
shown on the vertical axis and position within the sequence on the horizontal 
axis. The position of the four exons in both genes are boxed and numbered. 
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orthologues were 67.1% identical over a region spanning from 4.2kb 5' of the start 

codon to 2.5kb 3' of the polyadenylation signal (Table 4.6d), and visualisation of the 

alignment showed that sequence similarities are present in intronic and upstream 

sequences and in a region of downstream sequence (Figure 4.17a). The Rhox4 

orthologue genomic sequences were less highly conserved at 52.8%, partially due 

tothe increased size of the rat Rhox4 exon 2. AVID global alignment of Rhox4 

orthologous genomic sequences showed that sequence similarities were restricted to 

intron and upstream sequences; no significant sequence identity was found in 

downstream sequences (Figure 4.17b). Although rat and mouse Rhox4 and Rhox3 

sequences are equally conserved at the peptide level, Rhox4 mouse and rat genomic 

sequence has undergone more divergence than Rhox3 orthologues. Finally in support 

of these orthologue predictions, mouse and rat Rhox5 are also only 74% identical in 

peptide sequence (Sutton and Wilkinson 1997), indicating that the high level of 

sequence divergence present between mouse and rat orthologues of Rhox3 and 

Rhox4 is not unique. 

To determine whether multiple copies of Rhox4 are present in the rat, Southern 

analysis was carried out using a rat Rhox4 specific probe (Table 4.7 and Figure 4.18). 

The presence of a single band of the predicted size in each digest strongly suggests 

that there is only one Rhox4 copy in the rat. Additionally, to identify expression of 

any additional copies of rat Rhox4, shotgun cloning was carried out on RT-PCR 

products generated from a cDNA mix using two different sets of rat Rhox4 primers at 

low stringency. Sequencing of 50 colonies failed to identify any sequence 

polymorphisms in Rhox4, again suggesting that there is only one copy of Rhox4 in 

the rat. Since there are multiple copies of Rhox4 in all sub-strains of mice 

investigated (Figure 4.7) these data suggest that the duplication event occurred either 

at the point of separation of the two species or before the divergence of the mouse 

sub-species investigated. 

Two of the eight mouse Rhox3 copies were predicted to produce a protein product 

lacking fifty three residues from the N-terminus. It was also unclear which start 

codon would be utilised by the remaining six copies. The predicted rat Rhox3 is 220 
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residues, which is a similar size to the long mouse product of 213 residues. 

Alignment of mouse copy Rhox3. 1, which is predicted to produce the longer product, 

with rat Rhox3 (Figure 4.16) shows that the N-terminal region is conserved between 

the two species, furthermore, the second ATG at position 54 in the mouse sequence, 

suggested to be utilised by mouse Rhox3.2 and 3.7 is lacking from the rat sequence. 

It is therefore likely that, if expressed, mouse Rhox3 copies, 3.1, 3.3, 3.4, 3.5, 3.6 and 

3.8, lacking the stop codon downstream of the first ATG produce the longer product 

of 213 residues and that only copies 3.2 and 3.7, that contain the stop codon, produce 

a truncated protein product. 
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Table 4.7 Sizes of fragments predicted after digestion with restriction 
endonucleases for predicted rat Rhox4. 

'Digest I EcoRl I EcoRV  
I 

I 	NdeI  
I I 

I 	Scal I 	Sspl 
I Band 

8.0 7.3 2.9 3.4 1.8 ize (kb) I 

\ 

6—. 

01 

3- 

2 — 

_

2— 

Figure Figure 4.18 	There is a single copy of Rhox4 in rat. DA genomic DNA 
was digested with the restriction endonucteases shown and separated on a 
0.8% agarose gel. After Southern blotting, a rat Rhox4 exon 2 probe was used 
to reveal the restriction fragments. Bands confirmed the presence of a single 
gene copy, in agreement with predicted sizes. Position of size markers (kb) 
are indicated to the left of blot. 

121 



Chapter 4: Organ/sat/on of the Rhox a locus 

4.3 Discussion 

In this chapter, I have described a duplication event which has resulted in a tandem 

array of three members of the Rhox family of homeobox-containing genes, Rhox2, 3 

and 4. Eight complete copies of Rhox2 and 3 are present and seven of Rhox4. All 

gene duplicates are conserved and are predicted to be functional. Rat orthologues of 

both Rhox3 and Rhox4 were identified, although the sequences were highly diverged 

from their mouse counterparts. Unlike in the mouse, Rhox4 is present in a single 

copy in the rat genome. 

Gene duplication mediated by unequal crossing over or transposable elements is 

widespread. However, due to relaxed selective pressure after duplication most gene 

duplicates are rapidly lost. The high degree of conservation of the Rhox2, 3 and 4 

copies is therefore highly surprising. Since there were multiple Rhox4 copies in all 

sub-species of mice investigated, it is unlikely that the high degree of sequence 

identity can be explained by the duplication event having occurred very recently. In 

addition to the high conservation of coding regions, the intronic, upstream and 

downstream sequences were also conserved. In duplicates of all three genes, variable 

regions were limited to distinct regions within the intronic sequences and upstream 

and downstream of the genes. Although not highly divergent, these regions 

demonstrate that some sequence divergence has been allowed and had time to occur. 

The tandem duplication of three of the four Rhox a cluster members results in a very 

gene rich region. The 24 genes of the Rhox a cluster are present within 350kb, which 

is an average of one gene per 14.2kb. In comparison, the mouse genome has on 

average one gene per 113.6kb (Waterston, Lindblad-Toh et al. 2002) and another 

reported gene rich region on mouse chromosome 13, containing three gene families 

has one gene per 53.6kb (Mallon, Wilming et al. 2004). Although the average region 

size containing one gene also reflects the gene size, and the genes of the Rhox a 

locus are small, each gene encompasses around 5kb, the genes are still tightly 

packed; there is an average of only 8.5kb between each of the genes within the 

duplication. The tight packing of genes may result in reduced gene expression at 
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these loci due to reduced DNA accessibility, interference between factors involved in 

gene regulation and competition for these factors (Chiaromonte, Miller et al. 2003). 

In turn these limitations may help maintain the DNA sequence identity of the 

duplicated copies as more than one functional gene copy may be required to produce 

enough protein product to fulfil the gene function. 

Rhox2, 3 and 4 are present in the same duplicated unit, however, their copies appear 

to be diverging at different rates. The eight Rhox2 copies have 93.8% peptide 

sequence identity. However, some Rhox2 copies have diverged significantly more 

than others: Rhox2.4 and 2.6 are only 87.5% identical in peptide sequence whilst 

Rhox2.1 and 2.5 are 100%. The predicted cDNA sequences of Rhox3 copies are 

highly conserved (98.3%), but two of the eight Rhox3 copies are predicted to 

produce a protein product which is truncated by fifty three residues at the 

N-terminus, and reduces the average peptide sequence identity to 92.9%. As nothing 

is currently known about the function or interactions that take place with Rhox genes, 

it is unclear whether or not the truncated Rhox3 product would affect the function of 

the protein despite the intact homeodomain. The level of sequence identity of Rhox4 

copies (mean of 97.3%) is much greater than Rhox2 and 3. Further work on the 

function and expression of the copies of Rhox2, 3 and 4 is required to determine 

whether the differences in peptide and genomic sequence observed are resulting in 

the creation of pseudogenes or neo- and sub- functionalisation of gene function. 

Gene conversion is widespread between gene duplicates (Murti, Bumbulis et al. 

1992; Hogstrand and Bohme 1997; Noonan, Grimwood et al. 2004) and all three 

Rhox genes present in the duplicated unit contain evidence of gene conversion 

events. The peptide sequences of Rhox2, 3 and 4 all contain polymorphisms which 

are present in multiple copies. However two thirds of the polymorphic residues of 

Rhox4 are present in multiple copies, a much higher proportion than seen with the 

other two genes. Since Rhox2, 3 and 4 are in the same duplicated unit the differences 

in copy diversity may reflect differing levels of selective pressure being applied to 

each of the three duplicated genes, suggesting this as an ideal locus for investigating 

evolutionary mechanisms. Additional work is required to determine whether similar 
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processes are occurring in the Rhox a cluster of sub-species of mice other than 

inbred C57BL/6 mice investigated in this study. 

The presence of multiple copies of Rhox4 in all mouse sub-species examined, but not 

in rat, suggests that there was either one duplication event in the mouse lineage, or a 

series of events that took place in quick succession at or soon after the time of 

divergence of the two species. Although there is currently little work on the role of 

the Rhox family, the Rhoxes are all expressed in reproductive tissues, making them 

ideal candidates for driving a speciation event caused by reproductive isolation. The 

duplication event described in this chapter may therefore have played a role in the 

separation of the rat and mouse species. Rats and mice diverged between 12 and 25 

million years ago (Adkins, Gelke et al. 2001; Springer, Murphy et al. 2003) and, 

whilst their genomes are clearly very similar in structure and content, they also 

contain many rearrangements and orthologous genes have undergone varying 

degrees of divergence (Waterston, Lindblad-Toh et al. 2002; Gibbs, Weinstock et al. 

2004). On average mouse and rat genes are 94% identical in peptide sequence 

(Wolfe and Sharp 1993), making the finding that rat Rhox3 and Rhox4 display only 

64% identity to their mouse orthologues surprising. The low level of sequence 

identity suggests that Rhox3 and 4 have experienced periods of enhanced mutation 

rate, either due to relaxed selective pressure or positive selection for beneficial 

mutations. Since mouse Rhox3 and 4 display a higher degree of sequence identity to 

their rat counterparts than they do to any of the other eleven mouse Rhox family 

members, it is unlikely that these orthologue predications are incorrect. Due to sexual 

selection and differences in reproductive mechanisms between species, many genes 

with roles in reproduction have undergone rapid divergence and positive selection 

(Sutton and Wilkinson 1997; Ting, Tsaur et al. 1998; Wyckoff, Wang et al. 2000). 

Examples include the Rhox5 mouse and rat orthologues (Sutton and Wilkinson 1997) 

suggesting that this may be a common feature of Rhox family orthologues. 

Completion of the rat genome sequence is likely to uncover more Rhox genes, 

enabling further comparisons between rat and mouse family members. 
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Chapter 5 Expression of the Rhox a cluster 

5.1 	Introduction 

Rhox family members are primarily expressed in reproductive and extra embryonic 

tissues, although three members are each expressed in one additional tissue, 

including Rhox4 which is expressed in the developing and adult thymus (Jackson, 

Baird et al. 2002; Jackson, Baird et al. 2003; Maclean, Chen et al. 2005). 

Interestingly, Rhox genes are reported to be co-linearly expressed in the developing 

testis (Maclean, Chen et al. 2005). The discovery in Chapter 4 of a tandem 

duplicated unit in the Rhox a. cluster (containing Rhox2, 3 and 4), raised the question 

of whether all copies are expressed. 

In this chapter I describe the expression of the seven mouse Rhox4 copies, and 

determine whether co-linear expression mechanisms are operating within the Rhox a 

locus during thymus organogenesis. Additionally, the expression of the rat 

orthologues of mouse Rhox3 and 4, and the two human Rhox family members are 

described. 
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5.2 Results 

5.2.1 All Seven Rhox4 copies are Expressed 

As described in Chapter 4, the cDNA sequences of all seven Rhox4 copies are highly 

conserved and all are predicted to be functional. To determine whether all seven 

copies of Rhox4 are expressed, RT-PCR was carried out using a proofreading Taq 

polymerase and universal Rhox4 primers on a mixture of RNA from all mouse 

tissues previously shown to express Rhox4 (termed RNA mix) (Figure 5.1). The PCR 

product was shotgun cloned and sequenced, sequences were then aligned with those 

of the seven predicted Rhox4 copies and the nucleotide present at each polymorphic 

base was noted. As predicted from the cDNA sequence analysis, sequences from all 

seven Rhox4 copies were identified in the RNA mix (Figure 5.2a). However, copies 

were not present in equal quantities, Rhox4.1, 4.2 and 4.7 made up 74% of 

transcripts seen and Rhox4. 3 was only detected once in seventy-six independent 

clones. This difference in expression levels could be due either to biased expression 

of individual copies in Rhox4 expressing tissues or to expression of a single copy in 

individual tissues. 

To establish whether different copies of Rhox4 display different spatial patterns of 

expression, cDNA was isolated from four different mouse sources; 1) the pharyngeal 

region of E9.5 embryos (Figure 5.3); 2) adult thymus; 3) adult testis and; 4) E15.5 

placenta. These individual tissues generally showed preferential expression from one 

or two copies (Figure 5.2b-e). The adult thymus and E9.5 pharyngeal region almost 

exclusively expressed Rhox4. 1 and 4.2, although the ratio of expression of the two 

copies differed between these tissues, Rhox4. 1 expression was also dominant in the 

E15.5 placenta. The testis showed a more even expression of copies. However, 

uniquely amongst the tissues examined Rhox4. 5 was the most highly expressed in the 

testis, representing 33% of transcripts, suggesting that mechanisms controlling 

expression of Rhox4 in the testis may be different from other tissues. Rhox4.6 was 

only detected once in testis but multiple times in the cDNA mix, suggesting this copy 

is expressed primarily in sites other than those examined here. 
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Figure 5.1 Rhox4 expression can be detected in multiple embryonic and adult 
tissues. RT-PCR for Rhox4 in embryonic and adult tissues at 35 cycles. 
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Figure 5.2 All Rhox4 gene copies are expressed. Relative expression of each 
copy of Rhox4 in a) cDNA made from a mixture of adult and embryonic tissues 
known to express Rhox4 (76 clones in total), b) E9.5 pharyngeal region (89 
clones), c) adult thymus (74 clones), d) testis (78 clones) and e) E15.5 
placenta (91 clones). Expression was determined by shotgun cloning and 
sequencing of RT-PCR products generated after 32 cycles. Numbers indicate 
number of clones found to represent each Rhox4 copy. 
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Figure 5.3 Image shows an E9.5 mouse embryo processed by in situ 
hybridisation using a full-length Rhox4 probe. The lines indicate the region 
dissected for expression analysis (E9.5 pharyngeal region). The region 
contains the 2 n and 31d  pharyngeal pouches, surrounding mesenchyme, 
surface ectoderm and the neural tube. 
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This sequence analysis also revealed that 1% of Rhox4.1, 12% of Rhox4.2 and 4.4 

and 6% of Rhox4. 7 colonies contained sequences which lacked exon three. Rhox4 

exon three is only 48bp in length but encodes for sixteen residues of the 

homeodomain, including regions of the 2' and 3' helices and the loop region 

between them. Transcripts lacking this exon would therefore be predicted to be 

unable to bind DNA. However, the resulting transcript would be translated as the 

exon two to four splice is in frame. The cause of the omission of exon three in these 

four copies may be due to an inefficient splice acceptor site. However this has not 

been investigated further and it is unknown whether the product is biologically 

relevant. 

52.2 Determination of Rhox4 copy cDNA sequences 

To determine the correct sequence of the untranslated regions and to identify whether 

they contained any polymorphic regions, 5' and 3' RACE were carried out on a 

mixture of RNA from tissues shown to express Rhox4 by RT-PCR at 35 cycles 

(Figure 5.1). The 5' and 3' Rhox4 specific primers used to amplify the final RACE 

products corresponded to regions in which all seven copies of Rhox4 are identical. 

5' RACE gave three different sized PCR products - a doublet of around 400bp and a 

single band around 200bp (Figure 5.4a). These were cloned and sequenced 

separately. The single, small band represented transcripts from Rhox4. 1, 4.4 and 4.5 

(Figure 5.4b), and initiated five nucleotides upstream of the start codon (Figure 

5.4d). Sequences from all copies except Rhox4.4 were found in the double band 

(Figure 5.4c), and contained transcripts with untranslated regions up to 223bp in 

length (Figure 5.4d). The 5' UTR mainly consisted of a currently unique seven 

nucleotide repeat, TTTCGGC, differences in the number of repeats of this motif 

accounted for the differences in the length of the UTR between Rhox4 copies. The 

length of the 5' UTR of each copy was not always identical and the UTRs shown in 

Figure 5.4d are the maximum identified for each copy. Since the numbers of colonies 

obtained for each copy were not large, it is not certain that the sequences shown in 

Figure 5.4d are the longest transcripts produced. Notably, the 5' UTR of 
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Figure 5.4 5' RACE using a universal Rhox4 primer a) 5' RACE RT-PCR 
products generated with (+) and without (-) template cDNA. Position of size 
markers are indicated to the left of gel. b, c) Number of independent colonies 
that contained each Rhox4 gene copy from the short (b) and long (c) 
transcripts. Number of colonies of each copy are indicated above bar. d) 
Multiple alignment of the longest 5' UTRs identified for each copy, the position 
of the start codon is contained within the box. Sequence differences are 
highlighted. 
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Figure 5.5 3' RACE using universal Rhox4 primers a) 3' RACE RT-PCR 
products generated with (+) and without (-) template cDNA. Position of size 
marker is indicated to the left of gel. Number of independent colonies that 
contained a transcript from each Rhox4 gene copy (number of colonies for 
each copy are indicated above bar). C) Multiple alignment of the 3' UTRs 
identified for each copy, the position of the stop codon is contained within the 
box. Sequence differences are highlighted. 
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Table 5.1 Accession numbers issued by EMBL of the seven Rhox4 gene 
copy cDNA sequences determined by 5' and 3' RACE. 

Rhox4 Gene Copy Accession Number 

Rhox4.1 	 AJ972665 

Rhox4.2 	 AJ972666 

Rhox4.3 	 AJ972667 

Rhox4.4 	 AJ972668 

Rhox4.5 	 AJ972669 

Rhox4.6 	 AJ972670 

Rhox4.7 	 AJ972671 

Figure 5.6 	5' and 3' RACE products generated using P actin specific 
primers. No template controls labelled —T. Numbers to left of gel indicate size 
(kb). Expected product sizes are 872bp and 828bp (5' RACE) and 1800bp and 
1715bp (3' RACE). 
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Rhox4.6 contained an upstream open reading frame of 1 l4bp, which overlaps with 

the correct ORF and may therefore affect the expression of this copy. 

A single product was seen in the 3' RACE (Figure 5.5a), the size of which agreed 

with published sequence (NM 02 1300) (Figure 5.5b,c). The cDNA sequences of the 

seven copies of Rhox4 obtained from these 3' and 5' RACE analysis and were 

submitted to EMBL (Table 5.1). 

The 3 actin control included with each 5' and 3' RACE reaction always gave a single 

band of the predicted size (Figure 5.6), indicating that the technique was working 

correctly and reliably. 

5.2.3 The Rhox family does not display co-linear 

expression during thymus development 

Each cluster ((x, 3 and y)  of the Rhox family of homeobox-containing transcription 

factors has been reported to display quantitative co-linear expression during testis 

development. Additionally the a and y clusters were reported to exhibit temporal co-

linearity (Maclean, Chen et al. 2005). In agreement with published work (Jackson, 

Baird et al. 2003; Maclean, Chen et al. 2005), in this study only Rhox4 expression 

was detected in the adult and developing thymus by qRT-PCR (Figure 5.7), although 

weak expression of Rhox5 could be detect at 35 cycles by RT-PCR (Figure 5.8). 

Therefore, to determine whether the Rhox a cluster displays co-linear expression 

during thymus organogenesis, quantitative RT-PCR was employed using cDNA from 

stages of thymus development from E8.5 through E15.5 and adult. In these analyses, 

RNA was obtained from micro-dissected whole thymi; however, at E8.5, E9.5, E10.5 

and Eli. 5 dissections all contained tissue surrounding the endoderm or thymus 

primordia and, as Rhox4 is highly expressed only in the endoderm (Chapter 3), the 

level of expression in these samples appears artificially low. As expected, Rhox4 was 

detected at all stages of thymus development (Figure 5.9). However no Rhox], 2 or 3 
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Figure 5.7 Rhox4 is the only Rhox family member expressed in the 
developing and adult thymus. qRT-PCR of Rhox gene expression in the adult 
thymus and the E9.5 pharyngeal region which contains the recently formed 3rd  

pharyngeal pouch from which the thymus will form. 
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Figure 5.8 RT-PCR of Rhox gene expression showing that weak expression 
of Rhox5, in addition to Rhox4 can be detected in the adult and developing 
thymus after 35 cycles. 
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expression was found indicating that neither a temporal nor quantitative co-linear 

mechanism operates in these tissues. 

To determine whether spatial co-linearity was displayed in the developing foregut at 

E9.5, the foregut was divided into four regions; Region 1 contained the most anterior 

region of the foregut endoderm, plus surrounding mesenchyme and ectoderm; 

Region 2 was as for Region 1 and also encompassed the region containing the 1st 

pharyngeal pouch; Region 3 contains the 2uid  and 3' pharyngeal pouches and 

surrounding tissues and; Region 4 contains the 4th  pouch, foregut, midgut and 

hindgut (Figure 5.10). Again, only Rhox4 expression was detected in the E9.5 gut 

tube; indicating the absence of spatial co-linearity in this tissue. These data indicate 

that co-linear expression mechanisms do not operate in the Rhox a cluster during 

thymus organogenesis. 

52.4 Expression of rat Rhox2 and 3 

In Chapter 3, I described rat orthologues of mouse Rhox3 and Rhox4. To investigate 

whether the predicted rat Rhox3 and Rhox4 might also be functional orthologues, 

their expression pattern in different tissues was determined. Like their mouse 

counterparts both rat Rhox3 and Rhox4 were expressed in the placenta at Ell.5 and 

in adult rat testis, although expression of Rhox4 in the testis was weak (Figure 5.11). 

The thymus forms from the ventral portion of the 3rd  pharyngeal pouch endoderm, 

which first begins to develop at around E9.5 of mouse embryogenesis. This region is 

marked by expression of Rhox4 at E9.5 (Jackson, Baird et al. 2003) and, although 

strongly down regulated at Eli, expression of Rhox4 is always detectible in the 

embryonic and adult thymus by RT-PCR. However, rat Rhox4 expression was not 

detected in either the pharyngeal region at El1.5 (the time at which the 3rd 

pharyngeal pouch forms in the rat), the E19.5 thymic primordia or the adult thymus. 

However, although mouse Rhox4 is not expressed in the thymus at any stage of 

development, expression of rat Rhox3 was found at all stages of thymus development 

investigated, similar to mouse Rhox4. Rhox3 expression was also detected in the 
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Figure 5.10 	The Rhox a cluster does not exhibit spatial co-linear 
expression in the E9.5 gut tube, a) Image of an E9.5 embryo processed by in 
situ with a full length Rhox4 probe showing the four regions used for b) qRT-
PCR for Rhox a cluster genes in the E9.5 gut tube. Content of regions is 
described in the text, n=4. 
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Figure 5.11 	Rat predicted Rhox3 but not Rhox4 is expressed in the 
developing and adult thymus. RT-PCR at 35 cycles on embryonic and adult rat 
tissues for predicted rat Rhox3 and Rhox4. The El 1.5 region is the 
pharyngeal region of rat embryos at the time when the 3rd  pharyngeal pouch is 
formed. 
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brain, heart, muscle and skin, and mouse Rhox4 expression can also be detected in 

these tissues by RT-PCR at 35 cycles (Figure 5.1). These data indicate that mouse 

Rhox4 and rat Rhox3 may be functional orthologues, and further suggest that there is 

a role for a Rhox family member in the thymus but that this is carried out by Rhox4 

in mouse and Rhox3 in rat. 

5.2.5 Hoxa3, Paxi and Gcm2 are Expressed during Thymus 

Organogenesis in Human Embryos 

Human foetal tissue used in the following work was obtained with approval from 

both the Lothian University Hospitals NHS Trust and the Lothian Research Ethics 

Committee. 

There are two Rhox family members in humans, which are likely to share a single 

common ancestor with the mouse family of twelve Rhox genes (Maclean, Chen et al. 

2005). Like the mouse Rhox family, human genes, hPEPPJ/GPBOX and hPEPP2 

are expressed in the testis. However, in contrast to rat and mouse, no expression of 

either human Rhox family member was found in the embryonic thymic rudiment 

(Figure 5.12), and a previous publication failed to detect expression in the adult 

thymus (Wayne, MacLean et al. 2002). These analyses indicate that Rhox genes do 

not have a role in the human thymus after primordium formation. 

We therefore carried out in situ hybridisation on first trimester human embryos to 

determine whether the expression patterns of transcription factors with established 

roles in the development of the mouse thymus are conserved in human 

embryogenesis. Like their mouse counterparts (see Chapter 3), expression of human 

Hoxa3, Pax] and Foxnl was detected in the pharyngeal region and/or thymic 

primordia of human embryos (Figure 5.13). Hoxa3 expression was found throughout 

the 3' pharyngeal pouch endoderm and surrounding mesenchyme at week six, the 

equivalent stage in mouse is E10.5. Further analysis is required to determine the 

anterior boundary of Hoxa3 expression. Expression of human Pax] was found in all 

four pharyngeal pouches at week six, just after fort-nation of the 4t11  pouch, suggesting 
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that the role of Fax] in the developing thymus is also conserved in human. Finally, 

Foxn] is expressed by the thymic primordia in human embryos at week seven, the 

equivalent of E1l.5 to E12.5 in mouse embryogenesis. Further work is required to 

determine the time of onset of expression and whether it is expressed in a 

complementary domain with Gcm2. 
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Figure 512 	Human Rhox4 family members, hPEPP1 and hPEPP2 are 
not expressed in the embryonic thymic rudiment. RT-PCR (35 cycles) for 
human Rhox family members and P actin on adult testis and a 7 week human 
embryonic thymus. 
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£3 Discussion 

In this chapter I have shown that all seven Rhox4 copies are expressed, although 

some expression differences exist between tissues. The full-length cDNA sequences 

of each copy was determined and demonstrated that the 5' UTR of different copies 

contain variable copy numbers of a unique seven base repeat. A recent publication 

has suggested that Rhox gene expression in the developing testis is under the control 

of co-linear mechanisms. Due to the expression of Rhox4 at all stages of thymus 

development, this analysis was extended to the expression of the Rhox a cluster 

genes during thymus organogenesis. However, no evidence was found to indicate 

that co-linear expression mechanisms were operating. The expression pattern of the 

rat orthologues of Rhox3 and Rhox4 were determined, and revealed that rat Rhox3 

but not rat Rhox4 was expressed in all stages of rat thymus development investigated. 

Surprisingly, no expression of either human Rhox gene was found in the embryonic 

thymus. We therefore carried out initial expression profiling of transcription factors 

known to play a role in thymus organogenesis, to determine whether other 

differences in gene expression are present between mouse and human. However, 

Hoxa3, Pax] and Foxnl were all expressed in the pharyngeal region of human 

embryos in accordance to the mouse expression pattern. 

Due to relaxed selective pressure after a duplication event most gene duplicates are 

rapidly lost. The very high degree of sequence identity of the seven Rhox4 copies 

and eight Rhox2 and 3 copies identified in Chapter 4 is therefore surprising. 

However, duplicates can be preserved if they gain a novel function (neo-

functionalisation) or the expression and/or functions of the original gene are divided 

between the duplicates (sub-functionalisation). The data on Rhox4 copy expression 

in different tissues illustrates that there may be functional differences between the 

seven copies. These are likely to be the result of on-going evolutionary processes, 

which may eventually result in the loss of some copies from the genome. The 

different expression levels of Rhox4 copies in different tissues may reflect ongoing 

sub- functionalisation. Rhox4.1 and 4.2 were highly expressed in the region 

encompassing the 3rd  pharyngeal pouch and the adult thymus, whereas Rhox5 was 
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mainly expressed in the testis. Identification of elements necessary for expression of 

Rhox4 in these tissues will give an insight into the ability of individual copies to be 

expressed in each tissue. 

The untranslated regions of mRNAs play important roles in control of translation by 

modulating mRNA stability and interaction with factors controlling translation and 

subcellular location (Mignone, Gissi et al. 2002). Due to their ability to activate a 

large number of genes, translation of transcription factor mRNAs is often tightly 

regulated by means of the UTRs, and the 5' UTR is often longer than average 

(Kozak 1987). With the exception of Rhox4.4, Rhox4 copies were found to have 

maximum length 5' UTRs of between 131 and 223bp, which is around the average of 

186.3bp established for rodent genes (Mignone, Gissi et al. 2002). In common with 

many other genes, the 5' UTRs were found to contain a repeated element, although 

the repeat appears to be unique to this gene. The 5' UTR of Rhox4.6 contained an 

upstream ORF which may be the cause of the low expression of this copy. 

Transcripts from Rhox4. 1, 4.3 and 4.4 were also found which initiated only five 

nucleotides upstream of the start codon. Although we have not validated this result 

by a different method, it is unlikely that it is an artefact since many independent 

colonies were identified containing this exact sized transcript and 5' RACE for a 

control gene carried out simultaneously yielded bands of the predicted sizes. The 

minimum reported rodent 5' UTR length is 16 nucleotides (Mignone, Gissi et al. 

2002) and, although it has been possible to initiate transcription with only a single 

nucleotide upstream of the AUG in a mammalian cell free system (Hughes and 

Andrews 1997), it is unclear whether this is sufficient in vivo. 

Homeobox-containing genes have a conserved 60 amino acid motif that can bind 

DNA and regulate transcription. Rhox4 belongs to a family of homeobox genes that 

are present in three adjacent clusters on the mouse X chromosome. The presence of 

the Rhox family as a cluster indicates that the family may have arisen by gene 

duplication and divergence from a common ancestor (Maclean, Chen et al. 2005). 

The preservation of families of homeobox genes in clusters rather than spread 

throughout the genome suggests that they may share common regulatory elements 
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and, in line with this, expression of the Rhox family in the developing testis has been 

shown to be regulated by both quantitative and temporal co-linear mechanisms 

(Maclean, Chen et al. 2005). Co-linear expression regulation in the HoxD cluster is 

controlled by a remote enhancer (Kmita, Fraudeau et al. 2002). A similar mechanism 

has been hypothesised to exist upstream of each of the three Rhox gene clusters 

(Maclean, Chen et al. 2005). However it is hard to imagine how this mechanism may 

function when the 2Iid,  3rd and 4th  genes in the u cluster are present in a tandem array, 

and all copies of the 4th  gene, Rhox4 are expressed. It is possible that Rhox4.5, which 

was the most highly expressed Rhox4 copy in the testis is present at the optimal 

distance from a putative testis-specific enhancer, although this would not fully 

explain the pattern of copy expression in the testis. The study presented here 

establishes that co-linear expression mechanisms do not operate within the Rhox a 

cluster during thymus organogenesis and indicates that expression of Rhox4 in the 

thymus is likely to be controlled by different elements than those responsible for 

expression in the testis. 

The finding that Rhox3 but not Rhox4 is expressed in the developing and adult 

thymus in the rat is surprising. Further work is required to determine whether 

expression of rat Rhox3 is found solely in the ventral foregut endoderm and 

progressively restricted to the thymic domain of the 3rd  pharyngeal pouch, as seen for 

Rhox4 in the mouse. It is also interesting that rat Rhox3 expression can be detected in 

the brain, heart, muscle and skin, as low level expression of mouse Rhox4 can also be 

detected in these tissues by qRT-PCR (Jackson, Baird et al. 2002) and RT-PCR (this 

chapter). These data suggest that mouse Rhox4 and rat Rhox3 may be functional 

orthologues, rather than mouse and rat Rhox4 as clearly predicted by sequence 

identity. The difference in Rhox orthologue gene expression between the rat and 

mouse species may have been caused by the tandem duplication present within the 

mouse locus. However, how this may have occurred is unclear as the position of 

regulatory elements is not currently known. This result also suggests that Rhox 

family members have common downstream targets, although none have yet been 

identified. 
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The expression of one Rhox gene in the thymus of both mouse and rats suggests that 

they may have a conserved role in this tissue, however neither of the two human 

Rhox genes are expressed in the embryonic (this chapter) or postnatal thymus 

(Wayne, MacLean et al. 2002). Thus, either the hypothesised common ancestral gene 

(Maclean, Chen et al. 2005) was not expressed in the thymus and expression has 

been picked up by a rodent ancestor, or expression has been lost by the two human 

genes, PEPP1/OTEX (Geserick, Weiss et al. 2002; Wayne, MacLean et al. 2002) and 

PEPP2 (Wayne, MacLean et al. 2002). This result suggests that there is a murine-

specific role for an Rhox family member during thymus organogenesis. Finally, we 

show that Hoxa3, Pax] and Foxnl are all expressed during thymus organogenesis in 

human. Their expression patterns in the stages analysed appeared to correlate with 

expression of their mouse orthologues, suggesting that genetic mechanisms 

governing thymus development are conserved between mouse and human. No 

differences in the morphology of the 3' pharyngeal pouch are present between 

human and mouse (A. Farley, unpublished) (Weller 1933; Norris 1938). However, 

after separation from the pharynx the human thymic primordia are enlongated 

structures which extend caudally, and consist of many lobules enclosed in a sheet of 

mesenchymal tissue (Norris 1938). In mouse the thymic primoria migrate caudally as 

a ball of tissue with no obvious lobular structure. However, the significance of these 

morphological differences is unclear. Rhox4 may have a role in one or more of these 

differences in the thymic primordia of mouse and human, as Rhox4 expression is 

found after primordia formation. However, due to expression of Rhox4 in the mouse 

but not human 3rd  pharyngeal pouch at E9.5, differences in formation of the common 

thymus/parathyroid primordia may also exist. 
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Chapter 6 	Development of an Experimental Model 

for Investigation of the Role of Rhox4 in Thymus 

Organogenesis 

6.1 Introduction 

Rhox4 is currently the only gene known to specifically mark the thymic domain of 

the 3" pharyngeal pouch before the onset of Foxnl expression at El 1.25. Three lines 

of evidence suggest that Foxnl is unlikely to specify the thymus: i) Foxnl null mice 

contain a developmentally arrested thymic rudiment that expresses thymic epithelial 

progenitor cell markers (Blackburn, Augustine et al. 1996; Bennett, Fancy et al. 

2002; Gill, Malin et al. 2002), ii) grafting of E8.5 - E9.0 2' and 3rd  pharyngeal 

pouch endoderm under the kidney capsule of nude mice gives rise to a functional 

thymus, showing that the endoderm is specified before onset of Foxnl expression 

(Gordon, Wilson et al. 2004) and iii) expression of IL-7, a TEC specific marker 

which is required for T cell development, is independent of Foxnl and can be 

detected in Foxn1 embryos at E12 (Zamisch, Moore-Scott et al. 2005). The 

progressive restriction and abrupt down-regulation of Rhox4 suggests an early role in 

thymus organogenesis and would be consistent with lineage specification. 

The complex organisation of the Rhox4 locus described in chapters 4 and 5, means 

that this locus is not easily amenable to analysis via conventional genetic 

manipulation approaches. The discovery of RNA interference (RNAi) pathways in C. 

elegans (Fire, Xu et al. 1998) and subsequently mammals (Elbashir, Harborth et al. 

2001) has revolutionised the use of antisense technology for gene-specific 

knockdown. There are now many reports of successful knockdown of gene 

expression in mice, using both exogenous small-interfering RNAs (siRNA) and by 

transgenic expression of short hairpin RNAs (shRNA) (Dykxhoorn and Lieberman 

2005). RNAi is triggered by the presence of double-stranded RNA (dsRNA), which 

is cleaved into siRNA molecules of around 21 nucleotides in length by an RNase III 
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family member, Dicer (Bernstein, Caudy et al. 2001). Gene silencing is triggered by 

interaction of the siRNA with the RNA-induced silencing complex (RISC) 

(Hammond, Bernstein et al. 2000; Zamore, Tuschl et al. 2000), which is thought to 

result in the destruction of the complementary mRNA and inhibition of translation. 

RNAi expression systems have been designed that mimic endogenous micro-RNA 

(miRNA) silencing mechanisms by expressing a 70bp shRNA consisting of a 19-

22bp sequence from the gene of interest followed by a short loop region and the 

corresponding antisense. RNA polymerase III promoters, human U6 or HI are most 

commonly used for shRNA expression (Dykxhoorn and Lieberman 2005). This 

approach is suitable for investigating the function of Rhox4, as shRNAs can be 

designed that should knock down the expression of all seven copies. 

In this chapter, I describe the construction of two targeting cassettes designed to 

express Rhox4 specific shRNA from the R05A26 locus (Zambrowicz, Imamoto et 

al. 1997; Soriano 1999). One cassette mediates ubiquitous expression, and a second 

cassette should permit expression of the shRNA only after Cre-mediated 

recombination, enabling spatially and temporally controlled knockdown of Rhox4. 
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6.2 Results 

6.2.1 Design of Rhox4 specific RNAi sequences 

In order to investigate the function of Rhox4 in thymus organogenesis, shRNAs were 

designed, as described (Kunath, Gish et al. 2003; Sharpe and Mason 2005), to target 

Rhox4 specific sequences. Briefly, l9bp Rhox4 specific sequences were selected 

such that the GIC content of the 5' end of the sense sequence was higher than the 3' 

end. This is to maximise incorporation of the antisense siRNA strand into the RISC 

complex, since RISC incorporates Dicer products from the end with the lowest 

thermodynamic stability (Khvorova, Reynolds et al. 2003; Schwarz, Hutvagner et al. 

2003) (Figure 6.1a). Sequences were chosen in regions displaying 100% identity 

between the seven Rhox4 copies to ensure knockdown of all Rhox4 copies. Three 

sequences predicted to mediate efficient knockdown were chosen (Rhox4 RNAi 1, 2 

and 4, Figure 6.1b) and, in addition one ineffective sequence (Rhox4 RNA15) was 

chosen to provide a control for specificity of knockdown phenotypes. 

To enable the knockdown efficiency of the chosen sequences to be tested, 

oligonucleotides containing the four shRNA sequences were annealed and cloned 

into a vector containing the Hi promoter as described (Kunath, Gish et al. 2003; 

Sharpe and Mason 2005) (Figure 6.1c). Quantification of knockdown efficiency was 

attempted by transient transfection of shRNA-expressing constructs into an ES cell 

line reported to express Rhox4 (Jackson, Baird et al. 2002), followed by real-time 

RT-PCR analysis for Rhox4 expression. The experiment was carried out by transient 

transfection of cells with each shRNA- expressing construct and GFP. After forty-

eight or seventy-two hours cells were harvested and Rhox4 expression was 

determined by real-time RT-PCR (Table 6.1). Although the results indicated that 

RNAi 1 and 2 might mediate knockdown of Rhox4 expression, at seventy-two hours 

the control RNAi5 also appeared to knockdown Rhox4 expression. Whilst it is 

possible that RNAi number 5 does knockdown Rhox4 expression, this result is more 

likely to be due to the level of Rhox4 expressed by the ES cell line being too low to 

provide sufficient sensitivity to the assay. Thus, due to the extremely low levels of 
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Figure 6.1 Rhox4 RNAi design a) diagram of a shRNA and a s1RNA 
molecule. Arrowheads in shRNA indicate possible Dicer cleavage sites and 
nucleotide preferences for effective RNAi are shown on the siRNA, diagram 
taken from (Sharpe and Mason 2005). b) Sequences of oligonucleotides 
chosen to mediate knockdown of Rhox4. The restriction sites, sense, loop, 
antisense and termination sequences are indicated. C) shRNA expression 
construct containing the human Hi RNA Polymerase Ill promoter. shRNA 
sequences shown in b) were inserted via the Asp718 and XbaI restriction 
endonuclease sites. 
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Table 6.1 Efficiency of Rhox4 RNAi expression constructs. E14tg2a ES cells 
were transiently transfected with both an Rhox4 RNAi expression construct 
and GFP over-expression construct. Cells were incubated for 48 or 72 hours, 
harvested and sorted into GFP positive (+) and negative (-) fractions. Rhox4 
expression was determined by real-time RT-PCR. Rhox4 and P actin values 
are an average of one experiment where each reaction was carried out in 
duplicate. 

Sample 	Rhox4 	 IE actin 	 Relative 	Relative 

expression 	expression 

(Rhox4/I3actin)xl 03 (~1-) 

48h RNAi1 	443 	407 	136050 44955 	3.2 	9.0 	0.3 

48h RNAi2 	204 	227 	40650 	21060 	5.0 	10.0 	0.5 

48h RNAi4 	220 	626 	38560 	74935 	5.7 	8.0 	0.7 

48h RNAi5 	492 	102 	64885 	12495 	7.5 	8.1 	0.9 

72h RNAi1 	415 	2707 	157050 128550 	2.6 	21.0 	0.1 

72h RNAi2 	1558 	1008 485900 156350 	3.2 	6.4 	0.5 

72h RNAi4 2550 	1109 503850 207350 	5.0 	5.3 	0.9 

72h RNAi5 	1183 	303 	213650 	16675 	5.5 	18.2 	0.3 
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Rhox4 expressed by the ES cell line, knockdown of Rhox4 expression by the 

shRNAs could not be demonstrated. 

Rhox4 expression is reported to be upregulated 5-fold after seven days of in vitro 

differentiation of embryoid bodies (Jackson, Baird et al. 2002), suggesting that 

quantification of Rhox4 expression in stable shRNA-expressing cell lines, after ES 

cell differentiation may provide a suitable validation strategy. To assess this 

possibility, we detennined the levels of Rhox4 expression in embryoid bodies 

generated using two differentiation protocols at different time points. In keeping with 

previous a report (Jackson, Baird et at. 2002), up-regulation of Rhox4 was observed, 

although this occurred earlier in the culture than reported (Table 6.2, Figure 6.2). The 

level of Rhox4 expression during differentiation was higher in suspension cultures 

than adherent cultures. However, the results obtained were highly variable by real-

time RT-PCR at each time point, due to the very low real levels of Rhox4 expression 

in the cultures. Thus, although Rhox4 is up-regulated during ES cell differentiation, 

the real level of up-regulation is very small. This suggests that in vitro differentiation 

of ES cells by embryoid body formation will not be an effective method for 

screening ES colonies for Rhox4 knockdown. 

As no cell line expressing high levels of Rhox4 is currently available an Rhox4 over-

expression cassette was constructed for this purpose. The over-expression cassette 

was constructed by RT-PCR amplification of an Rhox4 product that included the 

start and stop codons. This was cloned into the TOP02. 1 vector, the insert was then 

excised and cloned downstream of the strong, ubiquitous promoter, CAGGS (Sharp, 

Kost et al. 1989). The orientation of the cloned fragment relative to the promoter was 

determined by sequencing, and expression of Rhox4 was demonstrated by transient 

transfection in COS cells (Figure 6.3). Future work will use the Rhox4 over-

expression construct to make a stable cell line. Once constructed, the Rhox over-

expressing cell line can be used to determine the knockdown efficiency of the Rhox4 

RNAi sequences via transient transfection with the shRNA expression constructs. 
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Table 6.2 Rhox4 is up-regulated during in vitro differentiation of embryoid 
bodies. E14tg2a ES cells were allowed to form embryoid bodies by handing 
drop culture (Days 1 and 2); they were then transferred to either a suspension 
(- gelatin) or adherent culture (+ gelatin) and harvested at daily intervals and 
assessed for Rhox4 expression by real-time RT-PCR. Rhox4 and 13  actin 
values shown are an average reading of 3 independent real-time RT-PCR 
experiments; samples in each experiment were carried out in duplicate. 

Sample Rhox4 1E 	actin Relative expression 

ratio 

(Rhox4/3actin)x1 03 

Standard 

deviation of 

ratio 

ES cells 313 283516 1.1 0.6 

EB day l 77 16991 4.6 2.1 

EB day 2 50 14614 3.4 1.6 

Day 3-gelatin 84 30670 2.7 1.1 

Day 4 - gelatin 504 105937 4.8 2.4 

Day 5 - gelatin 302 79802 3.8 1.9 

Day 6 - gelatin 402 65518 6.1 2.7 

Day 7 - gelatin 288 55713 5.2 2.6 

Day 3 + gelatin 48 47921 1.0 0.3 

Day 4 + gelatin 313 104841 3.0 1.2 

Day 	+ gelatin 304 121490 2.5 1.1 

Day 6 + gelatin 240 133223 1.8 0.9 

Day 7 + gelatin 327 136065 2.4 1.0 
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Figure 6.2 Rhox4 is up-regulated during in vitro differentiation of embryoid 
bodies (EB). E14tg2a ES cells were allowed to form embryoid bodies by 
hanging drop culture (Days I and 2); they were then transferred to either a 
suspension (no gelatin) or adherent culture (gelatin), harvested at daily 
intervals and assessed for Rhox4 expression by a) real-time RT-PCR (n=3, 
one experiment) or b) RT-PCR (non-quantitative). 

a) 
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Rhox4 

0 actin 

Figure 6.3 Expression of Rhox4 from the CAGGS promoter in transiently 
transfected COS cells. Rhox4 was inserted using a single restriction site, 
colonies were therefore obtained that contained Rhox4 in both the correct (+ 
Rhox4) and incorrect (-Rhox4) orientations. 
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62.2 Generation of a shRNA expression construct for 

Rhox4 knockdown 

The shRNA expression construct for ubiquitous Rhox4 knockdown contained the 

Rhox4 shRNAs described above downstream of the human HI promoter. A fipe-

recombinase removable selection cassette (neomycin and thymidine kinase) was 

included to allow selection of targeted ES cell clones and subsequent removal of the 

cassette. Additionally, a cassette containing the GFP cDNA under control of the 

CAGGS promoter was included, to allow shRNA-expressing clones to be visualised. 

Strong expression of GFP in all shRNA-expressing cells should enable chimeric 

animals to be analysed for contribution of knockdown cells to each tissue. The 

CAGGS-GFP was flanked by loxP sites to allow it to be excised. To ensure 

ubiquitous expression of the shRNAs and to minimise position effects, the cassette 

was cloned into a ROSA26 targeting construct (Zambrowicz, Imamoto et al. 1997; 

Soriano 1999) (Figure 6.4). Targeting of the construct into a known locus rather than 

introducion by random transgenesis will permit direct comparison between Rhox4 

specific and control shRNAs. Additionally, ensuring that the expression construct is 

present in a single copy allows removal of the selection cassette by FLPe mediated 

recombination, without the possibility of rearrangements occurring. Rearrangements 

are possible in ES cell lines generated by additive transgenesis since, multiple, 

tandem arrayed transgene insertions are common. The construct was made via the 

following steps (Figure 6.4 See Appendix for plasmid maps); steps 4 and 5 have yet 

to be completed: 

1) 	Introduction of the human HI promoter into pBluescript. This was carried 

out by a) ligation of annealed oligonucleotides containing an EcoRl 

sticky end, a Pacl site, the lOObp human HI promoter, an Asp 718 site and 

an XbaI sticky end into the EcoRI and XbaI site of pBluescript and b) 

introducing a second olignucleotide containing the restriction sites BamHI 

and AscI into the XbaI site and the Sacli site of pBluescript. 
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Ligation of the shRNA containing oligonucleotides downstream of the HI 

promoter. The four Rhox4 shRNA containing oligonucleotides shown in 

Figure 6.2 were ligated into the product of step 1 via the Asp 718 and XbaI 

sites in both insert and vector, generating one construct for each shRNA 

sequence. All further steps were carried out in parallel with all four 

constructs. 

Construction and introduction of loxP-CA GGS-GFP-loxP. A cassette 

containing CAGGS-GFP was isolated from pPyCAGGFPIP (a gift from 

Prof Austin Smith, ISCR) by EcoR V digestion, and was inserted between 

the two LoxP sites of pROSA by blunt end cloning (Figure 6.5a). A 

further cassette containing a polyA signal and a transcriptional pause 

(Ashfield, Patel et al. 1994) were then inserted 3' of the GFP also by 

blunt end cloning (Figure 6.5b). The loxP-CA GGS-GFP-loxP was then 

ligated into the product of step two by digestion of the backbone with 

XbaI and the insert with AvrII. 

Insertion of the selection cassette. A frt-neomycin-thyrnidine kinase-frt 

cassette was obtained from Dr Andrew Smith (ISCR), the NotI site was 

removed by digestion with NotI and religation after blunt end cloning. 

The resulting cassette will be ligated into the product of step three by the 

BamHI site in both backbone and insert. 

The shRNA expression construct will be inserted between the ROSA26 

targeting arms (Zambrowicz, Imamoto et al. 1997; Soriano 1999) via the 

restriction sites, PacI and Asci. The construct can be linearised via NotI 

for targeting ES cells. 
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Figure 6.4 See over for legend. 
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Figure 6.4 Strategy for construction a targeting cassette that will ubiquitously 
express shRNA from the ROSA26 locus. Construct contains: human HI 
promoter (HI), sense-loop-antisense sequence encoding a Rhox4 shRNA (S-
loop-AS), floxed CAGGS-GFP cassette (CAGGFP), frt-site flanked neomycin-
thymidine kinase selection cassette (NEO-TK) and 5' and 3' ROSA26 locus 
homology arms (ROSA 5' and ROSA 3'). Restriction sites are indicated. 
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Figure 6.5 Cloning strategy used for constructing a loxP flanked GFP over-
expression construct. Construct contains loxP sites (triangles), CAGGS-GFP 
and a polyadenylation site with a transcriptional pause (pA). Restriction sites 
are indicated. 
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6.2.3 Generation of a conditional shRNA expression 

construct for Rhox4 knockdown 

In addition to expression in the thymus, Rhox4 expression is found in the placenta, 

yolk sac and testis. Furthermore, Rhox4 been proposed to play a role in ES cell 

differentiation, as ES cell colonies expressing high levels of fill-length Rhox4 

antisense RNA failed to differentiation in the absence of leukaemia inhibitory factor 

(Jackson, Baird et al. 2002; Jackson, Baird et al. 2003). These data suggest that a 

strategy for Rhox4 knockdown based on ubiquitous expression of shRNA would 

result in preimplantation lethality. A recently described Cre-inducible strategy 

(Fritsch, Martinez et al. 2004) was therefore employed to make further targeting 

constructs expressing the Rhox4 shRNAs. Here, insertion of a foxed CAGGS-GFP 

cassette between the sense and antisense components results in termination of 

transcription from the HI promoter (due to the presence of a run of five thymines in 

the CAGGS promoter). However, after Cre-mediated excision, the remaining loxP 

site acts as the loop sequence between the sense and antisense strand and 

transcription of the shRNA is initiated. 

To introduce the LoxP-CAGGS-GFP-LoxP cassette between the sense and antisense 

strands of the shRNA, constructs were built as for the non-Cre-inducible constructs 

(Figure 6.6) with the alterations in the following steps: 

The oligonucleotides containing the shRNAs contained an AvrII site in place 

of the loop sequence to allow insertion of loxP-CAGGS-GFP-loxP. 

The loxP-CA GGS-GFP-/oxP was inserted in between the sense and antisense 

strands of the DNA encoding the shRNA using the AvrII sites in both 

backbone and insert. 

After determining which RNAi sequences mediate efficient Rhox4 knockdown, both 

the inducible and non-inducible constructs will be introduced into the ROSA26 locus 

by standard homologous recombination and validated for expression of shRNA by 

Northern blotting. Demonstration of functional knockdown by the ES cell clones 
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Figure 6.6 Strategy for construction of a targeting cassette that will 
ubiquitously express shRNA from the ROSA26 locus after Cre-mediated 
excision of GFP. Construct contains: human Hi promoter (HI); sense-Avrll-
antisense sequence encoding a 19bp sense (S) and antisense (AS) Rhox4 
sequence separated by an AvrlI site which will code for an Rhox4 shRNA after 
Cm-mediated excision of GFP, foxed CAGGS-GFP cassette (CAGGFP); frt-
site flanked neomycin-thymidine kinase selection cassette (NEO-TK); and 5' 
and 3' ROSA26 locus homology arms (ROSA 5' and ROSA 3'). Steps I and 2 
illustrated in Figure 6.2. Restriction sites are indicated. 

164 



Chapter 6: Development of an Experimental Model for Investigation of the 

Role of Rhox4 in Thymus Organo genesis 

will require either the use of ES cell differentiation protocols that favour the 

production of cells of the endoderm lineage (Kubo, Shinozaki et al. 2004; Tada, Era 

et al. 2005), or transient transfection of clones with the Rhox4 over-expression 

construct. 
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6.3 Discussion 

In this chapter, I have described construction of both non-inducible and Cre-

inducible constructs designed to mediate knockdown of Rhox4 in mice, by 

expression of shRNA from the ROSA26 locus. Initial attempts to validate the RNAi 

sequences chosen for this approach were unsuccessful, due to the low level of Rhox4 

expression in available cell lines. I further show that the level of Rhox4 expression 

after an ES cell differentiation protocol is not sufficient to allow this technique to be 

used for demonstrating functional knockdown of Rhox4 in ES cells containing 

introduced shRNA expression constructs. Therefore, an alternative validation 

strategy, based on construction of a stable Rhox4 over-expressing cell line has been 

initiated. 

The RNAi pathway plays an essential role in mammalian development as shown by 

the early embryonic lethal phenotype of Dicer-1- mice (Bernstein, Kim et al. 2003), 

and also plays an important role in anti-viral immunity (Li, Li et al. 2002). The 

presence of dsRNA in a cell triggers activation of dsRNA-activated protein kinase 

(Williams 1999) and the production of type 1 interferons resulting in rapid 

suppression of translation and cell death (Kerr and Brown 1978; Lee and Esteban 

1994). Although it was initially believed that these responses were only activated by 

dsRNA greater than 80bp (Bevilacqua and Cech 1996), and therefore that shRNA 

used for mediating RNAi did not activate these pathways, it is now clear that this is 

not the case (Bridge, Pebernard et al. 2003). None of the analyses of shRNA-

expressing transgenic mice reported to date have looked for activation of anti-viral 

pathways or other off-target effects. Whilst several reports have shown that shRNA 

knockdown mice phenocopy the knockout phenotype, indicating specificity 

(Carmell, Zhang et al. 2003; Kunath, Gish et al. 2003; Coumoul, Shukia et al. 2005), 

they do not exclude the possibility that off-target effects were also present. However, 

mice expressing shRNA and mediating effective RNAi can be generated both from 

oocytes and ES cells, the mice have been reported to be fertile and transgene 

expression is maintained in offspring (Carmell, Zhang et al. 2003; Coumoul, Shukla 

et al. 2005). 
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Designing appropriate controls to account for off-target effects is not simple. The 

strategy described here includes a control in which the shRNA contains an antisense 

sequence that should be ineffective at mediating RNAi, which controls for the 

presence for dsRNA. Ideally, an additional control would be the demonstration that 

the induced phenotype could be rescued by Rhox4 expression, to control for 

activation of the RNAi pathway. In this case, the Rhox4 control would have to be 

mutated to protect it from RNAi-mediated destruction; in the specific case of Rhox4, 

construction of this control may also entail analysis of upstream region(s) of Rhox4 

copies required for correct expression. Several approaches to reducing off-target 

effects have been suggested, including use of RNA Polymerase II promoters - since 

the high expression levels driven by RNA Polymerase III promoters may exacerbate 

any non-specific effects, and RNA Polymerase II promoters produce lower levels of 

expression. Furthermore, unlike RNA Polymerase III promoters, examples of tissue 

specific promoters are known. With respect to non-specific effects, in silico analysis 

of the potential for sequence-specific off-target knockdown suggests that the use of a 

complementary 21-nucleotide sequence is optimal. In designing Rhox4-specific 

RNAis, a 19bp sequence was chosen as the HI promoter used requires a 21bp 

sequence including two uracils at the 3' end of the antisense strand; since no Rhox4 

sequence that was conserved between copies and predicted to be effective at 

mediating RNAi was found that contained two thymidines at the 3' end, a 21bp 

sequence could not be designed. The use of longer, 29bp shRNAs has also been 

suggested as these appear to be more potent at mediating RNAi (Kim, Behlke et al. 

2005; Siolas, Lerner et al. 2005). 

After successful introduction of the shRNA expression cassette to the ROSA26 locus 

and before generating lines of transgenic mice, it is necessary to demonstrate 

efficient expression of the shRNA and Rhox4 knockdown. Although data reported 

here confirmed that ES cells do express Rhox4, as previously reported (Jackson, 

Baird et al. 2002), they do so at a barely detectible level, preventing the 

demonstration of successful knockdown in undifferentiated ES cells. Rhox4 was 
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reported to be upregulated during in vitro ES cell differentiation using embryoid 

bodies (Jackson, Baird et at. 2002). Although the data presented here also 

demonstrate Rhox4 upregulation using this differentiation protocol, the real level of 

Rhox4 expression does not reach a level sufficiently above background to enable 

screening for efficient knockdown due to variability between replicates. Rhox4 has 

been reported to play a role in ES cell differentiation to all lineages (Jackson, Baird 

et al. 2002), as demonstrated by the presence of small ES cell colonies that fail to 

differentiate in the absence of leukaemia inhibitory factor after over-expression of a 

full length Rhox4 antisense transcript. Since Rhox4 is expressed at a very low level at 

all stages of ES cell differentiation, these data suggest that ES cells are very sensitive 

to the level of Rhox4 expression, with implications for generating Rhox4-specific 

RNAi ES cells. However, over-expression of the full-length (893bp) Rhox4 anti-

sense transcript described will have resulted in the presence of long pieces of 

dsRNA, which, as discussed above, will generate a strong anti-viral response. Since 

Jackson et al did not provide controls to show that the ES cell phenotype resulted 

from knockdown of Rhox4, it is possible that the reported phenotype was at least in 

part due to the presence of dsRNA. Construction of Rhox4-specific RNAi ES cells 

that mediate efficient knockdown may therefore help to address whether the ES cell 

phenotype described is due to knockdown of Rhox4. However, as discussed, these 

studies will need to demonstrate complete mRNA knockdown, control for the 

presence of shRNA, and rescue of phenotype by expression of a mutated Rhox4. 
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Concluding remarks 

In this thesis, I have investigated the expression of Rhox4 in thymus organogenesis 

and the structure of the Rhox4 locus. These data show that Rhox4 marks the ventral 

region of the 3 rd  pharyngeal pouch endoderm, which will form the thymic 

primordium, before the onset of Foxnl expression. This expression pattern suggested 

that Rhox4 might play a role in specification of the thymus. Hoxa3, Gcm2 and Foxnl 

have established roles in formation of the common thymus and parathyroid 

primordia. However, no change in Rhox4 expression was found in mouse embryos 

null for these genes, indicating that none of these genes is a regulator of Rhox4, and 

that regulation of Rhox4 expression in the thymus lies outside of established 

transcription factor pathways. 

Rhox4 is a member of the Rhox family of homeobox-containing genes present in 

three clusters on the mouse X chromosome. Analysis of the Rhox4 locus lead to 

identification of a previously unreported duplication containing a tandem array of 

three family members, Rhox2, 3 and 4. Eight complete copies of Rhox2 and 3 and 

seven of Rhox4 are present in this array. Multiple Rhox4 copies were present in all 

sub-species of mice investigated, suggesting that the duplications arose before their 

divergence. Detailed analysis of Rhox4 copy expression showed that all copies are 

expressed, although some differences between tissues were observed. Recent work 

has suggested that Rhox gene expression in the developing testis is under the control 

of co-linear mechanisms. Due to the expression of Rhox4 at all stages of thymus 

development, this analysis was expanded to the expression of the Rhox a cluster 

genes during thymus organogenesis. No evidence was found to indicate that co-linear 

expression mechanisms were operating. In fact, of the mouse a cluster only Rhox4 

was expressed in the thymus. The predicted rat Rhox4 was present in a single copy in 

the rat genome, suggesting that the duplications present in mice might have occurred 

at the time of divergence of mice and rats and, due to the reproductive expression of 

these genes, the duplication events may have played a role in the speciation event. 

Surprisingly Rhox3, but not Rhox4 was expressed in all stages of rat thymus 
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development investigated, suggesting that rat Rhox3 might be the functional 

orthologue of mouse Rhox4. Although these data indicate that there is a role for an 

Rhox family member in the murine embryonic thymus, no expression of either 

human Rhox gene was identified in this tissue. Finally, an RNAi based strategy was 

constructed for investigating the role of Rhox4 in mouse thymus organogenesis. 

The identification of seven very highly conserved copies of Rhox4 and eight copies 

of Rhox2 and 3 in a tandem array on the mouse X chromosome is unprecedented. 

Especially since, with the exception of the most closely related species, the rat, no 

orthologues of Rhox2, 3 or 4 could be identified. However, in nearly every detail the 

duplication events identified are a perfect example of duplication and evolution that 

has been talked about and modelled by molecular evolutionary biologists for 

decades. 

The Rhox family of homeobox-containing genes are expressed in reproductive and 

extra-embryonic tissues (Maclean, Chen et al. 2005), low sequence identity and 

evidence for positive selection is often found in reproductive genes as exemplified by 

previous work on mouse and rat Rhox5 (Sutton and Wilkinson 1997) and Rhox3 and 

4 (this thesis). The mouse genome sequence shows that families of genes involved in 

reproduction have undergone lineage-specific amplification, such that large gene 

families have single or few human homologues (Waterston, Lindblad-Toh et al. 

2002). Again, the Rhox family is a good example of this; there are only two human 

Rhox genes (Geserick, Weiss et al. 2002; Wayne, MacLean et al. 2002), whereas 

there are 12 mouse (Maclean, Chen et al. 2005) and almost certainly 12 rat genes 

(Sutton and Wilkinson 1997), this thesis and M.F. Wilkinson, sequences submitted to 

NCBI) and additionally a further tandem duplication event has occurred in the mouse 

lineage resulting in seven Rhox4 and eight Rhox2 and 3 copies. 

Although difficult to prove definitively, rapid evolution of reproductive and extra-

embryonic genes coupled with lineage-specific duplications is very likely to play a 
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primary role in establishing and enforcing species barriers. The tandem duplications 

present within the Rhox a cluster are only found in the mouse locus, since evidence 

was only found for the existence of a single Rhox4 copy in rat. As the duplications 

were present in all domestic and wild species of mice investigated, they could have 

occurred at the time of the divergence of these two lineages and therefore may have 

played a role in this event. Furthermore, the tandem array may have had a role in the 

divergence of sub-species of mice, assuming that there was a single duplication event 

that took place before their divergence. Although the C57BL/6 gene duplicates are 

highly identical, there is evidence that this is due to gene conversion, and the 

duplicates may well have diverged significantly from the ancestral duplicate gene. 

The degree of divergence of the different sub-species of mice can easily be addressed 

by sequence and expression analysis, and this would shed light upon the time of the 

duplication event or events and the trajectories of the duplicates since that time. For 

example it would be interesting to determine whether there is evidence for rapid 

divergence, which would suggest that the genes have played a role in the generation 

and maintenance of different sub-species. 

It is unclear whether there is a conserved role for an Rhox gene in the thymus, since 

expression is found in both mouse (this thesis) (Jackson, Baird et al. 2002; Maclean, 

Chen et al. 2005) and rat (this thesis) but no thymic expression of human family 

members has been detected (this thesis) (Wayne, MacLean et al. 2002). This 

suggests that either thymic expression evolved after the division of human and 

murine lineages but before mouse and rats divided, or that expression in the thymus 

has been lost in humans: there is currently no evidence to indicate which hypothesis 

may be correct. Since gene duplication provides an opportunity for evolutionary 

novelty, including novel expression patterns, expression in the thymus may have 

evolved after the duplication event that resulted in the production of 12 murine Rhox 

family members. Determination of the role of Rhox4 in the mouse thymus, 

establishing whether rat Rhox3 expression during thymus organogenesis matches that 

of mouse Rhox4 and gaining a better understanding of thymus development in 

human will aid in addressing this question. It is interesting to note that although 

mouse Rhox7 is expressed in the stomach and Rhox8 in the intestine (Maclean, Chen 

171 



Concluding remarks 

et al. 2005), no expression of the human genes has been reported in these tissues 

either (Geserick, Weiss et al. 2002; Wayne, MacLean et al. 2002). Also, at least co-

linear expression of Rhox family members is likely to have evolved after separation 

of the human and murine lineages, due to their likely divergence from a single 

common ancestor. 

Rhox4 expression during mouse embryogenesis initially marks a broad region of the 

foregut endoderm at E8.5; by E9.5 expression is restricted to the ventral region of the 

3rd pharyngeal pouch, from which the thymus arises. Expression is down-regulated 

after El0.5 and from Ell.25, Foxnl, which is required for further thymus 

organogenesis, is expressed in its place. This striking restriction in expression 

suggested the hypothesis that Rhox4 may play a role in specification of the thymic 

domain of the 3rd  pharyngeal pouch, or in pharyngeal pouch development. Very little 

is know about the evolutionary origin of the thymus, however, thymi are found in 

zebrafish, where they appear similar to mammalian thymi with the exception of their 

ectopic location (Boehm, Bleul et al. 2003). Is it therefore likely that Rhox4 really 

does play a role in specification of the mouse thymus? Treatment of C. elegans with 

RNAi libraries covering 86% of the genorne found that in only 10.3% of knockdown 

genes resulted in a phenotype, and of these over half were lethal (Castillo-Davis and 

Hard 2003). Genes that contained a single orthologue in another species were much 

more likely to give a phenotype, suggesting that genes with paralogues, and species-

specific genes, are not essential for viability but are responsible for the differences 

between species. Mining of expression databases gave a similar result, orthologues 

that have recently undergone duplication events are unlikely to have strongly 

correlated expression patterns and conserved roles (Huminiecki and Wolfe 2004). 

The suggestion is therefore, that Rhox4 is most likely to play a mouse specific role in 

the thymus. Morphological differences between human and mouse thymic primordia 

are present after primordia formation (A. Farley, unpublished) (Weller 1933; Norris 

1938). These include shape, which is narrow and enlongated in human but spherical 

in mouse, and structure - a visible lobular structure is present in human but not in 

mouse. However, Rhox4 is first expressed before primordia formation, suggesting 

that early differences in the primordium may also exist. Given the widespread use of 
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mouse as a model system for studying cellular processes and disease, understanding 

the differences between mouse and man may be as important as the similarities 
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Appendix 

Appendix 

Maps of plasmids used in this thesis, no map was provided with the plasmid 

containing frt-neo-tk-frt: 
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Appendix 1: Map of plasmid used for a) construction of Rhox4 over-
expression construct. Full-length Rhox4 was inserted in place of EGFP via 
digestion with EcoRl. The orientation of integration was determined by 
sequencing. b) EGFP was extracted from above plasmid via digestion with 
EcoRl and integrated into the shRNA-expressing targeting constructs as 
shown in Chapter 6. 
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Appendix 2 	Plasmid containing two LoxP sites in the same orientation 
used for construction of a foxed EGFP. The EGFP was introduced into the 
BamH/ site by blunt end cloning. A polyadenylation signal and transcriptional 
stop were introduced into the XbaI site by blunt end cloning. 
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Appendix 3 Map 	of 	plasmid 	containing 	a 	polyadenylation 	signal 
followed by a transcriptional stop. The polyadenylation and stop signals were 

removed by digestion with XbaI/ EcoRl and introduced into plasmid shown in 

Appendix 2. 

193 


