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Abstract 

Sexual development begins with the process by which the bipotential gonads of the 

embryonic urogenital ridge develop into either testes or ovaries. In the mouse, sex 

determination occurs at around 11.5 dpc and depends on the presence or absence of the 

Y chromosome and the associated activity of the testis-determining gene, Sry, in 

supporting cell precursors. The mutually antagonistic male and female developmental 

pathways are regulated by many cellular and molecular processes, disruption of which 

can lead to disorders of sex development (DSDs). However, many of the molecular 

mechanisms regulating the differentiation of the two gonads are still unknown.  

The boygirl (byg) mutant was identified in an ENU-based forward genetic screen for 

embryos with gonadal abnormalities. On the C57BL/6J background, XY byg/byg 

homozygotes exhibited complete embryonic gonadal sex reversal. The defective gene in 

byg, Map3k4, is a component of the mitogen-activated protein (MAP) kinase signalling 

pathway and provides the first evidence for a function of this pathway in sex 

determination. 

This thesis describes experiments aimed at investigating the cellular and molecular basis 

of the sex reversal phenotype associated with the XY Map3k4
byg/byg

 mutant. Cellular 

characterisations revealed a defect in male-specific proliferation at 11.5 dpc, which was 

attributed to a defect in Sry up-regulation. Elucidation of the downstream kinases 

activated by MAP3K4 during sex determination was attempted, with particular focus on 

identifying a role for p38α MAP kinase (MAPK). Using a conditional knockout 

approach, the function of p38α in Steroidogenic factor-1 (Sf1)-positive somatic cells 

was assessed. However, specific inactivation in these cells did not affect gonad 

development. Conditional inactivation of Map3k4 itself in these Sf1-positive cells also 

did not disrupt gonad development, suggesting that this pathway is either initiated in a 

different cell lineage or at an earlier stage than deletion driven by Sf1-Cre can disrupt. 

Conditional inactivation of p38α in the Müllerian duct mesenchyme and ovarian 

granulosa cells using Amhr2-Cre did reveal a function for p38α in female fertility, but 

did not disrupt embryonic sexual development. Gene knockdown in organ culture was 

attempted to determine a role for multiple p38 MAPKs in all cell types of the gonad. 

Therefore, this thesis details further characterisations of a novel signalling pathway 

important for the expression of Sry, focussing on the role of the p38 MAPKs. 
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Mitogen-activated protein kinase-related nomenclature 

Due to the discrepancies found in the literature over the nomenclature used when 

describing mitogen-activated protein kinase-related research, this section clarifies the 

nomenclature used in this thesis.  

The mitogen-activated protein kinase signalling cascade as a whole is referred to as the 

‘MAP kinase’ pathway. This is to allow differentiation from referral to particular 

components of the pathway. 

The MAP kinase kinase kinases are referred to as the MAP3Ks, with specific members 

named as MAP3K1, MAP3K2 etc. 

The MAP kinase kinases are referred to as the MAP2Ks, and in this case, specific 

members are named as MKK1, MKK2 etc to enable easy differentiation from the 

MAP3Ks at a quick glance.  

The MAP kinases are referred to as the MAPKs, with specific member proteins named 

by family group; JNK1/2/3, ERK1/2, ERK5 and p38α/β/γ/δ, for ease of family 

identification. Specific genes encoding these MAPKs are used in their official form 

(Mapk11, Mapk12 etc) to comply with official Mouse Genome Informatics (MGI) 

nomenclature guidelines. 
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1.1. Overview 

Sex determination is the process by which an organism develops as either male or 

female. There are a number of diverse sex determination systems in nature; the sex of 

some species is determined chromosomally, whilst others are non-genetic and depend 

on the environment. The most well characterised system is that of mammals, such as 

mice and humans. In this case, the Y chromosome is a dominant male determinant: 

males are usually heterogametic (XY) and females homogametic (XX). This 

chromosomal sex is determined at the moment of fertilisation due to the inheritance of 

either the paternal X or Y chromosome. Gonadal sex describes the development of 

bipotential gonads into either testes or ovaries. This is determined by the presence or 

absence of the sex-determining gene on the Y chromosome (SRY) and in the mouse, this 

sex-determining period is around 11.5 days post coitum (dpc) (Gubbay et al. 1990; 

Koopman et al. 1990; Sinclair et al. 1990). Lastly, phenotypic sex describes the 

development of the reproductive tracts, external genitalia and secondary sexual 

characteristics, mediated predominantly by gonadal hormones.  

The sexual development process is extremely complex, largely due to the unique 

bipotential nature of the gonadal primordium, the genital ridge. Many key genes and 

signalling pathways involved in sex determination are still being identified, and some of 

these will be discussed below. One recently identified component of the mammalian 

sex-determining pathway is the mitogen-activated protein (MAP) kinase signalling 

cascade. The role of this pathway was implicated by the discovery of a function for the 

molecule, MAP3K4, in mouse testis determination (Bogani et al. 2009). The research 

described in this thesis attempts to characterise the cellular and molecular basis of the 



Chapter 1 | Introduction 3 

 

gonadal defects in Map3k4-deficient XY embryos and identify the downstream 

components of the pathway that are involved in sex determination. Before discussing 

MAP3K4, however, I will describe important recent developments in our understanding 

of mammalian sex determination, with an emphasis on mouse development. 

1.2. Mammalian sex determination 

1.2.1. Formation of the urogenital ridge 

In the mouse, the urogenital ridge (UGR) forms around 9.0 dpc from the intermediate 

mesoderm, between the somitic and lateral plate mesoderm, on the dorsal side of the 

embryo (Karl and Capel 1995). It forms as a pair of mounds along the length of the 

anteroposterior axis within the body cavity, on either side of the neural tube and dorsal 

aorta. This mesodermal region is initially comprised of three distinct regions: the 

pronephros, mesonephros and metanephros. The pronephros forms at the anterior end, 

but has no known function and regresses soon after it has formed. The mesonephros, the 

mid-section, gives rise to the mesonephric ducts and gonadal region, while the 

metanephros at the posterior end forms the definitive kidney (Figure 1.1).  

The first event in the development of the urogenital ridge is the formation of the 

mesonephric (or Wolffian) duct (Smith and Mackay 1991; Torres et al. 1995). This 

develops along the intermediate mesoderm in an anterior to posterior direction to meet 

the cloaca. The initial anterior portion, along with a few non-functional tubules, 

represents the pronephros region. By 9.5 dpc the mesonephric duct has extended further 

down the mesenchyme defining the mesonephric region and mesonephric tubules begin 

to form. The mesonephric duct reaches the cloaca by 10.0 dpc and the epithelial cells 

that form the duct are then surrounded by mesenchymal cells. At this stage, the 

bipotential genital ridge also begins to form as a thickening of the coelomic epithelium 
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on the ventromedial surface of the mesonephros. Mesonephric tubules become more 

extensive and convoluted, and tubules from the anterior end of the mesonephros connect 

the mesonephric duct with the gonad (Karl and Capel 1995). However, by 12.5 dpc 

these connections have degenerated. The metanephric region forms when the ureteric 

buds develop out from the posterior end of the mesonephric duct around 11.0 dpc. 

These induce the differentiation of the kidney within the metanephric region (Saxén 

1987). 

1.2.2. The bipotential gonad 

The early bipotential gonad consists of primordial germ cells (PGCs), coelomic 

epithelial cells, and gonadal blastema, containing somatic cells. The PGCs are first 

observed in the embryo at 7.2 dpc and are found in a region posterior to the primitive 

streak in the extraembryonic mesoderm, separated from the embryo by the amniotic fold 

(Ginsburg et al. 1990). These PGCs proliferate and individuals migrate anteriorly 

through the hindgut towards the site of the genital ridge. They populate the gonads 

between 10.5 and 11.5 dpc, shortly after the gonad has formed from the mesonephros 

(Tam and Snow 1981; Gomperts et al. 1994). This accumulation of PGCs in to the 

gonad is assisted by a change in shape, enabling the PGCs to link together and form 

aggregates (Gomperts et al. 1994). Once in the gonadal ridge, the PGCs become less 

motile, continue to proliferate and by 13.5 dpc, the gonad is fully colonised by the 

PGCs. Following this stage, the PGCs respond to sexually dimorphic cues in the 

surrounding somatic cells to begin differentiation into either oocytes or spermatocytes. 

This will be discussed further later on (see section 1.2.6.2 and 1.2.7).  



Chapter 1 | Introduction 5 

 

 

Figure 1.1: Schematic of the position of the urogenital ridge at 10.5 dpc  
(A) The urogenital ridges are located in the intermediate mesoderm along the dorsal side 

of the embryo, either side of the dorsal aorta. The mesonephric duct (Wolffian duct, 

WD) forms between the forelimb (FL) and the hindlimb (HL) in an anterior to posterior 

direction. It is comprised of three regions: the pronephros, which has no function and 
regresses; the mesonephros, which gives rise to the mesonephric tubules (MT) and 

gonadal ridge (GR); and the metanephros, from which the ureteric buds (UB) form to 

give rise to the kidney.  

(B) The gonadal ridge forms from the ventromedial surface of the mesonephroi (M). 

CE, coelomic epithelium; DA, dorsal aorta; ts, tail somites; A↔P, anteroposterior axis; 

D↔V, dorsoventral axis; RL↔LL, right lateral to medial to left lateral axis. 
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The somatic cells are comprised of three important precursor cell lineages: the 

steroidogenic cells, supporting cells and connective tissue. These are bipotential in 

nature until genetic cues, depending on the presence or absence of the Y chromosome, 

drive their sex-specific differentiation from 11.5 dpc. The connective tissue lineage 

includes the stromal cells, endothelial cells and male-specific peritubular myoid cells 

and these cells are important for the organisational structure and formation of either the 

testis or ovary. The supporting cell lineage gives rise to either the testis-specific Sertoli 

cells or the ovary-specific granulosa cells, which play an important role in supporting 

the healthy development of germ cells. Lastly, the steroidogenic lineage gives rise to the 

steroid hormone-producing cells such as the Leydig cells in the testis and theca cells in 

the ovary and these contribute to the secondary sexual characteristics of the embryo 

(Swain and Lovell-Badge 1999).  

1.2.3. Genetic regulation of gonad formation 

There are several genes, particularly transcription factors, which are essential for the 

formation and development of the early bipotential gonad before the expression of the 

testis-determining gene, Sry, at around 10.5 dpc. These include Sf1 (also known as 

Nr5a1/Ad4BP), Wt1, Gata4, Fog2 (Zfpm2), Emx2, Lhx9, Dax1 (Nr0b1) and M33 

(Cbx2). Whether they are also required for subsequent sex-specific development is not 

always clear, but mice carrying disruptions to these genes all display early gonad 

development and/or kidney and adrenal developmental defects. Some of the genes that 

are relevant to the rest of this thesis are discussed in further detail below.  

The steroidogenic factor 1 (SF1)/nuclear receptor subfamily 5, group A, member 1 

(NR5A1)/adrenal 4-binding protein (Ad4BP) transcription factor is expressed in the 

developing gonadal ridge at the earliest stage of development between 9.0 and 9.5 dpc 
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(Ikeda et al. 1994). In later stage embryos, the transcript encoding SF1 is expressed in 

both the gonadal and adrenal primordia; reflecting its steroidogenic function. It is also 

expressed in the diencephalon region of the forebrain, containing the hypothalamic 

primordium, which further confirms its endocrine-related function. The targeted 

disruption of the gene encoding this nuclear receptor results in the development of mice 

that lack adrenal glands and gonads, and consequently have a severe deficiency in 

corticosterone, a steroid produced by the adrenal cortex (Luo et al. 1994). They also 

have impaired formation of the ventromedial hypothalamic nucleus (Ikeda et al. 1995). 

The gonads form initially but degenerate between 11.0 and 11.5 dpc due to increased 

apoptosis. This suggests that SF1 is not involved in the initial formation of the 

urogenital ridge, or the migration of germ cells, but has a role in the growth and 

differentiation of the bipotential somatic cells (Swain and Lovell-Badge 1999). In vitro 

data has also shown that SF1 is a potential activator of Sry because it can bind to and 

activate both the human and pig SRY promoter (Pilon et al. 2003). In support of this, 

recent data reveal a role for SF1 in the regulation of Sry expression in the mouse: 

reduced dosage of Sf1, when combined with the loss of CITED2 (a transcriptional co-

factor), can result in partial or complete sex reversal due to disruption of Sry expression 

(Buaas et al. 2009).  

Wilms tumour suppressor 1 (WT1) is another transcription factor that is expressed from 

9.0 dpc in the urogenital ridge (Armstrong et al. 1993). Later, it is expressed in the 

coelomic epithelium and in either Sertoli cells or granulosa cells. WT1 functions in 

epithelial-mesenchymal transitions found in the developing gonad and kidney and the 

homozygous knockout of Wt1 results in early embryonic lethality and the failure to 

form gonads or kidneys (Kreidberg et al. 1993). The Wt1 gene encodes at least 24 

different isoforms through alternative splicing but all contain four zinc fingers at the C-
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terminal domain. It has been found that splice variants leading to the insertion or 

omission of a three-amino acid-sequence (KTS) between zinc fingers 3 and 4 

(designated as either +KTS or −KTS variants) lead to distinct functions (Hammes et al. 

2001). Targeted disruption of the −KTS form results in streak gonads in both XX and 

XY embryos, highlighting a function for this spliced isoform in early gonad formation 

and development. In contrast, the targeted disruption of the +KTS isoform (which 

causes Frasier’s syndrome in humans as characterised by feminisation of external XY 

genitalia) caused XY sex reversal, but did not affect XX development, suggesting a role 

for WT1 (+KTS) that is specific to testis determination. It has been suggested that the 

−KTS form can bind to and activate the Sf1 promoter (Wilhelm and Englert 2002), 

while the +KTS form is involved in the direct cell-autonomous regulation of Sry 

expression (Bradford et al. 2009). Thus, both WT1 (+KTS) and WT1 (−KTS) display a 

role in gonad development, but have different functions at different stages. 

GATA4 is a member of the GATA zinc-finger family of transcription factors and is the 

only member active in the somatic cells of the early gonad (Viger et al. 1998). Gata4 

expression has been detected in somatic cells of the urogenital ridge from the earliest 

stage examined (10.5 dpc) (Ketola et al. 2002). The GATA proteins require a physical 

interaction with multitype zinc-finger co-factors of the FOG (Friend of GATA) family 

for normal function. The FOG associated with GATA4 is FOG2 (also known as 

ZFPM2), which is also expressed in the somatic cells of the urogenital ridge at the same 

stages as GATA4 (Tevosian et al. 2002). The knockout of FOG2, which is embryonic 

lethal by 14.5 dpc, did not affect the initial formation of the urogenital ridge and wild-

type levels of Wt1 and Sf1 were present. However, the expression of Sry at 11.5 dpc was 

significantly decreased, which consequently caused disruption to later testis 

development (Tevosian et al. 2002). In contrast, the Gata4
−/−

 knockout mutant dies 
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between 7.0 and 9.5 dpc but the generation of a Gata4 knock-in allele that abrogates the 

interaction between GATA4 and FOG2 survives until 13.5 dpc (Crispino et al. 2001). 

Analysis of gonad development in these mutants revealed a similar disruption to testis 

development as displayed with the Fog2
−/−

, confirming that the GATA4/FOG2 

complex is involved in the regulation of Sry expression (Tevosian et al. 2002).  

1.2.4. Sex determination 

The mammalian testis-determining pathway begins with the expression of Sry in 

somatic cells of the XY gonadal ridge from 10.5 dpc (Koopman et al. 1990). This gene 

on the Y chromosome was identified in 1990, some thirty years after the Y chromosome 

was identified as the dominant male determinant in humans and mice (Welshons and 

Russell 1959; Gubbay et al. 1990; Sekido and Lovell-Badge 2009). The expression of 

Sry drives the gonad towards the testicular fate, whilst its absence promotes ovarian 

development. This was confirmed by experiments in which XX embryos that carried a 

transgene of Sry developed as infertile males (Koopman et al. 1991). 

Sry is transcribed as a single exon and is expressed in both a temporal and spatial wave-

like pattern. It is restricted to the urogenital ridge and is only expressed between 10.5 

and 12.5 dpc, reaching its peak at 11.5 dpc (Koopman et al. 1990; Jeske et al. 1995). 

The expression is initiated in the central portion of the gonadal ridge before extending 

out to the anterior and posterior poles over the course of a few hours. Following the 

peak expression along the length of the genital ridge at 11.5 dpc, expression then 

decreases in the central and anterior portions prior to loss of expression in the posterior 

region (Bullejos and Koopman 2001). This window of expression is critical for the 

subsequent activation of the SRY target, Sox9, which is required for Sertoli cell 

differentiation and the cascade of downstream testis development events. If the 
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initiation of Sry expression is delayed, even by 6 hours, testis development fails to be 

initiated (Hiramatsu et al. 2009). The SRY protein contains a conserved high mobility 

group (HMG) DNA-binding domain. This 79 amino acid motif enables the protein to 

bind to the (A/T)ACAA(T/A) consensus sequence in the minor groove of DNA causing 

a 60-85° bend (as reviewed in (Polanco and Koopman 2007)). The rest of the protein is 

not highly conserved, therefore it is mutations in the HMG box domain that lead to a 

non-functioning protein and XY sex reversal. There are other domains of SRY that 

mediate protein-protein interactions and transcriptional trans-activation or -repression. 

This suggests, along with evidence from Sry-negative XX maleness in human patients, 

that it is likely that SRY may also be involved in the repression of certain female-

specific proteins that act as male development suppressors (McElreavey et al. 1993; 

Polanco and Koopman 2007). 

SRY is a member of the SOX (SRY-related HMG box) family of transcription factors 

and one of these, Sox9, is thought to be the only target of SRY (Sekido and Lovell-

Badge 2008). Sox9 is expressed in several organ systems of the mouse embryo, 

including the skeleton, heart, kidneys and brain (Wright et al. 1995). However, it is also 

strongly expressed in the somatic cells of the XY urogenital ridge shortly after the 

expression of SRY, mimicking the same wave-like pattern, but persisting beyond 12.5 

dpc (Morais da Silva et al. 1996; Sekido et al. 2004). SOX9 is important for bone 

formation in mammals and mutations in human SOX9 lead to a skeletal dysmorphology 

syndrome, campomelic dysplasia (CD). Patients with CD often display XY sex reversal 

and this provided the first evidence that SOX9 is involved in sex determination (Wright 

et al. 1995). This has been further supported by loss- and gain-of-function studies in 

mice in which the homozygous deletion of Sox9 causes XY sex reversal, whilst the 

transgenic activation of Sox9 causes XX sex reversal (Vidal et al. 2001; Chaboissier et 
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al. 2004; Barrionuevo et al. 2006). Therefore, Sox9 is sufficient and necessary for testis 

development.  

Sox9 is activated by SRY through the binding of SRY, along with SF1, to an enhancer 

region (called TESCO; testis-specific enhancer of Sox9 core) upstream of the Sox9 

transcription start-site (Sekido and Lovell-Badge 2008). The initiation of low-level 

expression of Sox9 is mediated by SF1 and occurs in both XY and XX somatic cells. At 

11.5 dpc, once SRY has reached a critical level of expression, SRY acts synergistically 

with SF1 to upregulate Sox9 in the XY somatic cells. Once SOX9 has subsequently 

reached a critical threshold of expression, Sry is repressed via a SOX9-dependent 

negative-feedback loop (Chaboissier et al. 2004). SOX9 levels are then maintained 

through various positive-feedback loops with other genes (discussed in detail in the next 

section), and also by auto-regulation, since SOX9 is also an HMG-family transcription 

factor, and can bind to the TESCO region on Sox9 to maintain its own expression 

(Sekido and Lovell-Badge 2008).  

The up-regulation of Sry and Sox9 promotes the testis-specific pathway of gonad 

development. They trigger the activation of numerous other genes that are involved in 

this process, which will be discussed in more detail throughout this introduction. They 

also initiate the cellular differentiation and organisation that are important to testis 

development and function. In the absence of Sry and the up-regulation of Sox9, the 

ovarian pathway is initiated. These two pathways are mutually antagonistic; the 

activation of one also drives the repression of the other and consequently sex 

determination is a strongly canalised developmental process. This is discussed further in 

section 1.2.7. A summary of the testis- and ovary-specific events is shown in Figure 1.2. 



Chapter 1 | Introduction 12 

 

 

Figure 1.2: Schematic representation of the key cellular and molecular events driving sex 

determination 
The presence of SRY from 10.5 dpc drives the differentiation of the bipotential gonad down the testis 

development pathway with subsequent up-regulation of other testis-determining genes. Key cellular 

events including cell proliferation and migration induce morphological changes and the development of 
testis cords. Hormones produced from the testis direct development of the secondary male characteristics. 

In the absence of SRY, the female development pathway is initiated with the up-regulation of the 

canonical Wnt pathway members and FOXL2. Germ cells enter meiotic arrest, and the absence of male 

hormones permits the development of secondary female characteristics. Multiple feedback loops and 

mutual antagonistic interactions exist to support normal development of either pathway. Only molecules 

and interactions relevant to this thesis are shown. 
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1.2.5. Molecular events driving testis development 

The activation of SRY in the developing testis triggers the differentiation of the 

bipotential somatic supporting cell lineage into Sertoli cells (Burgoyne et al. 1988; 

Sekido et al. 2004). These Sertoli cells then cluster around germ cells and, in 

conjunction with migratory endothelial cells and peritubular myoid cells, form testis 

cords that subsequently contribute to the sex-specific development of germ cells. Sertoli 

cells are also thought to regulate the development of Leydig cells from the steroidogenic 

lineage (Wilhelm and Koopman 2006).  

Due to the vital role of Sertoli cells in the organisation and development of the testis, 

there are a number of mechanisms employed to ensure that the Sertoli cell numbers do 

not fall below the critical level required for normal development. First, is the auto-

regulation of Sox9 mentioned previously. Second, is the ability of cells that have 

expressed sufficient Sox9 to induce Sox9 expression in neighbouring cells, in which the 

expression of Sry alone may be insufficient. This paracrine recruitment mechanism is 

facilitated by testis-specific prostaglandin D2 (PGD2) and Ptgds, which encodes the 

enzyme required for PGD2 production, is itself activated by SOX9 (Wilhelm et al. 

2005; Wilhelm et al. 2007; Moniot et al. 2009; Koopman 2010). The role of PGD2 was 

confirmed by an experiment that showed PGD2 could induce Sox9 expression and thus 

Sertoli cell differentiation in XX cells from aggregated XX and XY gonads (Wilhelm et 

al. 2005). This system is not reported to be necessary for testis development based on 

the phenotype of the Ptgds knockout, but is thought to act as a backup or reinforcement 

(Moniot et al. 2009). A SOX9 positive-feedback loop is also established with fibroblast 

growth factor 9 (FGF9) (Kim et al. 2006). FGF9 is a secreted growth factor that is 

expressed in pre-Sertoli cells following SOX9 up-regulation (Sekido and Lovell-Badge 

2009). Fgf9 expression is thought to be activated by SOX9, and in turn FGF9 functions 
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to maintain expression of Sox9. Contrary to the backup role of PGD2, FGF9 has a more 

vital function in the maintenance of SOX9 expression and subsequent Sertoli cell 

differentiation. Mice harbouring a homozygous deletion of Fgf9 display XY sex 

reversal and decreased levels of SOX9 after 11.5 dpc (Colvin et al. 2001; Kim et al. 

2006). In addition, the loss of FGFR2, the receptor for FGF9, leads to testis 

developmental defects and XY sex reversal (Kim et al. 2007; Bagheri-Fam et al. 2008).  

1.2.6. Cellular events driving testis development 

Following Sry expression and the initiation of Sertoli cell differentiation, a number of 

cellular events specific to testis development take place. These include increased cell 

proliferation of coelomic epithelial cells, migration of mesonephric cells into the body 

of the gonad, and differentiation of other precursor cells into testis-specific lineages. All 

of these events cause the developing testis to increase in size relative to the XX gonad 

and develop testis cords. These specific cellular differences are visible by 12.5 dpc (see 

Figure 1.3 for an overview of the cellular structure).  

1.2.6.1. Cell proliferation 

Pre-Sertoli cells and pre-granulosa cells proliferate between 10.5 and 11.5 dpc in XY 

and XX gonads. Increased cell proliferation in the coelomic epithelium of the XY gonad 

then occurs from 11.25 dpc and this testis-specific event is induced directly by Sry 

(Schmahl et al. 2000). However, it is cell proliferation events prior to this stage that are 

vital to testis determination. A classic experiment in which embryonic cell proliferation 

was blocked at different stages of development showed that only proliferation in the XY 

gonad between 10.8 and 11.2 dpc was vital for testis development (Schmahl and Capel 

2003). If proliferation was inhibited either side of this period, testis development was 

not disrupted, but inhibition during this window led to a complete absence of testis 
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cords and disruption to Sertoli cell differentiation. The cell lineage in which this testis-

determining proliferation occurs has not yet been determined. The fact that a difference 

in the cell proliferation rate between XX and XY gonads cannot be detected within this 

10.8 to 11.2 dpc window suggests that it is not dependent on Sry, but may be required to 

prime the gonad for appropriate Sry expression.  

The detectable, male-enhanced, coelomic epithelial cell proliferation occurs in different 

stages (Schmahl et al. 2000). The initial Sry-dependent stage occurs from 11.25 dpc in 

SF1-positive cells until 11.5 dpc (16-18 tail somites (ts)). A second stage of 

proliferation follows in SF1-negative cells at or near the coelomic epithelium between 

19 and 25 ts, with a final stage after 25 ts in a mixture of SF1-positive and -negative 

cells throughout the gonad, not just concentrated to the coelomic region. SF1 is 

expressed in somatic cells of the bipotential gonad, and in XY gonads these are the 

precursors of both Sertoli cells (due to the role of SF1 in the expression of Sox9) and 

Leydig cells (due to the steroidogenic function of SF1) (Ikeda et al. 1994). Therefore, 

the different stages of cell proliferation are thought to give rise to different cell lineages. 

The first stage gives rise to Sertoli cells, which then migrate into the gonad to form 

testis cords during the SF1-negative proliferative phase, before proliferating again after 

25 ts. Precursors to interstitial cells proliferated during both the SF1-positive and 

-negative phases and were tentatively identified as Leydig cells and vascular cells, 

respectively. These cell lineage observations are also consistent with previous work that 

identified Sertoli cells as originating from the coelomic epithelium and migrating into 

the body of the gonad between 15 and 17 ts (Karl and Capel 1998). Migrating coelomic 

epithelial cells from 18-20 ts stage gonads stayed in the interstitium.  
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Figure 1.3: Cellular events guiding sexual development 
By 13.5 dpc, both the Wolffian duct (WD, purple) and Müllerian duct (MD, orange) are present in both 
XX and XY mesonephroi. Testis cords in the male develop from 12.5 dpc. Endothelial cells migrate into 

the gonad from the mesonephros and develop the testis-specific vasculature and coelomic vessel (red). 

Sertoli cells cluster around germ cells and are encapsulated by peritubular myoid cells to form testis 

cords, which are directed by endothelial cells. Leydig cells differentiate in the interstitium. Sertoli cells 

produce anti-Müllerian hormone (AMH), which drives MD regression, and Leydig cells produce 

testosterone, which directs differentiation of the WD into the structures marked. In the ovary, precursors 

to granulosa cells and theca cells, and germ cells (which enter meiosis at 13.5 dpc) are present. Absence 

of testosterone and AMH directs the differentiation of the MD into the structures marked, while the WD 

regresses. In the postnatal ovary, the differentiated theca cells form around the follicle and are stimulated 

by luteinising hormone (LH) to produce androgens. The differentiated granulosa cells support oocyte 

development in the follicles. They are stimulated by follicle-stimulating hormone (FSH) to convert the 

androgens into oestradiol. Post-ovulation, both cells produce progesterone. Key markers for each sex-
specific cell lineage are marked, and each lineage is colour-coded throughout. 
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The main functions of elevated testis-specific proliferation are to i) increase the size of 

the XY gonad and ii) establish the necessary numbers of precursor cells to enable testis 

development to continue. FGF9, along with its receptor FGFR2, are necessary for the 

Sertoli cell-specific proliferation and the subsequent differentiation. FGFR2 is initially 

localised to the plasma membrane of pre-Sertoli coelomic epithelial cells, and this is 

characteristic of a role in cell proliferation mediated by FGF9 (Kim et al. 2007). 

However, by 11.0 dpc, FGFR2 becomes sexually dimorphic following nuclear 

localisation in Sertoli cells within the body of the XY gonad (Schmahl et al. 2004). This 

XY specific localisation is important for Sertoli cell differentiation, leading to the 

conclusion that FGF9 is not just important for the maintenance of SOX9 expression 

levels, but also for Sertoli cell proliferation and differentiation (Kim et al. 2007).  

1.2.6.2. Differentiation and migration 

Following the proliferation and differentiation of Sertoli cells, differentiation of the 

other important cell types for testis development occurs. Cells from the connective 

tissue lineage are important for the formation of testis cords and the vascularisation of 

the testis. The stromal cells and peritubular myoid cells are thought to arise from 

differentiation within the mesenchyme of the gonad, while endothelial cells migrate in 

from the mesonephros in a testis-specific fashion (Martineau et al. 1997; Cool et al. 

2008; Archambeault et al. 2009). These endothelial cells form a characteristic 

vasculature for the embryonic testis, comprising a prominent coelomic vessel along the 

ventral surface of the coelomic epithelium (Wilhelm and Koopman 2006), and are also 

required to direct testis cord formation (Combes et al. 2009b; Cool et al. 2011). 
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Peritubular myoid cells are flat, elongated cells that help to direct the development of 

testis cords. They form a single layer of cells around Sertoli cells, encapsulating the 

testis cords containing XY germ cells. In this environment, XY germ cells enter G0/G1 

quiescence (mitotic arrest) from 12.5 dpc. They remain in this state until after birth at 

which point they then resume mitosis and differentiate into spermatogonia (Kocer et al. 

2009). Significantly, XY germ cells are not required for testis cord formation or the 

maintenance of testis development since it has been shown that the testis cords can form 

even in the absence of germ cells, as in the W/W
v
 germ cell-free gonad (Kurohmaru et 

al. 1992). However, it is likely that one of the functions of the testis cord structure is to 

protect the XY germ cells from meiosis-inducing effects of retinoic acid, a secretion 

molecule that is produced in the mesonephros. Sertoli cells express CYP26B1, an 

enzyme that breaks down retinoic acid, allowing the germ cells to remain in mitotic 

arrest (Bowles et al. 2006). FGF9 has also been shown to direct XY germ cell fate by 

repressing the action of retinoic acid in an antagonistic mechanism (Bowles et al. 2010). 

Leydig cells develop as distinct foetal and adult lineages, but both are responsible for 

steroidogenesis in the testis. Foetal Leydig cells differentiate from early SF1-positive 

cells and are present in the interstitium surrounding the testis cords from 12.5 dpc 

(Brennan and Capel 2004). Their role is to produce testosterone that is required for 

subsequent development and maturation of the testis and internal/external male 

genitalia. Leydig cell precursors have been shown to arise from the coelomic epithelium 

and also through migration from the mesonephros before 11.0 dpc (Karl and Capel 

1998; Jeays-Ward et al. 2003; DeFalco et al. 2011).   



Chapter 1 | Introduction 19 

 

1.2.7. Ovarian determination and antagonism  

In the absence of Sry, XX gonads develop as ovaries. Contrary to original proposals, 

ovarian development is an active process and defined genetic programmes are initiated 

in the XX gonad as early as 11.5 dpc, despite cellular differences not being apparent 

until after 13.5 dpc (Nef et al. 2005).  The main cellular event is the induction of 

meiosis in XX germ cells. This can be detected by the expression of Stra8 (Stimulated 

by retinoic acid), a marker of meiosis that is triggered by retinoic acid (Koubova et al. 

2006). XX germ cells must enter meiosis at this stage during embryogenesis to initiate 

oocyte differentiation; in contrast to the germ cells in XY gonads, which are not 

required for testis development, the absence of germ cells in XX gonads leads to 

ovarian dysgenesis and follicle abnormalities with no function (McLaren 1991).  

The main genes that are activated during early ovarian development encode members of 

the canonical Wnt signalling pathway (WNT4, β-catenin (CTNNB1) and RSPO1), 

transcription factor FOXL2, and a glycoprotein, FST. All have been postulated as the 

female-sex-determining factor; however, the mouse knockouts of each produce only 

partial XX sex reversal, with the formation of ovotestes, rather than complete XX sex 

reversal as would be expected. Instead, it is likely that a combination of RSPO1, 

CTNNB1, WNT4 and FOXL2 (potentially with other unidentified genes) is required to 

maintain ovarian development and repress the testis pathway. The antagonism between 

the male and female pathways has been shown to exist throughout development but also 

during reproductive life, and this is discussed briefly below.  

Wnt4 is initially expressed in the bipotential urogenital ridge from 9.5 dpc in the 

mesonephros and from 11.0 dpc in the coelomic epithelium, but from 11.5 dpc, 

becomes restricted to the XX gonad although it is still present in the mesonephros of 
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both sexes (Vainio et al. 1999). In XX Wnt4
−/−

 mutant gonads, partial XX sex reversal 

occurs with the up-regulation of Sox9 and Fgf9 despite the absence of Sry (Vainio et al. 

1999; Jeays-Ward et al. 2003; Yao et al. 2004; Kim et al. 2006). As a result, WNT4 and 

FGF9 were shown to act with mutual antagonism to repress the development of the 

opposing pathway. In XY Fgf9
−/−

 mutant gonads, the expression of Wnt4 was 

upregulated (Kim et al. 2006). WNT4 has also been shown to activate follistatin (Fst), a 

glycoprotein that inhibits the formation of the XY-specific vasculature and coelomic 

vessel, and promotes germ cell survival (Yao et al. 2004).  

The role for R-spondin1 (RSPO1) in ovary development emerged recently following 

evidence from a human study in which members of an Italian family with incidences of 

XX, SRY-negative, sex reversal, carried mutations in the RSPO1 gene (Parma et al. 

2006). However, in mice, the homozygous deletion of Rspo1 resulted in the 

development of XX ovotestes; the gonads were partially masculinised with a very 

similar phenotype to that found from the Wnt4
−/−

 mutants (Chassot et al. 2008; 

Tomizuka et al. 2008), suggesting that RSPO1 was directly involved in WNT4 

signalling in the gonad. This was confirmed in the analysis of the Rspo1
−/−

 XX mutant, 

in which Wnt4 and genes involved in β-catenin signalling were downregulated, 

suggesting that RSPO1 positively regulated both Wnt4 and Ctnnb1 (Chassot et al. 2008; 

Tomizuka et al. 2008). The role of β-catenin in ovary development was confirmed 

following the conditional inactivation in Sf1-positive somatic cells: disruption to ovary 

development in XX gonads occurred with a strikingly similar phenotype to that 

observed with both Wnt4
−/−

 and Rspo1
−/−

 XX mutants (Liu et al. 2009). 

Forkhead box L2 (FOXL2) is a transcription factor that is ovary specific with activation 

in pre-granulosa cells occurring from 11.5 dpc and increasing expression levels until 
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early postnatal life specifically in primordial follicles (Ottolenghi et al. 2007). 

Homozygous null mutations of Foxl2 in mice caused partial sex reversal in postnatal 

XX animals but no abnormalities were detected during development (Ottolenghi et al. 

2005). Perinatal expression of Sox9 was upregulated in the XX Foxl2
−/−

 gonads 

suggesting a role for FOXL2 in the repression of Sox9 postnatally.  

Antagonism between the testis- and ovary-determining genetic networks was only 

recently discovered to be essential for maintenance of gonadal identity throughout 

reproductive life, rather than just being restricted to sex determination in the embryo. 

This later function of FOXL2 was confirmed by a study utilising the conditional 

knockout strategy to inactivate Foxl2 in the adult ovary (Uhlenhaut et al. 2009). The 

loss of FOXL2 in adult granulosa cells caused these cells to reprogram to become 

Sertoli cells, with the up-regulation of Sox9 and Dmrt1, which consequently triggered 

complete transdifferentiation of theca cells to Leydig cells and the production of 

testosterone. More recently, a second report demonstrated that the loss of DMRT1 in 

adult males activated Foxl2 and reprogrammed Sertoli cells into granulosa cells 

(Matson et al. 2011). Theca cells also formed in these mutant mice, producing oestrogen 

and germ cells became feminised.  

1.3. Development of the reproductive tracts 

Before sexual differentiation, the mesonephros contains two pairs of genital ducts, the 

Wolffian (mesonephric) duct and the Müllerian (paramesonephric) duct (Kobayashi and 

Behringer 2003). The Wolffian duct is the precursor of the male reproductive tracts and 

matures to form the epididymides, vasa deferentia and seminal vesicles, while the 

Müllerian duct is the precursor of the female reproductive tracts and differentiates into 

the oviducts, uterus, cervix and upper vagina. The differentiation of the sex-specific 
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ducts into the respective reproductive tracts is dependent on hormonal signalling; 

testosterone produced from Leydig cells drives the differentiation of the Wolffian duct, 

while anti-Müllerian hormone (AMH) produced from Sertoli cells drives the regression 

of the Müllerian duct through interaction with its receptor, AMHR2, in the Müllerian 

duct mesenchyme (Behringer et al. 1994; Wilhelm and Koopman 2006). The absence of 

these hormones in females allows the Müllerian duct to differentiate and the Wolffian 

duct to degenerate (Kobayashi and Behringer 2003). However, this section focuses 

specifically on the Müllerian duct. 

1.3.1. Formation of the Müllerian duct 

The Müllerian duct develops in both sexes from 11.75 dpc and is completed by 13.5 dpc 

(Orvis and Behringer 2007). Initially, cells in the coelomic epithelium first become 

specialised to the Müllerian duct fate and then invaginate from the coelomic epithelium 

out to the Wolffian duct. This occurs by 12.0 dpc and is driven by WNT4 expression in 

the mesonephros (Vainio et al. 1999). These primordial cells then proliferate to enable 

elongation of the duct alongside the Wolffian duct towards the cloaca. This process is 

dependent on the expression of WNT9B in the Wolffian duct, which acts as a guide for 

the extending duct (Carroll et al. 2005).  

1.3.2. Male-specific regression of the Müllerian duct 

The regression of the unrequired duct begins shortly after the Müllerian duct has fully 

formed. In females, in the absence of testosterone, the Wolffian duct begins to regress 

passively from 13.5 dpc through the loss of cells: no specific female hormone is 

associated with this process. In males, the presence of AMH drives the regression of the 

Müllerian duct from the same stage (Orvis and Behringer 2007). AMH is both necessary 

and sufficient for the regression of the Müllerian duct as evidenced by the formation of 
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uteri and oviducts alongside normal male reproductive tract derivatives in XY Amh
−/−

 

mutant mice (Behringer et al. 1994), and the absence of Müllerian duct derivatives in 

XX mice with overexpressed Amh (Behringer et al. 1990). In humans, mutations in 

AMH have been identified in patients with Persistent Müllerian duct syndrome (PMDS). 

This is a rare disorder of sex development (DSD), in which the female reproductive 

tract is retained in an otherwise virilised male (Josso et al. 1997).  

AMH is a member of the transforming growth factor-β (TGF-β) superfamily that is 

secreted by Sertoli cells (Josso and Clemente 2003). In XY mice, Amh is expressed 

from 11.5 dpc, levels then increase until birth but decrease dramatically at puberty 

(Münsterberg and Lovell-Badge 1991). The expression of Amh is directly regulated by 

SOX9, SF1, GATA4 and WT1. In females, expression is not detected until 6 days post 

partum in the granulosa cells of the ovary.  

AMH signalling is mediated by its type II receptor, AMHR2. In mice, the mutation of 

Amhr2 causes an identical XY phenotype to that seen with loss of Amh (Mishina et al. 

1996). Moreover, in humans, mutations in Amhr2 have also been identified in patients 

with PMDS (Josso et al. 1997). AMHR2 is therefore the only type II receptor required 

to mediate the AMH-induced regression of the Müllerian duct, but also mediates 

signalling from AMH for other functions within the testis and ovary. Amhr2 is 

expressed in the Müllerian duct mesenchyme from 13.5 dpc, and also in the embryonic 

and postnatal gonad (Arango et al. 2008). Expression studies of Amhr2 in the rat 

revealed embryonic localisation to Sertoli cells and granulosa cells and, in the adult, 

testicular expression was observed in Sertoli and Leydig cells and ovarian expression in 

the granulosa cells of preantral and small antral follicles, but not primordial (Baarends 

et al. 1994; Baarends et al. 1995a; Baarends et al. 1995b; Racine et al. 1998). The 



Chapter 1 | Introduction 24 

 

Amhr2-expressing cells are initially present in the coelomic epithelium of both male and 

female mesonephroi, and then migrate into the mesenchyme surrounding the male 

Müllerian duct under the influence of AMH (Zhan et al. 2006). This mesenchymal 

expression of Amhr2 is also regulated by WNT7A from the Müllerian duct epithelium 

and in XY Wnt7a
−/−

 knockouts, the Müllerian duct fails to regress (Parr and McMahon 

1998).  

Two type I receptors have also been linked to AMH signalling: BMPR1A (also known 

as ALK3) and ACVR1 (ALK2). The deletion of Bmpr1a in Amhr2-expressing cells in 

the Müllerian duct mesenchyme inhibited the regression of the Müllerian duct in males 

(Jamin et al. 2002). The knockdown of Acvr1 in gonad organ culture prevented the 

transition of Amhr2 expression from the coelomic epithelium of the mesonephros to the 

mesenchyme surrounding the Müllerian duct and also prevented Müllerian duct 

regression (Zhan et al. 2006). This suggests that different type I receptors are recruited 

by AMH/AMHR2 at different stages of development. To determine the downstream 

signalling of AMH activation during Müllerian duct regression, the role of WNT/β-

catenin signalling was investigated through the conditional ablation of β-catenin in 

Amhr2-expressing cells in the Müllerian duct mesenchyme (Kobayashi et al. 2011). In 

XY mutants, Müllerian duct regression was inhibited. Conversely, the ablation in 

Wnt7a-expressing cells in the Müllerian duct epithelium did not affect the regression, 

suggesting that the canonical WNT pathway regulates the regression in the mesenchyme 

by mediating AMH signalling.  

1.3.3. Female-specific Müllerian duct differentiation 

In female mice, the Müllerian duct differentiates into the oviduct, uterus, cervix and 

upper vagina. This differentiation occurs in an anterior to posterior fashion and is not 
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completed until 2 weeks after birth (Yin and Ma 2005). Epithelial-to-mesenchymal 

interactions direct the cellular fate of the Müllerian duct epithelium, which changes 

along the anterior-posterior axis depending on the tissue being formed. A number of 

genes with region-specific expression along the female reproductive tract have been 

identified, which are likely to control the epithelial cell fate (Kobayashi and Behringer 

2003). Amongst others, these include certain WNT proteins.  

Wnt4 is expressed in the stroma of the uterine horns at birth and this expression 

subsequently extends to the epithelium of the vagina (Miller et al. 1998). However, a 

function of this gene in the patterning of the Müllerian duct has not yet been determined 

due to the vital role of Wnt4 in Müllerian duct formation (Vainio et al. 1999). Wnt5a is 

initially expressed in the stroma throughout the reproductive tract but is restricted to the 

uterine horns postnatally (Miller et al. 1998). The uterine horns of Wnt5a mutant 

reproductive tracts were shortened and coiled and the cervical/vaginal structures were 

poorly defined (Mericskay et al. 2004). Endometrial glands in the uterine horns also 

failed to develop, which are essential for embryo implantation and development. Lastly, 

Wnt7a is initially expressed throughout the epithelium of the reproductive tract but, like 

Wnt5a, becomes restricted to the uterine horns postnally (Miller et al. 1998). In the 

absence of Wnt7a, the female reproductive tracts undergo posterior transformations; the 

oviduct lacks coiling and acquires characteristics of the uterus, and the uterus of the 

vagina (Miller and Sassoon 1998; Parr and McMahon 1998). It has been found that 

Wnt7a acts to regulate the boundaries of expression of Wnt5a and Wnt4, and also to 

maintain the correct expression levels of certain Hox genes required to pattern the 

reproductive tract (Miller and Sassoon 1998; Mericskay et al. 2004).  
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The conditional inactivation of β-catenin in Amhr2-positive cells of the Müllerian duct 

mesenchyme in XX mice disrupted the coiling of the oviduct, and the female phenotype 

closely resembled that of the Wnt7a mutant (Deutscher and Yao 2007). It is therefore 

suggested that β-catenin mediates the signalling of Wnt7a to pattern the reproductive 

tract, in addition to the role in Müllerian duct regression in males already mentioned. 

These data provide evidence for the mesenchymal-epithelial interactions required for 

the correct patterning and development of the female reproductive tract; however, the 

actual morphogenetic mechanism is not fully understood. 

1.4. Disorders of sexual development (DSDs) 

Ultimately, sex determination is controlled by the presence or absence of Sry and the 

subsequent differentiation of gonadal supporting cell precursors into either Sertoli cells 

or granulosa cells during development. The sexual differentiation process that has been 

described here is controlled by different gene networks: the SRY/SOX9/FGF9 network 

in males, and FOXL2/WNT/β-catenin signalling in females. Both these networks have 

an antagonistic function as previously mentioned and, therefore, any disruption to the 

normal development of testes or ovaries can cause disorders of sexual development 

(DSDs).  

In humans, DSDs account for approximately 7.5% of all congenital defects and 

individuals with these disorders suffer from the added effect that these DSDs can have 

on the quality of life (A.Sinclair, personal communication). The causes of DSDs range 

from aneuploidy of the sex chromosomes, such as XXY (Klinefelter’s syndrome), XYY 

(‘supermales’), or XO (Turners syndrome), to causative mutations in key sex-

determining genes, such as in 46,XX or 46,XY gonadal dysgenesis (GD) syndromes 
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(White et al. 2011). Abnormalities in the development of the phenotypic sex can also 

occur, but the focus in this section will be on 46,XX and 46,XY GD. 

46,XX GD mainly occurs by the translocation of SRY onto the X chromosome, giving 

rise to XX males (McElreavey et al. 1993). Incidences of SRY-negative XX female-to-

male sex reversal are much less common, but have been described in cases with loss-of-

function mutations in genes that act to antagonise the male pathway such as RSPO1 

(Parma et al. 2006) and WNT4 (Mandel et al. 2008).  

46,XY GD is characterised by abnormal testicular determination which can manifest 

with complete masculinisation, feminisation or with ambiguous genitalia. In cases of 

complete GD (CGD), testes are absent and bilateral streak gonads are present, along 

with female internal and external genitalia. The causative mutations can lead to the loss-

of-function of critical male-determining genes, such as in SRY (Cameron and Sinclair 

1997), SOX9 (Wright et al. 1995), and SF1 (Lin and Achermann 2008), or the gain-of-

function (due to duplication) of female-determining genes, such as WNT4 (Jordan et al. 

2001). As well as mutations in sex-determining genes, GD can occur as a result of the 

inability to respond to male hormones as in androgen insensitivity syndrome (AIS). 

However, about 70% of 46,XY GD cases have no accurate diagnosis since many of the 

molecular mechanisms remain unknown (White et al. 2011). 

Previously, sequencing for the causative mutations in patients with GD led to the 

identification of a number of the transcription factors and secreted signalling molecules 

that are now known to have key roles in sexual development. However, many of the 

molecular mechanisms important for the function of these genes are not yet known. For 

example, it is not yet clear how extracellular signals such as FGF9 or WNT4 control 

intracellular signal transduction pathways to produce sex-specific cellular responses in 
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gonadal cells. It is likely that intracellular signalling pathways are essential to mediate 

such effects. Further analyses of the unexplained cases of GD are likely to help provide 

some of these clues. Further genetic studies in mice, such as the use of random 

mutagenesis in forward genetic screens, are also likely to lead to the identification of 

novel key players. A very good example of this forms the main focus of this thesis. 

1.5. A requirement for MAP kinase signalling in mouse sex 

determination 

During an N-ethyl-N-nitrosourea (ENU)-induced forward genetic screen for gonadal 

abnormalities, which was carried out at MRC Harwell, evidence of a key role for 

mitogen activated protein (MAP) kinase signalling in mouse sex determination was 

recently provided. The boygirl (byg) mutant was initially identified by dissection of 

embryos derived from a G3 pedigree (RECB/31) segregating ENU-induced mutations 

on a mixed C3H/HeH × C57BL/6J genetic background (Bogani et al. 2009). Mutant 

embryos, homozygous for the byg mutation, exhibited spina bifida, mild oedema, and 

XY gonadal abnormalities, including disrupted testis cord development or ovotestis 

formation (Figure 1.4A-D). Once backcrossed onto the C57BL/6J background, XY 

byg/byg gonads always had an ovarian morphology, lacked markers of the embryonic 

testis and exhibited up-regulation of ovarian markers (Figure 1.4E-G). Positional 

cloning identified the ENU-induced point mutation (an A to T transversion) on the 

proximal region of mouse Chromosome (Chr) 17 in the gene Map3k4 (also known as 

Mekk4). This mutation caused an arginine to stop-codon change in the open reading 

frame at position 382 of 1597. Map3k4 encodes a MAP kinase kinase kinase 

(MAP3K/MAPKKK/MEKK), and this early truncation of the mutant protein occurs 

before the critical kinase domain (Figure 1.4H-I). Analysis of MAP3K4 by Western blot 
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using an anti-MAP3K4 antibody confirmed that full-length (180 kDa) protein was 

absent in homozygous tissue (Figure 1.4J). To test the functionality of this truncated 

protein, and confirm that no other mutations contributed to the byg/byg phenotype, a 

complementation test was carried out in which mice heterozygous for the byg allele 

(Map3k4
byg

) were crossed to heterozygous mice carrying a constitutive knockout allele 

of Map3k4  (Map3k4
tm1Flv

, denoted henceforth as Map3k4
−
), which was a kind gift from 

H.Chi and R.Flavell (Chi et al. 2005). Resultant embryos that carried both Map3k4 

mutant alleles (Map3k4
byg/−

) exhibited the same spina bifida and XY gonadal 

abnormalities as homozygous individuals of either mutant allele (Figure 1.4K-L). This 

confirmed that Map3k4 contained the causative ENU-induced mutation and that byg is 

also a null allele. Subsequent studies showed that, at 11.5 dpc, XY byg/byg gonads 

show dramatic loss of SRY and SOX9 expression (Figure 1.4M-O). This important 

observation of lack of Sry expression, both at the mRNA and protein level, and the 

subsequent loss of SOX9 expression, establishes a role for MAP kinase signalling 

during early mouse sex determination. 
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Figure 1.4: Embryonic phenotyping of the ENU mutant, boygirl (byg) 
(A) External phenotype of 13.5 dpc byg homozygote, exhibiting neural tube defects and oedema. (B-D) 

On a mixed genetic background from the original screen, XY byg/byg gonads exhibit abnormal 

expression of Sox9, which marks Sertoli cells, as shown by wholemount in situ hybridisation (WMISH). 

Phenotypes at 13.5 dpc range from ovotestis development (right, B) to disrupted testis cord development 

(C) and testes without cords (D). (E-G) On the C57BL/6J background, XY byg/byg always exhibit 

complete gonadal sex reversal as shown by expression of: Sox9 (E), Stra8, which marks female meiotic 

germ cells (F), and Wnt4, an ovarian somatic cell marker (G). (H-J) The ENU point mutation was 

mapped to Map3k4 and causes an arginine to stop codon amino acid change (H). This mutation results in 

early truncation of the protein (asterisk, I) before the critical kinase domain and loss of protein 

expression, as shown by Western blotting (J). (K-L) To check complementation of the byg allele with a 
known knockout null allele, Map3k4byg/+ mice were crossed with Map3k4−/+ mice and the phenotype of 

the resulting embryos carrying both alleles (Map3k4byg/−) was assessed. Double heterozygotes exhibited 

neural tube defects, and XY individuals were sex-reversed as shown by lack of testis cords (K), and loss 

of Sox9 expression (L). (M-O) Lack of Sry mRNA expression at 11.5 dpc (M), and SRY protein 

expression at 11.0 dpc (O) was observed in XY byg/byg gonads. 
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1.6. MAP kinase signalling 

MAP kinase signalling is vital for a great number of cellular activities. MAP kinases 

participate in intracellular cascades that transduce extracellular signals from the plasma 

membrane to nuclear transcription factors and other proteins (Wilkinson and Millar 

2000). These pathways relay signals from a variety of stimuli to regulate multiple 

different cellular responses such as cell proliferation, survival, transcription and 

translation (Cuevas et al. 2007). The MAP kinase cascade contains a core, evolutionary 

conserved, three-component module which relays the signal through phosphorylation. 

The MAP3Ks are dual-specific kinases that activate a MAP kinase kinase 

(MAP2K/MAPKK/MEK/MKK) by phosphorylation of conserved serine and threonine 

residues. In turn, MAP2Ks activate a MAP kinase (MAPK) by phosphorylation of 

conserved tyrosine and threonine residues. Activated MAPKs can either phosphorylate 

cytoplasmic targets to regulate diverse processes including protein degradation and 

localisation, apoptosis or cell migration, or are translocated to the nucleus in which they 

can directly activate transcription factors to regulate gene expression or other nuclear 

proteins such as regulators of chromatin remodelling (Wilkinson and Millar 2000). See 

Figure 1.5 for a summary of the MAP kinase pathway. 

The three-component MAP3K-MAP2K-MAPK signalling modules are directed by 

scaffold proteins that bring the signalling partners into close proximity to enable the 

rapid transmission of signals (Aouadi et al. 2006; Dhanasekaran et al. 2007). These 

scaffold proteins also function to protect the components within the relevant MAP 

kinase modules from irrelevant stimuli and to minimise crosstalk from other modules 

(Iwanaga et al. 2008). The importance of scaffold proteins becomes more apparent with 

the observation that there are a disproportionately large number of MAP3Ks to regulate 

a limited number of MAPKs in mammalian cells, and at each level of the relay, the 
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specific component is able to activate more than one downstream kinase (Yoshioka 

2004; Dhanasekaran et al. 2007). Scaffold proteins also have the ability to enhance, 

decrease or redirect the signal flux through inhibitor or adaptor properties (Aouadi et al. 

2006). 

In mammalian cells there are four main families of MAPKs: extracellular signal-

regulated kinase (ERK) 1/2 (or p42/p44 MAPK), c-jun amino-terminal kinases 

(JNK1/2/3), p38 kinases (p38α/β/γ/δ), and ERK5 (Cuevas et al. 2007). The ERK1/2 

family is the most characterised and mediates signals from growth factors such as the 

Ras-mediated growth factor receptor tyrosine kinases via the Raf-family of MAP3Ks 

and the MKK1 and MKK2 MAP2Ks (Wilkinson and Millar 2000). The p38 and JNK 

families are associated with apoptosis, cell proliferation, and the cell’s response to stress 

and inflammation.  

1.6.1. MAP3K4-activated pathways 

MAP3K4-activated signalling modules are thought to regulate the cell’s response to 

stress from ultraviolet radiation, heat shock or osmotic stress (Winter-Vann and Johnson 

2007). Functional MAP3K4 can lead to the activation of either the p38 or JNK kinase, 

following selective phosphorylation of either the MAP2K subgroups MKK3/6 or 

MKK4/7, respectively (Gerwins et al. 1997; Takekawa et al. 1997). MKK3 and MKK6 

both lead to the specific activation of p38 MAPKs, MKK7 is specific to JNK activation, 

while MKK4 mainly activates JNK, but can also phosphorylate p38 (Dérijard et al. 

1995; Han et al. 1996; Enslen et al. 1998). In vivo evidence for the ability of MAP3K4 

to phosphorylate MKK3, MKK6 and MKK4 has been reported (Gerwins et al. 1997; 

Takekawa et al. 1997); however, MKK7 had not been identified by this point and was 

therefore not tested (Tournier et al. 1997; Yao et al. 1997). There are multiple MAP3K 
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proteins that belong to structurally diverse families, yet all lead to the activation of a 

comparatively small set of MAPKs. The use of scaffolding proteins is one mechanism 

to direct the specificity, but another important mechanism is the contribution of docking 

interactions between the kinases. These specific docking interactions exist between both 

the MAP2Ks and MAPKs, and the MAP3Ks and MAP2Ks. The interactions between 

MAP2Ks and MAP3Ks were investigated using an in vitro yeast two-hybrid protein 

interaction method (Takekawa et al. 2005). These experiments confirmed the ability of 

MAP3K4 to bind with MKK3, MKK6 and MKK4, which was sufficient to 

phosphorylate and activate the MAP2Ks. However, the docking site on MKK7 was not 

recognised by MAP3K4 and therefore MKK7 was not activated by MAP3K4 

(Takekawa et al. 2005).  

1.6.2. Analysis of MAP3K4 function 

Previous inactivation of Map3k4 by gene targeting has provided an insight into the 

function of this gene. Studies have shown that the homozygous inactivation of Map3k4 

(Map3k4
−/−

) leads to perinatal lethality of embryos with severe neural tube defects when 

on the C57BL/6J background (Chi et al. 2005). However, when on a mixed C57BL/6J × 

129/SvE background the homozygous mutants were viable with no obvious defects 

other than a slightly reduced body size; they were born, however, with a reduced 

Mendelian ratio of 15%, instead of the predicted 25% (Chi et al. 2004). Using the 

homozygous embryos from the C57BL/6J background, it was shown that MAP3K4, via 

MKK4, had an anti-apoptotic role at sites of neural tube closure in the neuroepithelium 

(Chi et al. 2005): the expression of activated MKK4 (pMKK4) was decreased and 

increased apoptosis was observed from 8.5 dpc, before the initiation of neural tube 

closure. However, no changes in JNK or p38 levels were observed. 
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Figure 1.5: Schematic representation of the MAP kinase pathway 
The MAP kinase cascade functions to transduce specific extracellular signals to nuclear transcription 
factors or other proteins. The three-component MAP3K-MAP2K-MAPK signalling module is directed 

by a specific scaffold protein. There are many different MAP3Ks (not all are shown), which activate a 

limited number of MAP2Ks and MAPKs. Most interactions are taken from an accumulation of in vitro 

data; however some have also been confirmed by mouse knockout studies. The proposed MAP3K4-

activated pathway is highlighted. Each MAPK can activate a large variety of target proteins ranging 

from cytoplasmic proteins to nuclear transcription factors. Some target proteins can be activated by 

more than one MAPK, while others are specific. MAP3K4 is known to be a stress-activated MAP 

kinase. MLKs, mixed lineage kinases; TAK1, TGF-β-activated kinase 1. 
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A different, kinase-inactive, mutant allele of Map3k4 (Map3k4
K1361R

, referred to 

henceforth as Map3k4
ki
) was also generated in order to focus specifically on the 

consequences of removing the enzyme activity while MAP3K4 protein is still present 

(Abell et al. 2005). This variant was maintained on a mixed C57BL/6J × 129/SvE 

background and embryos also died at birth with severe neural tube defects, similar to 

the knockout on the C57BL/6J background. However, instead of loss of 

phosphorylation of MKK4 in the mutants, they observed inhibition of MKK3 and 

MAPK-activated protein kinase 2 (MAPKAPK-2) activation in hindbrains and 

fibroblasts, and also detected skeletal defects and infertility. This loss of 

phosphorylation of both downstream kinases suggests that MAP3K4 activates the p38 

MAPK pathway in hindbrain tissue and fibroblasts.  

The discrepancies observed with the inhibition of different MAP2Ks in the absence of 

functional MAP3K4 suggest that MAP3K4 activates different MAP kinase pathways in 

different tissues during different stages of development. During the study of 

Map3k4
byg/byg

, the expression of different MAPK signalling components was also 

assessed in the embryonic gonads using antibodies against activated MKK4 (pMKK4), 

p38 (pp38) and JNK (pJNK) by immunohistochemistry (Bogani et al. 2009). However, 

no clear differences between XY Map3k4
byg/byg

 mutants and XY controls were observed. 

It is possible that an inappropriate stage of gonad development was analysed, or that 

differences were very subtle. It could also be that other MAP2Ks and MAPKs are 

disrupted.  

FGFs, which play a key role in sex determination as has been described throughout this 

Introduction, are known to signal through tyrosine kinase receptors. These activated 

receptors, in turn, activate the MAP kinase signalling cascade through the ERK1/2 
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pathway (Schlessinger 2000; Lanner and Rossant 2010). This provides a strong link 

between MAP kinase signalling and extracellular signalling that occurs in the gonad. 

Also, evidence that the MAP kinase cascade mediates the up-regulation of Sox9 

expression by FGF2 has been reported in chondrocytes (Murakami et al. 2000). A link 

between the MAP kinase pathway and Sox9 expression was also reported in the gonad; 

MAP kinases mediated the activation of Sox9 by Vinexin γ, a scaffolding protein of the 

ERK family of MAP kinases (Matsuyama et al. 2005). However, the targeted disruption 

of the gene encoding Vinexin γ caused only slight down-regulation of Sox9 and did not 

disrupt sex determination. Analysis of Map3k4
byg/byg

 mutants also showed that the FGF 

pathway was still active since Map3k4
byg/byg

 mutants could respond to exogenous FGF9 

(Bogani et al. 2009). 

1.7. A requirement for MAP kinase signalling in human sex 

determination 

A role for MAP kinase signalling in human testis determination has also recently been 

established, although in this case the relevant MAP3K was MAP3K1, not 

MAP3K4 (Pearlman et al. 2010). Mutations in MAP3K1 have been associated with both 

familial and sporadic cases of 46,XY DSDs, including cases of both GD and CGD. The 

type of mutation identified varies from an intron splice-acceptor mutation, which inserts 

two amino acid residues, to missense point mutations located at sites of both highly 

conserved and less conserved amino acids. The function of these mutated proteins was 

assessed in lymphoblastoid cell lines derived from the patients and the regulation of 

downstream MAPKs was found to be disrupted; the phosphorylation of p38 and 

ERK1/2 was upregulated, while increased binding of RHOA to the mutant MAP3K1 

was observed. However, whether these observations in heterologous cell lines are 
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relevant to human sex determination in vivo has not yet been determined. The link 

between MAP kinase signalling and human sex determination highlights the importance 

of this pathway and the necessity to understand the mechanism involved. 

1.8. Main aims 

A role for the MAP3K4-activated MAP kinase signalling pathway in mammalian sex 

determination has been identified. However, the mechanism involved is likely to be 

extremely complex, given the complexity of the MAP kinase pathway and the number 

of different aspects of development that it regulates. This thesis focuses on analysing the 

phenotype of the Map3k4
byg 

null mutant in more detail by specifically focusing on the 

cell proliferation aspect of gonad development and by using genetic methods to address 

the role of downstream MAP kinase pathway molecules.  It also attempts to address a 

role for p38 MAPK in sexual development. The ultimate aim of the project is to piece 

together the MAP kinase pathway along with the molecules it regulates to determine 

how it acts on the known regulators of gonad development and how disruptions to the 

pathway affect sex determination.  
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2.1. General methods and solutions 

Standard solutions were prepared according to (Sambrook et al. 1989). Deionised 

RNase-free AnalaR water (VWR) was used as standard. All thermocycling reactions 

were performed using a G-Storm GS-4 thermocycler. 

2.2. Mouse lines 

Mouse work was conducted under the authority of the Home Office Project Licence 

number 30/2381.  

Experiments conducted on wild-type tissue used either the C57BL/6J background or 

3H1 embryos resulting from timed matings between female C3H/HeH and male 101 

mice.  

2.2.1. Stock maintenance  

Experimental mice were maintained as heterozygous stock on the C57BL/6J 

background unless otherwise stated. The C57B6/J background was specifically chosen 

due to its increased sensitivity to XY sex reversal (Bouma et al. 2007). Primer 

sequences and reaction conditions used to genotype each line are shown in Table 2-1. 

Most lines were genotyped using a standard polymerase chain reaction (PCR) followed 

by gel electrophoresis (unless otherwise stated).  

The boygirl (byg) line (Map3k4
byg

) was identified from an ENU-based, three-generation 

(G3) genetic screen for recessive mutant alleles causing gonadal abnormalities when 

homozygous, performed at MRC Harwell (Bogani et al. 2009). The line was genotyped 
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using a PCR-based pyrosequencing assay in which the PCR products were generated 

using a biotinylated reverse primer, and then analysed by pyrosequencing for the single 

nucleotide polymorphism (SNP) using a specific sequencing primer as detailed (Table 

2-1). 

Cre transgenic mouse lines: Sf1-Cre was a kind gift from K.Parker (Bingham et al. 

2006) and was generated by the insertion of a Cre cassette into an Sf1 BAC (bacterial 

artificial chromosome), which in transgenic mice drives the expression of Cre in 

somatic cells of the gonads, adrenal cortex and ventromedial hypothalamic nucleus; 

Amhr2-Cre was a kind gift from R.Behringer (Jamin et al. 2002) and was generated 

using a ‘knock-in’ approach in which a Cre recombinase expression cassette was 

targeted into exon 5 of the Amhr2 locus using mouse embryonic stem cells. Amhr2-Cre 

is expressed in somatic cells of the embryonic gonad and the mesenchyme of the 

Müllerian duct epithelium; β-Actin-Cre is a ubiquitous Cre expressing line (Lewandoski 

and Martin 1997) and a colony was already established at MRC Harwell. All Cre lines 

were genotyped using generic Cre-specific primers in a duplex reaction to detect the 

presence of the Cre transgene, and also a positive control product (using IL2 primers). 

This reaction was designed by L.Pastorelli, a previous PhD student in the laboratory. 

Mice carrying floxed alleles: Mapk14
flox

, a kind gift from M.Pasparakis (Ventura et al. 

2007), contains two LoxP sites flanking exons 2 and 3; Map3k4
flox

, a kind gift from 

H.Chi (Chi et al. 2004), contains two LoxP sites flanking exon 3. Both lines were 

maintained as heterozygous and homozygous stocks on C57BL/6J. They were 

genotyped using a three-primer reaction in which two primers flank one of the LoxP 

sites (to detect the floxed allele) and the third primer anneals to the genomic DNA close 
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to the other LoxP site. Successful recombination and deletion of the floxed region will 

result in a product from the third primer. 

The Mapk11
−/−

 knockout (KO) line was a kind gift from J.S.Arthur (Beardmore et al. 

2005). It was generated by replacing exons 2-7 with a neomycin cassette, resulting in a 

null allele. The line was genotyped using a three-primer reaction: one primer is located 

in genomic DNA within the region that is deleted (to detect the wild-type allele), whilst 

another is located in the inserted neomycin cassette (to detect the KO allele), and the 

third anneals to genomic DNA outside of the targeted region and common to both 

primers. 

The Map3k4
−/−

 KO line was a kind gift from H.Chi and R.Flavell (Chi et al. 2004). It 

was generated by the insertion of LoxP sites either side of exon 3. Exon 3 was then 

deleted following homologous recombination driven by a ubiquitously expressed Cre 

transgene. This resulted in a frame-shift and premature termination of the coding 

sequence before the critical kinase domain, creating a null allele. The line was 

genotyped using a three-primer reaction: two primers span the location of the 1
st
 LoxP 

site to detect the wild-type allele, while a third anneals downstream of the location of 

the 2
nd

 LoxP site to detect the KO allele.  

2.2.2. Fertility testing 

Fertility testing of adult mice was conducted as follows. Male experimental mice were 

mated with female C57BL/6J controls in triplicate. These females were checked for 

vaginal plugs to confirm normal mating behaviour. At 14.5 days post coitum (dpc) 

pregnant females (verified by palpating) were culled and the number of embryos 

recorded (see section 2.3 for details on plug checking and uterus removal). The 

experimental males were compared to control males in identical tests. Experimental 
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females were mated with male C57BL/6J mice. If the number of experimental females 

available for testing was limited (as with Mapk14
flox/flox

; Amhr2-Cre), fertility was tested 

by counting the number of newborn pups. Females were subsequently mated again until 

they had produced two or three litters or had been in matings for approximately two 

months. If more than eight experimental females were available, females were checked 

for vaginal plugs and were then sacrificed at 14.5 dpc to record the number of embryos.  

2.2.3. Morulae collection 

To check for signs of fertilisation of oocytes, a separate group of experimental females 

and control littermates were mated to C57BL/6J males. The females were sacrificed at 

2.5 dpc and the uterus and oviducts removed. The oviducts and uterine horns were 

flushed with culture media for collection of morulae. The number and quality of 

morulae collected was recorded and any healthy morulae were subsequently cultured to 

the hatching blastocyst stage by the Frozen Embryo and Sperm Archive (FESA) team. 

2.3. Tissue collection 

For embryo collection, timed matings were set up at approximately 3pm and vaginal 

plugs were checked the following morning. Noon on the day of the plug was counted as 

0.5 dpc. Some embryos were collected from mice maintained in a reverse light-dark 

cycle, where the 12-hour light cycle began at 4pm, rather than the usual 7am. In such 

cases, noon on the day of the plug was counted as 1.0 dpc. Pregnant females were culled 

by cervical dislocation (Schedule one) under the Home Office regulations. Their uteri, 

containing the embryos, were removed through an opening in the abdomen. Embryos 

were dissected in phosphate buffered saline (PBS) using a Leica MZ6 dissection 

microscope. Embryos were first decapitated (under Home Office guidelines) before the 

urogenital ridges (UGRs) were collected (unless otherwise stated).  
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To determine the exact stage of an embryo 12.5 dpc or younger, tail somites (ts) were 

always counted. This was conducted by counting the number of somites between the 

hindlimb and the tail tip. The stages were characterised as follows: 8 ts = 10.5 dpc; 

18 ts = 11.5 dpc; 28 ts = 12.5 dpc. 

For the collection of adult tissue, mice were culled by cervical dislocation and the 

reproductive organs (ovaries, oviduct, uterine horns and vagina from females or testes, 

epididymis, vas deferens and seminal vesicles from males) were removed through an 

opening in the abdomen and collected.  

2.4. Tissue processing 

2.4.1. Wholemount in situ hybridisation (WMISH) 

Collected embryonic tissue was placed in Eppendorf tubes and fixed in 4% 

paraformaldehyde (PFA) in PBS overnight. Once fixed, the tissue was taken through a 

methanol (MeOH) dehydration series for 5 minutes each step (2x PBS, 1x 25% MeOH 

in PBS, 1x 50%, 1x 75%, and 2x 100%) and then stored in 100% MeOH at -20°C until 

required. 

2.4.2. Immunohistochemistry (IHC) 

For wholemount IHC, 11.0 dpc to 12.0 dpc tissue was collected and processed as in 

section 2.4.1. However, dehydrated tissue was only stored for a maximum of 7 days 

before being used, as longer storage duration affected the quality of the staining. 

For section IHC, embryonic tissue was dissected and fixed in 4% PFA overnight, then 

washed in 30% sucrose/PBS at 4°C for 24 hrs, prior to embedding for cryosectioning 

(see section 2.8.4 and 2.10.3).  
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2.4.3. RNA extractions 

Single embryonic gonads (C57BL/6J) staged at 11.5 dpc, 12.5 dpc or 13.5 dpc were 

subdissected to remove the mesonephros. The separated gonads were collected in 

Eppendorf tubes (paired gonads together) and snap frozen immediately using dry ice. 

All tissue for RNA extraction was stored at -70°C until required.  

2.4.4. LacZ expression 

For LacZ expression analysis of embryonic samples, whole embryos from 11.5 dpc to 

13.5 dpc stages, and caudal regions, including the reproductive tracts/gonads, of 17.5 

dpc embryos were collected in PBS and placed in a 24-well plate to separate the 

samples. Either the yolk sac or tail sample was collected for genotyping.  

For LacZ expression analysis of adult tissue, male and female reproductive organs were 

washed twice in PBS. These samples were then placed into wells of a 12-well plate. 

2.4.5. Organ cultures 

For standard organ cultures, UGR tissue was collected from 11.5 dpc embryos in PBS, 

placed in a 24-well plate in organ culture media (see section 2.11) and then incubated at 

37°C with 5% CO2.  

For knockdown organ cultures, whole embryos (C57BL/6J) from 10.5 dpc to 11.5 dpc 

(unless otherwise stated) were collected in Opti-MEM reduced-serum media 

(Invitrogen) in an RNase-free environment. Samples were initially placed in a 24-well 

plate and kept on ice.   
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2.4.6. Histology 

Ovaries and testes from 17.5 dpc embryos were removed and fixed in 10% formalin. 

These were then processed by the histology team at MRC Harwell for paraffin wax 

sectioning and haematoxylin and eosin (H&E) staining. 

Adult ovaries and testes, along with the respective reproductive tracts, were analysed by 

the necropsy team at MRC Harwell for gross morphological defects. The testes were 

weighed, then fixed in Bouin’s fixative, which allows improved nuclear detail necessary 

for analysing testicular sections (Ananthanarayanan et al. 2005), for a minimum of 6 

hours. Other tissues collected, which included the ovaries, oviducts, uterus, and 

occasionally the adrenal glands, were fixed in 10% buffered formalin. All tissue was 

then washed in 70% ethanol and processed by the histology team for paraffin wax 

sectioning and H&E staining.  

2.4.7. Genotyping 

Depending on the size of embryo, or experimental tissue required, either the head, part 

of the head, or the yolk sac was collected in a PCR plate and stored at -20°C ready for 

genotyping.  

2.5. Genotyping 

Mouse colonies were genotyped to identify the relevant allele (section 2.2.1 and Table 

2-1). Embryos were genotyped for their chromosomal sex if this could not be 

determined visually by the presence/absence of testis cords in the gonads (12.5 dpc or 

younger) and also for the presence of the experimental alleles if relevant (Table 2-1).  
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2.5.1. Genomic DNA extraction 

DNA, from either ear biopsies of 4-week old mice or a small section of embryonic 

tissue collected during dissections, was extracted by Proteinase K (PK) digestion. A 

solution of 0.75 mg/ml PK (Roche) in TE-Tween (50 mM Tris, pH 8.0 / 1 mM EDTA / 

0.5% Tween-20) was added to each sample and incubated at 55°C for 90 minutes then 

at 95°C for 5 minutes to denature the PK. Following disruption of the tissue by 

vortexing thoroughly, the tissue debris was pelleted by centrifugation at 4,000 rpm for 3 

minutes. A working dilution (1:10 in H2O) of the released DNA was prepared.  

2.5.2. Polymerase chain reaction (PCR) 

New primers were designed using the primer3 programme 

(http://frodo.wi.mit.edu/primer3/). Primers were synthesised by either Sigma Aldrich or 

Eurogentec and primer pairs with corresponding thermocycling reaction conditions are 

listed in Table 2-1. Standard reactions were set up using 2x PCR Reddymix (Thermo 

Scientific) consisting of 0.5 units Thermoprime Plus DNA Polymerase, 10 mM Tris-

HCl, 50 mM KCl, 1.5 mM MgCl2 and 0.2 mM each of dATP, dCTP, dGTP and dTTP, 

with 1 µl DNA (approximately 30 ng) and 0.2 µM of each gene-specific primer in a 

total volume of 20 µl. PCR reactions for pyrosequencing analysis (to distinguish SNPs) 

used 1.1x PCR SuperMix (Invitrogen) consisting of 0.44 units recombinant Taq DNA 

Polymerase, 22 mM Tris-HCl, 55 mM KCl, 1.65 mM MgCl2, 0.22 mM each of dATP, 

dCTP, dGTP and dTTP, with 1.5 µl DNA and 0.3 µM of each gene-specific primer in a 

total volume of 20 µl.  

2.5.3. Gel Electrophoresis 

DNA was analysed by standard gel electrophoresis. PCR products or DNA/RNA mixed 

with loading buffer (1x TE, pH 8.0 / 10% glycerol / 0.08% Orange G), were loaded into 

http://frodo.wi.mit.edu/primer3/
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a 1.5% Ultrapore™ Agarose (Invitrogen)/TBE gel containing 1:10,000 SYBR Safe 

DNA stain (Invitrogen). A 1kb Plus DNA ladder (Invitrogen) was also loaded to assess 

product sizes. The gel was electrophoresed for 20-30 minutes at 90 V, and products 

were visualised using an Ultra Violet (UV) gel doc system (BioRad). 

2.5.4. PCR Purification 

PCR products to be sequenced, or used for a subsequent ligation reaction, were purified 

by one of the following methods, following the manufacturer’s instructions.  

QIAquick PCR Purification kit (Qiagen): This kit removes the primers and buffer 

salts from the reaction and recovers DNA fragments from 100 bp to 10 kb. Briefly, PCR 

reactions were pooled and applied to a column in which the DNA is bound to the silica 

membrane in the presence of high salt concentrations, and the unwanted components 

pass through. After a series of ethanol washes to remove salts, the DNA was eluted in 

30 µl of elution buffer.  

QIAquick Gel extraction kit (Qiagen): This kit was used to isolate DNA fragments 

from a gel and therefore purify a specific product of a PCR reaction, avoiding the 

contamination of any non-specific products. The gel slice containing the DNA was first 

dissolved in a buffer that provided the necessary conditions to facilitate binding of the 

DNA to the silica membrane.  

2.5.5. Sequencing 

Purified DNA (following PCR purification) or Plasmid DNA was sent to GATC 

(http://www.gatc-biotech.com/en/home.html) along with specific sequencing primers if 

required. Sequences were returned by email and analysed using BLAST tools from 

Ensembl (http://www.ensembl.org/Mus_musculus/blastview) or sequence alignment 

tools (http://www.ebi.ac.uk/Tools/msa/clustalw2/).  

http://www.gatc-biotech.com/en/home.html
http://www.ensembl.org/Mus_musculus/blastview
http://www.ebi.ac.uk/Tools/msa/clustalw2/
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Table 2-1: Details of genotyping assays and PCR conditions 

Assay Forward primer(s) Reverse primer(s) Genotyping method 

*PCR 
programme 
(# of cycles & 
annealing temp) 

Product sizes SNP Assay design 

XY sexing TGGATGGTGTGGCCAATG  CACCTGCACGTTGCCCTT Standard 
†
x36 57°C 

x34 ‘fast’ 

253 bp X 

335 bp Y 
 

N. Warr 
(Warr et al. 

2009) 

boygirl AGGACTATGAACGGTACGC Bio-CGCAGCTTCTGATTTAGATC 
Pyrosequencing  

GCCAAGGACTTTGAGG 

Pyros** 

x40 60°C 
 

A wt 

T mut 

GEMS,Harwell 

(Bogani et al. 

2009) 

Mapk14-
flox 

X:CTACAGAATGCACCTCGGATG 

Z:CCAGCACTTGGAAGGCTATTC 

AltZ:AAGCTGAGGAGTTGTGTCAGG 

Y:AGAAGGCTGGATTTGCACAAG Standard 

NO* x35 

58°C Z 

61°C AltZ 

wt: 121 bp  

floxed: 188 bp 

del: 411 bp 

Alt del: 214 bp 

 

(Ventura et 

al. 2007) 

 

Primer3 

Map3k4-
flox 

X:CAGACGGAACTTGGATGTTAGTAGG 

Z:GTCTGCTTGAATGGCATTTGG 
Y:ACCCTGAGCAGTATTGTGGATTTC Standard NO* 61°C 

wt: 138 bp 

floxed: 190 bp 

del: 280 bp 

 

Hongbo Chi 
(personal 

communication) 

Primer3 

Map3k4-
KO 

X:TAAGACAGAGGCAGGGATTGGC 
Y:CCGTTGTTCTCAGAGTTGCTCG 

Z:GAGCAGTATTGTGGATTTCCGAAG 
Standard NO* 65°C 

wt: 463 bp 

KO: 180 bp 
 

Hongbo Chi 
(personal 

communication) 

Cre 
Cre:CGTACTGACGGTGGGAGAAT 

IL2:CTAGGCCACAGAATTGAAAGATCT 

Cre:CCCGGCAAAACAGGTAGTTA 

IL2:GTAGGTGGAAATTCTAGCATCATC 
Standard 

†
x36 56°C 

Cre: ~80 bp  

IL2: ~220 bp 
 

L. 

Pastorelli 
(Pastorelli et 

al. 2009) 

Mapk11-
KO 

X:GCATCTCTGGAGCTCTGTGAGAGG 

Z:GGCGATGCCTGCTTGCCGAATATCATGG 
Y:GGAGACTATCAGTCTGCCAACCC Standard NO* 65°C 

wt: 220 bp 

KO: ~600 bp 
 

(Beardmore et 

al. 2005) 

*Standard PCR programme ‘NO’: 95°C for 5 min, 36 cycles of [95°C 30 sec, X°C 30 sec, 72°C 30 sec], then 72°C for 5 min. Annealing temp & variations to # of cycles stated. 

**Pyros PCR programme: 95°C for 5 min, 40 cycles of [95°C 15 sec, 60°C 30 sec, 72°C 15 sec], then 72°C for 5 min. 
†Alternatives to NO: XY sexing: As NO, but 95°C for 15 sec within cycles. ‘Fast’ XY sexing: x34 with 10 sec each step (15 sec for 72°C). Cre: as NO, but 72°C for 15 sec.
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2.6. Cloning 

2.6.1. TA Cloning 

Double-stranded DNA fragments (e.g. from PCR Purification) were ligated into a 

pGEM-T Easy vector (Promega) following the manufacturer’s standard protocol. The 

pGEM-T Easy vector is supplied as a linearised vector with a 3’ T overhang on both 

ends. This overhang prevents recircularisation of the vector and facilitates easy ligation 

of a PCR product generated by a Taq polymerase. When DNA is amplified by Taq 

polymerase during PCR, an A overhang on the 3’ end of the fragment is produced. The 

compatible A and T overhangs anneal and the complete ligation of the insert into the 

vector to generate circular plasmid DNA is facilitated by T4 DNA ligase.  

Firstly, the amount of insert (PCR product) per vector was calculated using a molar ratio 

of 3:1. The pGEM-T Easy vector is 3 kb in size and 50 ng is required. The amount of 

insert was calculated as follows: 

insertofngratiomolarvectorinsert
vectorofkb

insertofkbvectorofng
:  

The 10 µl reaction (1X Rapid ligation buffer, 50 ng vector, PCR product and 3 units T4 

DNA ligase in H2O), was then incubated for either 1 hour at 25°C, or overnight at 4°C. 

2 µl of the ligation reaction was used for transformations.  

2.6.2. Transformations 

Plasmid DNA was transformed with subcloning efficiency DH5α chemically competent 

cells (Invitrogen) following the manufacturer’s guidelines. Approximately 10 ng of 

plasmid DNA was added to 25-50 µl of DH5α competent cells and incubated for 30 min 

on ice. For transformation, the cells were heat-shocked for 20 seconds in a 42°C water 
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bath, and then immediately cooled on ice for 2 min. 950 µl of pre-warmed lysogeny 

broth (LB) medium was added, and the samples were then incubated at 37°C for 1 hour 

in a shaker at 225 rpm. To ensure well separated colonies, volumes of 20 µl and 200 µl 

of each transformation were spread on LB-agar selective plates containing the 

appropriate antibiotic (either 100 µg/ml ampicillin or 50 µg/ml kanamycin) for the 

vector being transformed, and incubated overnight at 37°C.  

2.6.3. DNA preparation 

Three individual colonies from each transformation were selected and used to inoculate 

3 ml LB medium and appropriate antibiotic in separate universal tubes. These single 

colony cultures were incubated overnight at 37°C in the shaker at 225 rpm. The plasmid 

DNA from these single colony cultures was purified using either a Miniprep kit (Roche) 

or a Midiprep kit (Qiagen) according to the manufacturer’s instructions. However, for 

the Midiprep kit, the single colony culture was first inoculated again in a 1:1000 

dilution: 30 µl of starter culture was added to a conical flask containing 30 ml of LB and 

appropriate antibiotic and incubated overnight at 37°C in a shaker.  

The concentration of eluted plasmid DNA was determined by analysing the absorbance 

at 260 nm on a Nanodrop ND-8000 (Thermo scientific). 

2.7. Quantitative real-time PCR (qRT-PCR) 

2.7.1. RNA extraction and cDNA synthesis 

Total RNA and protein was extracted from frozen embryonic gonadal tissue processed 

as described in section 2.4.3. Due to the small amount of tissue from which RNA 

needed to be extracted, three pairs of 11.5 dpc gonads were pooled together at the 

beginning of the RNA extraction procedure, whilst two pairs of 12.5 dpc and 13.5 dpc 
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gonads were pooled. Each pool represents one sample. The Nucleospin RNA/protein 

isolation kit (MACHEREY-NAGEL) was used following the manufacturer’s 

instructions. Briefly, a buffer containing guanidine thiocyanate (a cell lysis and protein 

denaturing agent) along with 1% β-mercaptoethanol (denatures disulphide bonds in 

RNases) was added to the frozen tissue. The tissue was vortexed vigorously and the 

resulting lysate filtered. 70% ethanol was added to the lysate before it was then passed 

through a Nucleospin column; this binds RNA/DNA but allows protein to be eluted. A 

membrane desalting buffer was added to the column and then the DNA was digested by 

rDNase. A series of membrane washes followed; firstly, to inactivate the rDNase and 

remove salts, then to dry the membrane. Finally, the pure RNA was eluted in 2x 20 µl 

of RNase-free H2O (or in 1x 20 µl applied twice if the yield of RNA was expected to be 

low). The quantity and quality of the RNA was analysed using the Nanodrop ND-8000 

and gel electrophoresis.  

For qRT-PCR analysis of RNA from cultured gonads (section 2.11 and 2.12.2), the 

Micro RNA extraction kit (Qiagen) was used. This allowed elution of quality RNA in 

14 µl H2O (applied to the column twice) from a single cultured gonad to avoid the 

necessity of pooling samples. The basic principles of this kit are exactly the same as 

described for the Nucleospin kit, however the membrane in the spin column is smaller 

allowing for elution of more RNA in a smaller volume.  

500 ng of cDNA was synthesised from 500 ng of RNA using the High capacity cDNA 

Reverse Transcription kit (Applied Biosystems). Briefly, 500 ng RNA was diluted to 50 

ng/µl, then combined with 10 µl of reaction mix (1x reverse transcriptase buffer, 100 

mM dNTP mix, 1x random primers, 1 µl Multiscribe reverse transcriptase and H2O), 
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and finally subjected to the following thermocycler conditions for cDNA synthesis: 

25°C for 10 min, 37°C for 120 min, and 85°C for 5 min. 

2.7.2. Plate set-up  

Each qRT-PCR plate was set up using 10 ng of cDNA per well, which was added to a 

pre-aliquoted reaction mix of 1x Fast Mastermix (Applied Biosystems), 1x TaqMan 

assay (Applied Biosystems) and nuclease-free H2O, to make a final volume of 20 µl. 

Real-time amplification was performed on a 7500 Fast machine (Applied Biosystems) 

using a Fast programme of: 95°C for 20 sec, then 40 cycles of 95°C for 3 sec and 60°C 

for 30 sec. The following TaqMan assays were used: Mapk11 (Mm00440955_m1); 

Mapk12 (Mm00443518_m1); Mapk13 (Mm00442488_m1); Mapk14 

(Mm00442497_m1); Sox9 (Mm03003574_s1); Fst (Mm00514982_m1); Stra8 

(Mm01165142_m1); Wnt4 (Mm00437341_m1); Fgf9 (Mm00442795_m1) and Hprt1 

(Mm01545399_m1), all from Applied Biosystems.  

2.7.3. Analysis of qRT-PCR results 

TaqMan assays contain three target-specific oligonucleotides: two primers for the 

cDNA to be amplified, and a probe containing a FAM™ fluorophore at the 5’ end and a 

quencher at the 3’ end. This probe is designed to anneal to the cDNA between the two 

primers. During the PCR reaction, the Taq polymerase extends the primers and causes 

the degradation of the TaqMan probe, which results in the release of the fluorophore. 

The separation of the fluorophore from the quencher allows it to emit excitation energy, 

which is detected as fluorescence by the real-time thermocycler. The amount of 

fluorescence detected is directly correlated to the amount of cDNA present in the 

reaction, which is doubling for every PCR cycle. qRT-PCR measures the number of 

cycles it takes to reach a specific threshold of fluorescence at which the levels can be 
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detected: this is called the cycle threshold (Ct). Following this principle, original 

samples, in which the mRNA (and therefore cDNA) being analysed is more abundant, 

would reach the specific threshold more quickly and so have a smaller Ct value.  

Standard curves were generated using a range of cDNA concentrations from both male 

and female 13.5 dpc gonads, to assess the efficiencies of the TaqMan assays. Five 

cDNA dilution points of 30 ng, 10 ng, 1 ng, 0.1 ng and 0.01 ng were used per sample 

and assay tested, with three technical replicates. The standard curve was generated by 

plotting Ct over log of the cDNA concentration, and the gradient of the resulting linear 

regression was used to calculate the efficiency of the assay (Equation 1). 

Equation 1: Efficiency (%) 

100110
1

slope
 

The optimal slope gradient is -3.32 since this is equivalent to 100% efficiency. 

However, an assay with efficiency between 90-110% is acceptable to use.  

The relative quantification (RQ) method was used to analyse expression levels of the 

genes of interest in the sample tissue. This method assumes that all assays have 

efficiencies between 90-110% so that they can be directly compared, and results are 

calibrated to a specific reference sample; usually a wild-type sample. To calculate the 

fold change against the calibrator sample (RQ), the following method was used:  

i) The average Ct for each biological sample and assay is normalised against 

the endogenous control: Cttarget – Ctendogenous = ΔCt 

ii) These normalised results of the sample are then calibrated against those of 

the reference: ΔCtsample – ΔCtreference = ΔΔCt  

iii) The fold change (RQ) of expression can then be calculated: 2
-ΔΔCt
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This gives the relative expression levels with respect to the reference sample. RQ min 

and RQ max were used to calculate the error for each result:  

i) The standard deviation for each ΔCt value is calculated, which is then used 

to determine the standard error of the mean for each (Equation 2).  

ii) RQ min (Equation 3) and max (Equation 4) are then calculated using the 

respective formulae, where t equals the value from the student t-test tables 

for a given degree of freedom using 95% confidence. The degree of freedom 

used is generally equal to: (# biological samples × 2) – 2 

 
Equation 2: Standard error of the mean 

n

Stdev

n

Stdev
CtSE calibratorsample

22

 

Equation 3: RQ min 

RQ min = 2
−[avΔΔCt + (SEΔCt × t)] 

Equation 4: RQ max 

RQ max = 2
−[avΔΔCt − (SEΔCt × t)] 

Analysis of results was performed using Applied Biosystems software, comparing fold 

change values (RQ) of each assay, with the gene Hprt1 as the endogenous control. For 

each assay, three to six biological replicates and three technical replicates were 

performed. 
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2.8. Wholemount in situ hybridisation (WMISH) 

2.8.1. 3’ UTR riboprobe design 

Where possible, riboprobes were designed to hybridise to the 3’ untranslated region 

(UTR) of the gene of interest to reduce the possibility of off-target effects, since this 

region is unique to each gene. A region greater or equal to 400 bp in size was amplified 

by designing primers using the primer3 programme (http://frodo.wi.mit.edu/primer3/). 

See Table 2-2 for details of specific primer sequences for riboprobes designed using the 

primer3 programme. Other riboprobes used are detailed in previous reports (see Table 

2-3). Following a standard PCR reaction to amplify this region, the products were 

purified as detailed in section 2.5.4. The purified PCR product was then ligated into the 

pGEM-T Easy vector and cloned using DH5α competent cells (section 2.6). The 

resulting purified plasmid DNA was sequenced in both directions using the RNA 

polymerase promoters either side of the polylinker/cloning region (section 2.5.5). This 

was to confirm the presence of the intended insert, but also to determine the orientation 

of the insert so that the appropriate restriction enzyme and RNA polymerase could be 

selected to linearise and transcribe the DNA in an antisense direction. 

Table 2-2: Primer sequences for riboprobes designed by 3’UTR amplification 

RNA 

probe 
Forward primer Reverse primer 

Product 

size 

Mapk11 5’-ATGGTCCCTGGAGACTCTGA-3’ 5’-TCACAGCTGGGATTCAAGAC-3’ 369 bp 

Mapk12 5’-GGGTATCCAAAGGAGGTTGG-3’ 5’-CACCAAATGGCTGGTTCG-3’ 489 bp 

Mapk13 5’-GACCTGCTCGACAAGATGC-3’ 5’-CACCACCCAGGTAACAGAGG-3’ 420 bp 

Foxl2 5’-GTTCGAGAAGGGCAACTACC-3’ 5’-AGGCCGTTGTAGGAGTTCAC-3’ 420 bp 

 

http://frodo.wi.mit.edu/primer3/
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2.8.2. DIG-labelled riboprobe synthesis 

In summary, 500 ng to 1 µg of linearised DNA was labelled in a total volume of 20 µl: 

the plasmid DNA sample was digested using a restriction enzyme located at the 5’ end 

of the sense strand (Table 2-3); the resulting linearised DNA was then precipitated with 

ethanol and resuspended in H2O; and finally, the DNA was transcribed into DIG-

labelled RNA using the relevant RNA polymerase (Table 2-3).  

Table 2-3: RNA probes used and synthesis conditions 

RNA probe 
Restriction 

enzyme 

RNA 

polymerase 
Sequence details Reference 

Sox9 HindIII T7  (Wright et al. 1995) 

Wnt4 EcoRV SP6 IMAGE #40044945 (Bogani et al. 2009) 

Stra8 BamHI or HindIII T7 IMAGE #40045823 (Bogani et al. 2009) 

Oct4 BamHI  T7           IMAGE #AA522407 (Siggers et al. 2002) 

Hsd3b XhoI T3 IMAGE #580043 (Smith et al. 2008) 

Insl3 SalI T7 
3’UTR from IMAGE 

#6773462 
(Warr et al. 2009) 

Foxl2 NcoI SP6 PCR 3’UTR N.Warr; unpublished 

Pax2 BamHI T3  (Dressler et al. 1990) 

Mapk11 NotI or SalI T7 PCR 3’UTR unpublished 

Mapk12 NcoI or SacII SP6 PCR 3’UTR unpublished 

Mapk13 NotI or SacI T7 PCR 3’UTR unpublished 

Mapk14 SalI T7 IMAGE #5389457 unpublished 

 

The DNA digestion was performed in a 50 µl reaction: 15 µl of plasmid DNA (at 

approximately 1 µg/µl), 5 µl of 10x buffer, 2 µl of relevant restriction enzyme, and 0.5 

µl of BSA (if required) (all reagents from New England Biolabs). The reaction was 

incubated for 2 hours at the optimum temperature for the restriction enzyme used (but 

was usually 37°C). To check that the linearisation was successful, 5 µl was 

electrophoresed on a 1% agarose/TBE gel alongside plasmid DNA.  

To precipitate the linearised DNA, 10% volume of 3 M sodium acetate (pH 4.5) and 

2.5x 100% ethanol was added. The solution was incubated for 30 min on dry ice, and 
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then centrifuged at 14,000 rpm, 4°C for 30 min. The ethanol solution was removed and 

replaced with 200 µl 70% ethanol. This was centrifuged again at 4°C for 10 min, then 

the ethanol was removed and the DNA pellet resuspended in 20 µl H2O.  

For the DIG labelling and transcription reaction (RNase-free), approximately 3 µl of 

linearised DNA was added to a 20 µl total reaction comprising 2 µl 10x transcription 

buffer, 2 µl 10x DIG labelling mix, 1 µl 40 U/µl Rnasin, 2 µl 20 U/µl RNA polymerase 

(SP6, T7 or T3) (all reagents from Roche) and H2O. The reaction was incubated at 37°C 

for 2 hours. Any remaining DNA was digested by the addition of 2 µl 20 U/µl DNase 1 

(RNase-free; Roche) and a further 20 min incubation at 37°C. To stop the reaction and 

precipitate the RNA, 2 µl of 200 mM EDTA, 2.5 µl of 4 M LiCl, and 75 µl of 100% 

EtOH were added to the reaction before incubating at either -70°C on dry ice for 30 min 

or at -20°C overnight. The reaction was centrifuged at 4°C for 20 min, then 200 µl ice 

cold 70% ethanol was added to the pellet and centrifuged again for 2 min. The pellet 

was air-dried for up to one minute before the RNA was resuspended in 100 µl H2O. To 

check the quality of the probe, 5 µl was electrophoresed on a 1% agarose gel as 

described previously (section 2.5.3). The probe was stored at -20°C. 

2.8.3. WMISH protocol 

All steps were performed at room temperature (RT) unless otherwise stated. The 

experiment was performed using 12-well cell culture dishes with Netwell (Fisher) 

inserts, in which the tissue was contained so that the wells (plus tissue) could be moved 

into the next solution easily. The following solutions were used: 

PBST:     PBS plus 1% Tween. 

20x SSC:  (Saline-sodium citrate) 3 M NaCl, 0.3 M sodium citrate in 
H2O, pH 4.5 (autoclave sterilised). 

Pre-hybridisation sol: 50% formamide, 5x SSC, 0.1% Tween-20, 50 µg/ml 

Heparin in H2O. 
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Hybridisation sol: Pre-hybridisation sol, 100 µg/ml yeast RNA, 100 µg/ml 
salmon sperm DNA, and 5 µl/ml denatured probe. 

TBST:  140 mM NaCl, 2.7 mM KCl, 25 mM Tris-HCl (pH 7.5), 

50 mM MgCl2, 0.1% Tween-20 in H2O. 

Solution 1:    50% formamide, 4x SSC, 2 ml 1% SDS in H2O. 

Solution 2:    50% formamide, 2x SSC in H2O. 

NTMT:  100 mM NaCl, 100 mM Tris-HCl (pH 9.5), 50 mM 
MgCl2, 0.1% Tween-20 in H2O (filter sterilised). 

Alkaline Phosphatase stain: 20 µl/ml of NBT/BCIP in NTMT. 

Embryonic tissue, processed as described in section 2.4.1, was rehydrated through a 5-

min/step methanol series into PBST (twice) and then bleached with 6% H2O2 in PBST 

for 40 min. After 3x 5 min PBST washes, the tissue was digested with 10 µg/ml 

Proteinase K (Roche) for 12-20 min (depending on the size of the tissue), and then 

stopped with 2 mg/ml glycine for 5 min. Tissue was washed again for 2x 5 min in PBST 

and then post-fixed in 0.2% gluteraldehyde in 4% PFA in PBST for 20 min. After a 

further 2 washes in PBST, the tissue was placed in pre-hybridisation solution at 70°C 

for 1 hour or more. Meanwhile, the RNA probe (10 µl per 2 ml reaction well) was 

denatured at 70°C for 10 min. The denatured probe was spun down, cooled on ice, and 

transferred to pre-aliquoted hybridisation solution. Tissue was transferred to this 

hybridisation solution containing denatured RNA probe and incubated at 70°C 

overnight. 

The next day, the samples were washed for 2x 30 min in solution 1 at 70°C, and then 2x 

30 min in solution 2 at 65°C. Following 3x 5 min in 1x TBST at RT, samples were 

transferred to 10% heat inactivated sheep serum (HISS) in TBST to pre-block (prevent 

non-specific binding of the antibody) for at least 3 hours at RT. Meanwhile, 1% HISS in 

TBST was prepared to allow for 2 ml per sample. Antibody solution was then pre-

prepared in which embryo powder (made from homogenised 12.5-14.5 dpc embryos, 
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washed with acetone, dried and ground to a powder with a pestle and mortar) was heat-

inactivated for 30 min at 70°C in 1 ml TBST. The powder was pulsed down to a pellet 

and TBST removed. The powder was then resuspended in 1 ml cold 1% HISS in TBST. 

1 µl of anti-digoxigenin-alkaline-phosphatase conjugated Fab fragments (Roche) per 

reaction sample was added to the embryo powder, and this antibody-HISS-embryo 

powder mix was then placed on a rotator for 1 hour+ at 4°C to pre-absorb the antibody. 

The TBST supernatant containing the HISS and antibody was then transferred back into 

the remaining 1% HISS in TBST and the samples hybridised in 2 ml of this pre-

prepared antibody solution overnight at 4°C.  

The following day, samples were washed in TBST for 3x 5 min at RT, and then 5x 1 

hour before being left overnight in TBST at 4°C. The colour was developed the 

following day by washing the samples 3x 10 min in NTMT. The samples were then 

transferred to a watch glass and incubated in alkaline phosphatase staining solution in 

the dark for colour development. The reaction was stopped with PBST. To remove any 

background staining, the samples were left in PBST for one to three days before being 

fixed in 4% PFA for one hour. The samples were stored at 4°C in PBST with 0.4% 

PFA.  

2.8.4. Imaging and cryosectioning 

To photograph the WMISHs, 1% agarose/H2O plates were used: the samples to image 

were placed on the agarose covered with PBST, and imaged using a Leica MZ16 

dissection microscope with a camera attached.  

Some samples were subsequently processed for cryosectioning by embedding in the 

orientation of choice in optimal cutting temperature (O.C.T.) compound (Sakura) in 

small Beem capsules (Agar scientific).  These were snap-frozen in dry ice and stored at 
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-80°C until ready to cut.  12 µm thick sections were cut using a Microm cryostat (HM 

560). Cryosections were imaged using a Zeiss Axiophot 2.  

2.9. LacZ expression 

To confirm the expression pattern of a Cre transgenic mouse line, the Cre line was 

crossed to R26R – a reporter line containing a LacZ gene downstream of a neomycin 

cassette flanked by two LoxP sites, which is driven by the ubiquitous Rosa26 promoter 

(Soriano 1999). Site-specific recombination between the LoxP sites in the presence of 

Cre recombinase causes the deletion of the neomycin cassette and transcription of the 

LacZ gene. The expression of the product, β-galactosidase, and subsequent enzymatic 

activity, can be assessed by staining with X-Gal. Active β-galactosidase cleaves X-Gal 

to release a blue product that can be detected, and thus the cell-specific location of the 

active Cre promoter can be determined. 

Tissue that was dissected and processed according to section 2.4.4 was fixed (1% PFA, 

0.2% gluteraldehyde, 2 mM MgCl2, 5 mM EGTA, and 0.02% Nonidet P-40 (NP-40) in 

PBS) for 30 min on ice with shaking. This was followed by 3 washes in PBS + 0.02% 

NP-40 before adding the staining solution (5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM 

MgCl2, 0.01% Deoxycholate, 0.02% NP-40, and 1 mg/ml X-GAL in PBS). The colour 

developed in the dark overnight (at RT). Colouring was halted by washing in 3x PBS 

and post-fixing in 4% PFA for 20 min. The stained tissues were stored in 0.4% PFA in 

PBS at 4°C. 

2.10. Immunohistochemistry (IHC) 

The antibodies used to study protein expression by this method (and their corresponding 

concentrations) are detailed below (Table 2-4): 
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Table 2-4: Details of antibodies used and corresponding IHC conditions 

1° Antibody Company Species Conc
n
  

2° Antibody 

Alexa fluor 
Method 

Phospho-histone H3 

(pHH3) (pSer
10

) 

Upstate  

#06-570 
Rabbit 1:500 

α-rabbit 

1:400 
Wholemount 

Phospho-histone H3 

(pHH3) (pSer
28

) 

Sigma  

#H9908 
Rat 1:2000 α-rat 1:300 Wholemount 

PECAM-1/CD31 
BD Bioscience 

#550274 
Rat 

1:250 or 

1:200 
α-rat 1:200 

Wholemount 

Cryosections 

SF1 
Gift from  

K.Morohashi 
Rabbit 1:750 

α-rabbit 

1:200 
Wholemount 

Phospho-SF1 (pSF1) 
Gift from  

H.Ingraham 
Rabbit 1:500 

α-rabbit 

1:500 
Wholemount 

Cleaved caspase-3 
Cell signalling 

#9661S 
Rabbit 1:250 

α-rabbit 

1:500 
Cryosections 

phospho-p38 (pp38) 
Cell signalling 

#4631 
Rabbit 1:100 

α-rabbit 

1:500 
Wholemount 

 

2.10.1. Wholemount IHC 

To investigate protein expression in wholemount tissue, samples stored in 100% 

methanol for less than 7 days were used. All incubation steps were performed with 

agitation. The samples (11.5 dpc UGRs) were washed for 3x 5 min in freshly made 

PBS-BS (PBS with 1% BSA and 11% sucrose). They were then incubated in primary 

antibody (diluted in PBS-BS) overnight at 4°C. The following day, the samples were 

washed in PBS for 3x 2 hours (4°C) and then incubated in secondary antibody in 

PBS-BS overnight at 4°C. The samples were washed the next day 3x 2 hours in PBS at 

4°C and then overnight in PBS at 4°C. If a cell nuclear marker was required, aqueous 

DAPI (1:300 in PBS; Sigma Aldrich) was added to the samples for 15 min the 

following morning. To image the samples, they were first sub-dissected to two single 

gonads and then mounted on slides in PBS, in a sagittal orientation, using silicone 

grease to support the coverslip. They were imaged using a Leica TCS SP5 confocal 

microscope with either a 20X or 40X objective. 
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2.10.2. Imaging and cell counts for pHH3 staining 

The central third of each gonad was imaged using a Leica TCS SP5 confocal 

microscope (40X). For cell counts in the coelomic region, a Z-stack series (10 µm steps) 

was generated for sagittal sections of each sample. Three central sections were then 

chosen 20 µm apart to ensure no cell was counted twice. The number of cells positive 

for pHH3 within the coelomic epithelium of all three sections per sample was 

calculated. The total number of cells within this region was also calculated by counting 

the number of cell nuclei situated above the line of germ cells. Differences between 

samples were assessed using a two-tailed student’s t-test. 

2.10.3. Section IHC 

Cryosections were primarily used because they were more compatible with the majority 

of antibodies being used for protein expression analysis. However, this is very much 

dependent on the antibody used. The method outlined below is specifically for use with 

cryosections.  

Cryosections of tissue, processed as described in section 2.4.2 and using the method 

outlined in 2.8.4, were air-dried for 1 hour. To limit the antibody solution required to 

cover the sections, the sections were encircled with wax by using a wax pen (Vector 

Labs), to contain the solutions. The sections were then re-hydrated in PBS for 10 min 

and blocked in PBS-BT (PBS with 1% BSA and 0.2% triton x-100) for 1 hour. Primary 

antibody in PBS-BT was added and left to incubate overnight at 4°C. The next day, 

slides were washed 4x PBS for 5 min. Secondary antibody in PBS-BT was added for 45 

min at RT, then slides were washed in PBS again for 2x 5 min. Slides were mounted in 

Vectashield with DAPI (Vector Labs) and imaged using a Zeiss Axiophot 2. 
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2.11. Organ cultures 

Prior to the day of use, organ culture agar blocks were prepared using 1.5% bacto-agar 

(DIFCO) in Dulbecco’s Minimal Eagle’s Medium (DMEM) (#21969, Invitrogen) and 

set in a 35 mm culture dish. The agar blocks were equilibrated in 3 ml of organ culture 

medium (10% foetal calf serum, 200 mM L-Glutamine and 50 µg/ml ampicillin in 

DMEM) overnight at 37°C/5% CO2. 

For standard organ cultures, on the day of dissection, samples prepared as in section 

2.4.5 were genotyped for their sex. XX and XY UGRs were then sub-dissected into 

single gonads in organ culture medium. The medium surrounding the agar blocks was 

replaced with 400 µl of fresh medium and the individual gonads were placed in the 

grooves of the agar blocks, with excess medium removed. These were then cultured at 

the air/medium interface in a 37°C/5% CO2 incubator for 48 hours. The cultured gonads 

were subsequently removed from the agar blocks and either fixed in 4% PFA overnight 

before dehydration into 100% methanol for WMISH analysis, or snap frozen in dry ice 

and stored at -70°C for RNA extraction and qRT-PCR analysis. 

For knockdown organ culture, the main principles of the standard culturing apply, but 

the initial preparation before the samples go into culture differs (see section 2.12).   

2.12. Knockdowns 

To optimise a gene knockdown technique in mouse gonads two different methods were 

trialled.  

2.12.1. Magnetofections 

Knockdown using an shRNA, which is taken up by cells of the tissue following a 

magnetofection technique, was attempted following a published protocol (Svingen et al. 
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2009). 11.5 dpc UGRs were collected as described for standard cultures in section 2.4.5 

but in a 12-well plate in L15 medium (Invitrogen). The samples were left on ice while 

they were genotyped for their sex and the plasmid DNA/CombiMAG mix was prepared. 

For each 1 µg expression plasmid, 2.5 µl Lipofectamine 2000 (Invitrogen) was added, 

incubated for 20 min at RT, mixed with 3.5 µl CombiMAG (Chemicell) and incubated 

for a further 20 min. This compound was then injected into the gonadal ridge by 

trialling a variety of methods including a hand-held Transferpette with pulled glass 

capillaries (Fisherbrand), and a mouth-pipette with thin-walled borosilicate capillaries 

(Harvard apparatus). The 12-well plate containing the injected gonads in L15 medium 

was placed on a magnetic plate (Chemicell) for 1 hour at RT. The gonads were 

transferred to pre-equilibrated 1.5% agar blocks (section 2.11) and cultured for 48 hours 

at 37°C/5% CO2. Initially, a pEGFP-C1 expression plasmid (Clonetech #6084-1) was 

used to assess efficiency of uptake into cells. This was assessed by imaging the cultured 

gonads with an Olympus IX81 microscope. Uptake of an Sry-expressing plasmid 

(pcHA-Sry, a kind gift from P.Koopman) into XX gonads was also tested. This method 

was discontinued before use of an shRNA for knockdown was tested. 

2.12.2. Transfections 

For siRNA knockdown, whole embryos were collected in a 24-well plate in Opti-MEM 

reduced-serum medium as described in section 2.4.5. The samples were left on ice for 

approximately 3 hours while they were genotyped for their sex.  The UGRs were then 

extracted from the embryos and transfected overnight at 37°C in a 5% CO2 incubator in 

the presence of two siRNAs both at 200 nM, and 20 nM Lipofectamine RNAiMAX 

(Invitrogen) in the Opti-MEM reduced-serum medium. Two different Silencer Select 

siRNAs (Invitrogen) per targeted gene were used together to increase the chances of 

efficient knockdown. These were as follows: Sox9 (s74192 and s74193), Mapk11 
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(s72152 and s72153), Mapk12 (s78078 and s78079), Mapk13 (s77110 and s77111), and 

Mapk14 (s77113 and s77114). The siRNA/Lipofectamine/Opti-MEM medium solution 

was prepared according to the manufacturer’s recommendations following the ‘Forward 

Transfection’ protocol. Briefly, the amount of siRNA required to make a final 

concentration of 200 nM in 600 µl was made up to 50 µl volume per sample in Opti-

MEM medium. In the same manner, the Lipofectamine RNAiMAX was also made up to 

50 µl volume per sample. These were incubated for 5 min, before the 

Lipofectamine/Opti-MEM compound was combined with the siRNA/Opti-MEM 

compound. These were incubated for 20 min, before 100 µl was added to each well 

containing 500 µl of Opti-MEM medium and the sample. Samples of the same sex, tail 

somite stage and siRNA conditions were pooled together in the same well to save 

reagents.  

The next morning, the samples were sub-dissected into individual gonads in organ 

culture medium (see section 2.11), transferred to a pre-equilibrated 1.5% agar block and 

cultured for 48 hours at 37°C/5% CO2 as described in section 2.11. Following culture, 

the gonads were processed depending on the method of choice to determine the effects 

of the gene knockdown. However, for qRT-PCR analysis, the Qiagen Micro RNA 

extraction kit was used instead of the Nucleospin kit, as it could extract better quality 

RNA in a smaller volume, enabling RNA extraction from single cultured gonads (see 

section 2.7 for details). 5 ng cDNA was subsequently used per qRT-PCR reaction.  

Negative control siRNA samples were always cultured simultaneously using a standard 

non-specific negative control Silencer Select siRNA (Invitrogen). A 200 nM Block-iT 

Alexa Fluor Red Oligo (Invitrogen) was also used to assess transfection efficiency by 

observing the uptake of the Alexa Fluor into the gonad using confocal microscopy. 
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3.1. Introduction 

This chapter focuses on the cellular and molecular characterisations of gonad 

development in the ENU-induced Map3k4 null mutant, byg, on the C57BL/6J 

background. The C57BL/6J background is always preferentially used for studies of 

testis determination, since it is known to be sensitised to disruptions to XY gonad 

development and exhibit high frequencies of XY gonadal sex reversal in some genetic 

contexts in comparison to other strains (Bouma et al. 2007; Bogani et al. 2009). The 

exact cause of this increased susceptibility to XY sex reversal is not confirmed, but a 

report has shown, through expression profiling analysis between C57BL/6J and 

129S1/SvImJ wild-type mice, that higher levels of expression of ovary-determining 

genes are detected in C57BL/6J samples (Munger et al. 2009). Higher levels of Sox9 

expression were also detected, therefore it is likely that in the C57BL/6J wild-type mice; 

the elevated Sox9 counteracts the ovary-determining genes, but in the presence of allelic 

variants that weaken the Sox9 expression, ovary development is more likely to ensue.  

3.1.1. Role of proliferation during sexual differentiation 

Cell proliferation is one of the cellular activities that MAP kinases regulate and it is also 

a vital part of gonad development. Sufficient rates of cell proliferation between 10.8 dpc 

and 11.2 dpc in the gonad are vital for subsequent testis determination in XY gonads; 

inhibition of proliferation within this developmental period prevents the formation of 

testis cords and reduces the expression of testis-specific genes Sox9 and Amh (Schmahl 

and Capel 2003). However, a detectable difference in cell proliferation between XX and 

XY gonads only becomes apparent after 11.25 dpc, since this testis-specific 
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proliferation is part of the testis differentiation process and is induced by Sry (Schmahl 

et al. 2000).   

Proliferating cells are those that are actively undergoing growth and division through 

the cell cycle. The cell cycle consists of two important stages: interphase and mitosis. 

Mitosis is the point at which the cell splits into two identical daughter cells, while 

interphase includes the preparation for mitosis, which is split into three sections: Gap 1 

(G1), synthesis (S), and Gap 2 (G2). G1 immediately follows mitosis, and is when the 

cell starts to increase in size and synthesise proteins and enzymes required for synthesis. 

This is followed by a G1/S checkpoint, to ensure that the cell is ready for DNA synthesis 

(S-phase) and to check for any DNA damage. G1 also contains the exit point for 

quiescent cells which no longer divide; they enter Gap zero (G0), the resting phase, in 

which cells can remain for a long period of time. This quiescent phase is common for 

fully differentiated cells, such as neurons. For cells that are still proliferating, following 

the G1 checkpoint, they enter S-phase during which the chromosomes duplicate such 

that each chromosome consists of two sister chromatids. The cell then enters G2, when it 

again increases in size and prepares for mitosis by synthesising the required molecules, 

such as microtubules. This is followed by a second checkpoint, G2/M, to again ensure 

that the cell cycle can continue, and no errors are present. Mitosis then follows, which is 

split into four different stages: prophase, metaphase, anaphase and telophase. 

During mitosis, the chromatin condenses into highly ordered mitotic chromosomes and 

it is the subsequent correct segregation of sister chromatids into two identical daughter 

cells that is essential (Koshland and Strunnikov 1996). Chromatin is highly organised to 

facilitate the packaging of DNA into the nucleus. DNA is wrapped around core histone 

proteins to form nucleosomes. These nucleosomes then coil around each other into 
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euchromatin, which is the chromosome structure where genes are actively transcribed. 

Chromatin can also be more tightly coiled into heterochromatin structures, which 

prevent the active transcription of genes as the sister chromatids prepare for mitotic 

division. During the prophase stage of mitosis, the chromatin condenses even further 

into metaphase chromatin, which is a very strong structure allowing the separation of 

the sister chromatids into two daughter cells without damaging the DNA. During 

metaphase, the chromatin aligns in the centre of the nucleus, which is mediated by 

microtubules between the centrioles at either end of the nucleus and kinetochores on the 

centrioles of the chromosomes. The sister chromatids are pulled apart and separated 

during anaphase, and the nuclear envelope forms around each pair of chromatids to 

generate two separate daughter cells during telophase. Cytokinesis occurs after mitosis, 

and is the separation of the cytoplasm into the two daughter cells. 

A cluster of four pairs of histone proteins are found within a nucleosome: histone H2A, 

H2B, H3 and H4. A fifth, H1, is a linker histone which links adjacent nucleosome cores 

to further compact the chromatin. These histones have vital roles in the condensation of 

the chromatins during mitosis, and two phosphorylation sites within the N-terminal of 

histone H3 have been identified. Phosphorylation at both serine-10 (pSer
10

) and serine-

28 (pSer
28

) coincides with the induction of mitotic chromosome condensation and so 

antibodies against either of these phosphorylation sites have been developed for use as 

markers for proliferating cells that are undergoing mitosis (Goto et al. 1999). These 

anti-phospho-histone H3 (pHH3) antibodies detect phosphorylation at either the Ser
10

 or 

Ser
28

 sites. Ser
10

 phosphorylation is initiated during G2 (late interphase) on 

pericentromeric heterochromatin and then increases during prophase until maximum 

phosphorylation in metaphase. Dephosphorylation is initiated in anaphase and is 

completed by decondensation of the chromatin, therefore showing that it is a mitosis-
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specific event (Hendzel et al. 1997). Ser
28

 phosphorylation is initiated in prophase, the 

onset of mitosis, which is slightly later than the initiation of pSer
10

 (Goto et al. 1999). 

Detection of phosphorylated histone H3, at Ser
10

, forms the core of the cell proliferation 

analysis in this results chapter (section 3.2.1). 

Another method of detecting proliferating cells is based on incorporation of 

bromodeoxyuridine (BrdU), an analogue of thymidine, into the DNA of cells during S-

phase (Lengronne et al. 2001). An antibody can then be used to detect BrdU and 

therefore identify cells undergoing DNA replication. However, this method of detection 

cannot be directly compared to methods using pHH3 antibodies, since BrdU detects 

cells that were in S-phase during the application of BrdU, and pHH3 antibodies only 

detect cells currently in mitosis. S-phase occupies a longer period of the cell-cycle than 

mitosis, meaning that more cells will be in S-phase than mitosis at any given time of 

detection.  

The MAP kinase cascade can regulate the cell cycle and proliferation in a variety of 

ways. G1 progression is controlled by the D group of cyclins, and ERK1/2 is known to 

activate D1 cyclin, allowing progression of the cell cycle through to mitosis. In contrast, 

p38 MAPKs inhibit D1 cyclin, which causes G1 mitotic arrest, blocking the cell cycle 

(Lavoie et al. 1996). Therefore, gonadal cell proliferation in the Mapk3k4
byg/byg

 mutant 

was examined in detail between 11.5 dpc and 12.1 dpc, when a significant divergence in 

rates between male and female was expected. This analysis assessed the expression of 

pHH3 to specifically detect cells in the mitotic phase of the cell cycle.  

3.1.2. Sry transcriptional regulators  

Sry expression was found to be significantly reduced at 11.5 dpc in the XY 

Map3k4
byg/byg

 mutant (Bogani et al. 2009). One approach to study the molecular basis of 
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this defect is to study potential Sry transcriptional regulators via a candidate approach. 

There are a number of such potential regulators that have been identified over recent 

years. Steroidogenic factor 1 (SF1 or NR5A1) is an orphan nuclear receptor and a 

critical regulator of sex determination (Luo et al. 1994). Sf1 expression in somatic 

precursor cells is vital for the expression of Sox9, and therefore testis differentiation 

(Sekido and Lovell-Badge 2008). In vitro transfection studies have shown that SF1 

binds and activates both the human and pig SRY promoter, while in vivo studies in mice 

have shown that SF1, with CITED2, can regulate Sry expression making SF1 a good 

candidate for an Sry activator in mice (Pilon et al. 2003; Buaas et al. 2009; Sekido and 

Lovell-Badge 2009). 

An interesting link exists between SF1 and MAP kinase signalling in that SF1 is 

activated following phosphorylation of a single serine residue (Ser
203

), which is located 

within the activation function domain in the hinge of the protein (Hammer et al. 1999). 

This Ser
203

 residue also resides within a consensus MAPK activating site, which means 

that the phosphorylation of this residue, and therefore the SF1 protein, is stimulated 

directly by a MAPK protein, likely to be ERK2 (Hammer et al. 1999).  

Other putative Sry transcriptional regulators include WT1(+KTS), GATA4 and CBX2 

(M33). WT1 and GATA4 are also known to be activated through phosphorylation so 

also provide good candidates for further study. However, work in this thesis focuses on 

SF1 and its activated form.  
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3.2. Results 

3.2.1. Analysis of cell proliferation in boygirl embryonic gonads 

Due to the association between MAPK activity and growth, and previous studies on the 

role of cell proliferation in XY gonad development (Schmahl et al. 2000; Schmahl and 

Capel 2003), a detailed analysis of cell proliferation in the gonadal coelomic region of 

this mutant was performed using wholemount immunohistochemical analysis and 

confocal imaging. Using the mutation on the C57BL/6J background, embryos from 

byg/+ intercross matings were collected at 11.5 dpc (17-18 tail somites (ts)), 11.8 dpc 

(20-22 ts) and 12.1 dpc (24 ts). To visualise cells in the mitotic phase of the cell cycle, 

an antibody raised in rabbits against phosphorylated histone H3 (pHH3) was used. This 

antibody detects HH3 phosphorylated at Ser
10

 (pSer
10

), which is restricted to early 

mitotic cells and some cells during G2 interphase (see section 3.1.1 for more 

information). To distinguish somatic cells from germ cells, a rat-developed antibody 

against platelet/endothelial cell adhesion molecule (PECAM), which marks the 

membrane of primordial germ cells and endothelial cells, was used at the same time. 

Following immunohistochemistry and confocal imaging, detailed cell counts in the 

coelomic region were performed at each stage in XY +/+, XX +/+ and XY byg/byg 

gonads (see 2.10.2 in the Materials and Methods for details). Somatic cell proliferation 

in XY byg/byg gonads appeared reduced in comparison to wild-type XY embryonic 

gonads at all stages examined (Figure 3.1 and Table 3-1). From 11.8 dpc onwards, the 

coelomic region of XY wild-type gonads was thickened and contained a larger number 

of somatic cells compared with XY byg/byg gonads, which resembled XX wild-type 

gonads of the same stage. It is possible to conclude from these data that cellular 

proliferation, and thus gonadal growth, in the coelomic region is severely compromised 

in XY byg/byg gonads. 
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Figure 3.1: Reduced gonadal growth in XY byg/byg embryos between 11.5 and 12.1 dpc 
(A) Somatic cell proliferation within the coelomic region of XY byg/byg gonads was analysed by 

confocal imaging following wholemount immunostaining with anti-pHH3 (red, mitotic cells) and anti-

PECAM (green, germ cells), and results compared to XY +/+ and XX +/+ gonads. Cell nuclei were 

visualised using aqueous DAPI (blue). Embryos were accurately staged by counting the tail somites 

(ts). The coelomic growth zone in the epithelium of XY +/+ gonads is shown in white brackets. Both 

the coelomic region and number of proliferating cells are reduced in the XY byg/byg gonads. Images 
were taken with a 40x objective. Gonads were mounted in a sagittal orientation as shown by labelling 

in the top right. Scale bar = 75 µm. CE, coelomic epithelium; EC, endothelial cell; G, gonad; GC, 

germ cell; M, mesonephros.  

(B) Graphical representation of cell numbers. Error bars represent standard error of the mean. 
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Table 3-1: Cell proliferation in the XY byg/byg gonad  

Cell counts for the number of mitotic and total somatic cells within the coelomic region of wild-type 

(+/+) and byg/byg gonads between 13 and 24 tail somite (ts) stages. Average of N number of samples is 

shown. 

 13 ts 18 ts 20-22 ts 24 ts 

 N Mitotic Somatic N Mitotic Somatic N Mitotic Somatic N Mitotic Somatic 

XY +/+ 4 6.00 216.0 6  4.17 268.0 7  7.71   444.0 2 8.50   546.0 

XY byg/byg 4 6.25 195.3 5  2.00*
a 

281.4 8  5.50*
b 

 349.3*
c 

2 3.00
 

 277.0*
d 

XX +/+ 3 4.00 211.0 5  4.20 306.6 6  6.50  340.0*
e 

4 4.25
 

 317.8*
f 

* Values are significantly different from respective XY wild-type data using a two-tailed student t-test 

where p=<0.05. Individual p values: a=0.01, b=0.043, c=0.001, d=0.038, e=0.002, f=0.003 

 

To ascertain whether the proliferation in the XY byg/byg gonads was also reduced 

during the stage critical for testis determination (10.8 – 11.2 dpc), 13 ts gonad samples 

were also analysed. Preliminary cell counts of 4 samples per genotype suggests that 

there is no significant difference between both the number of mitotic and the number of 

somatic cells within the coelomic region of XY byg/byg samples and XX +/+ controls in 

comparison with XY +/+ controls (Table 3-1 and Figure 3.2A). Therefore, the 

difference in proliferation that is observed in the XY byg/byg gonads at 11.5 dpc is most 

likely a consequence of the failure to appropriately up-regulate Sry expression and 

activate cellular pathways of testis morphogenesis. An earlier defect in cellular 

proliferation as the cause of reduced Sry expression cannot be excluded, but such a 

defect was not obviously detectable with the assays and reagents used here. 

3.2.2. Apoptosis 

Another potential explanation for the decreased volume of cells in the coelomic region 

in byg/byg XY gonads is increased apoptosis. Also, increased levels of apoptosis have 

been described previously in the neural tube of mice lacking Map3k4 (Abell et al. 2005; 

Chi et al. 2005). To detect apoptotic cells, an antibody against cleaved caspase-3 was 

used. Caspase-3 is a protein that is activated specifically during the process of apoptosis 

and is one of the ‘effector’ caspases required to trigger the cell death programme. This 
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Figure 3.2: Analysis of proliferation at 11.0 dpc and apoptosis at 11.5 dpc 
(A) Cell proliferation was examined at 11.0 dpc (13 ts) in the same way as for Figure 3.1A. The number 

of mitotic cells in the coelomic epithelium, and the number of somatic cells, were counted in all three 

samples. No obvious difference was observed. 

(B) Apoptosis was examined in transverse cryosections of 11.5 dpc byg tissue using an anti-cleaved 

caspase-3 antibody (red). Anti-PECAM antibody (green) was used to detect germ cells in the gonad, 

while nuclei were counterstained with DAPI (blue). The gonadal area (g) is highlighted within the white 

semi-circle. Hardly any apoptotic cells were observed in any sample, and most apoptotic cells that were 
present resided in the mesonephric tubules (MT). WD, Wolffian duct; m, mesonephros. 

(C) The antibody was first tested on control tissue to check efficiency. Sections were through dorsal 

root ganglion (transverse) and the interdigital mesenchyme of 14.0 dpc hindlimb (transverse).  
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activation occurs by cleavage of the inactive zymogen into two subunits which dimerise 

to form an active enzyme that the anti-cleaved caspase-3 antibody recognises. The 

number of apoptotic cells was studied in XY byg/byg gonads compared to controls at 17 

ts by immunohistochemistry on transverse cryosections (Figure 3.2B). Very few 

positive cells were observed in either mutant or control samples, suggesting that  

apoptosis is unlikely to play a role in the reduced growth of the XY byg/byg gonads. 

The activity of the antibody was validated by analysing the interdigital mesenchyme of 

the developing limb, as well as sections of the dorsal root ganglion, as positive controls 

(Figure 3.2C). The few apoptotic cells that were observed in the gonadal samples were 

usually found in the mesonephric tubules and duct, or on the gonad/mesonephros 

border. This is consistent with previous studies of apoptosis in the developing mouse 

gonad (Schmahl and Capel 2003). 

3.2.3. SF1: a missing link between MAP kinase signalling and Sry? 

Due to the reduction of SRY expression in XY byg/byg gonads, the expression of SF1 

(a potential transcriptional regulator of Sry) in XY byg/byg and control gonads was 

investigated using an anti-SF1 antibody (a kind gift from K.Morohashi). Analysis at 11 

ts (just before the normal up-regulation of Sry (Koopman et al. 1990; Hacker et al. 

1995; Bullejos and Koopman 2001)) revealed nuclear expression in the somatic cells 

throughout the gonad with no obvious differences with respect to either the number of 

cells expressing the protein or the sub-cellular localisation of the protein in any samples 

examined (Figure 3.3A-D). Expression of SF1 at 11.5 dpc (20 ts) in wild-type XY and 

XX gonads was also tested (Figure 3.3E-F). Expression was seen in somatic cells 

throughout the gonad with no sex-specific differences observed at this stage, which is 

consistent with previous reports (Ikeda et al. 1994).  
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Figure 3.3: Analysis of SF1 expression in XY byg/byg gonads 
Wholemount immunohistochemistry using antibodies against both SF1 and activated SF1 (pSF1) were 

performed to show the location of SF1-positive somatic cells in the gonad, in comparison with pSF1 
cells. The colocalisation of pSF1 with mitotic cells was also determined using a rat anti-pHH3. Images 

show sagittal confocal (optical) sections taken with a 40x objective, unless otherwise stated.  

(A-D) Anti-SF1 (red) with anti-PECAM (green) on 11 ts gonads: (A) Control sample taken with a 10x 

lens to show full size of 11 ts gonad. Gonadal tissue is highlighted by SF1 expression, and at this stage 

is a thin layer of cells along the top of the urogenital ridge structure. (B-D) Expression of SF1 in XY 

+/+, XY byg/byg and XX +/+ samples respectively. No qualitative difference observed between either 

the number of cells expressing SF1 or the subcellular localisation. (E-F) Expression of SF1 in XY (E) 

and XX (F) wild-type 20 ts samples confirms no difference between sexes at this stage. (G-I) 

Expression of pSF1 (red) in XY +/+, XY byg/byg and XX +/+ samples, respectively, at 15 ts stage. 

Expression seems to be localised to the coelomic epithelium (large bright cells). This anti-pSF1 

antibody also appears to highlight unphosphorylated-SF1 (smaller cells). (J-L) Expression of pSF1 at 

21 ts with nuclei marked with DAPI. (M-T) Samples were co-stained with a rat anti-pHH3 (nuclear, 
green) to determine if pSF1 cells colocalised with mitotic cells. Rat anti-PECAM (membrane marker, 

green) was also used to distinguish the gonad from the mesonephros. (M) and (Q) are maximum 

projection images; (N-P) and (R-T) are single section images showing colocalisation of pSF1 with 

pHH3. All pSF1-positive cells were also pHH3-positive, but pHH3-positive cells were not always 

pSF1-positive. XY byg/byg samples are not shown because there was no difference.  

Scale bars represent: 250 µm (A), 75 µm (B-L), and 50 µm (N-P and R-T). 
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The activated form of SF1, which is phosphorylated at Ser
203

, was also examined using 

a specific antibody against this phosphorylated form (pSF1; a kind gift from 

H.Ingraham). XY byg/byg, XY +/+ and XX +/+ samples at both 15 ts and 21 ts stages 

were assessed and a subset of pSF1-positive cells were observed mainly within the 

coelomic epithelium at both stages, with no difference between the XY byg/byg and 

controls (Figure 3.3G-L). However, the antibody also appeared to detect other cells 

within the coelomic epithelium (albeit with a reduced intensity), which are potentially 

unphosphorylated SF1-positive cells, so the specificity and reliability of this antibody is 

questionable.  

As most expression of pSF1 appeared to be localised to the coelomic epithelium, some 

samples were co-immunostained with rat anti-pHH3 (pSer
28

) to determine if the positive 

cells co-localised. Rat anti-pHH3 antibody was used rather than the rabbit pSer
10

 anti-

pHH3 used in the previous proliferation studies since anti-pSF1 was also raised in 

rabbit: the distinct secondary antibodies could then detect each in a different colour, and 

overlapping cells would be detected. However, expression of PECAM was also required 

to detect germ cells and differentiate the gonadal tissue from the mesonephros, and anti-

PECAM was raised in rat. Due to the different subcellular localisations of both anti-

PECAM (membrane marker of germ cells) and anti-pHH3 (nuclear marker of mitotic 

cells) though, it was possible to use antibodies raised in the same species.  At 11.0 dpc, 

all pSF1-positive cells were also positive for pHH3 in both XY and XX wild-type 

samples. However, not all pHH3-positive cells were positive for pSF1 (Figure 3.3M-T). 

Using the maximum projection confocal images, where the Z stacks are flattened into 

one image enabling all positive cells to be visualised together, cell counts of both pSF1- 

and pHH3-positive cells in the coelomic epithelium of 12-14 ts samples were counted 
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(Table 3-2). No significant difference was observed between either XY byg/byg and XY 

+/+, or XX +/+ and XY +/+, with respect to both average pHH3- or pSF1-positive cells.  

Table 3-2: pSF1-postive cells versus mitotic cells in the XY byg/byg gonad 
Cell counts in the coelomic epithelium of 12-14 ts samples using maximum projection 

confocal images. The results are an average across the number (N) of samples analysed. 

Statistical analysis was performed with a two-tailed student’s t-test compared to XY +/+ 
samples, at 95% confidence (p value). 

 
N 

pHH3 pSF1 
 Average p Average p 

XY +/+ 7 12.00  7.00  

XY byg/byg 4 9.75 0.439 6.25 0.695 

XX +/+ 4 15.25 0.324 6.75 0.924 
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3.3. Discussion 

A point mutation in the open reading frame of Map3k4, which causes an early 

truncation of the protein before the critical kinase domain, has been identified in byg 

mutants. This null mutation causes embryonic phenotypes including neural tube defects, 

oedema and, on the C57BL/6J background, complete male-to-female XY gonadal sex 

reversal. To analyse the cellular effects of this Map3k4
byg

 mutation on gonad 

development at the sex-determining stage, cell proliferation was examined. Most of the 

theory and planning of these experiments was prepared in the light of publications 

showing that cell proliferation in the male gonad is not only induced by Sry, but at an 

earlier stage, cell proliferation is also necessary for testis development (Schmahl et al. 

2000; Schmahl and Capel 2003). This critical stage of proliferation was identified 

between 10.8 and 11.2 dpc. Inhibition of embryonic cell proliferation between this time-

frame blocked testis cord formation in XY gonads and, therefore, the testis pathway 

(Schmahl and Capel 2003). However, as noted by the authors, a difference in cell 

proliferation between XX and XY gonads could not be detected at this stage. The 

detectable male-specific proliferation occurs in the coelomic epithelium after 16 ts 

(11.25 dpc) (using the genetic background and detection methods the authors describe), 

but in two different stages (Schmahl et al. 2000). Coelomic epithelial cell proliferation 

prior to 18 ts occurred in SF1-positive cells; precursors for Sertoli cells and Leydig 

cells. Cell proliferation after 18 ts occurred in SF1-negative cells which differentiated 

into interstitial cells. Both stages of male-specific cell proliferation were found to be 

Sry-dependent, and the authors therefore concluded that it was induced by Sry. These 

two stages of proliferation were supported by earlier cell lineage tracer experiments 

using DiI labelled cells (Karl and Capel 1998). Pre-Sertoli cells arose from the coelomic 
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epithelium prior to 18 ts, whilst cells labelled from 18 ts onwards differentiated into 

unidentified interstitial cells.  

To ensure an adequate time-frame to observe potential differences between XY byg/byg 

mutant gonads and XY controls, 17 ts to 24 ts gonads were chosen for the main analysis 

of cell proliferation. The levels of proliferation observed during these experiments, even 

in XY wild-type gonads, never reached the numbers reported by Schmahl et al (2000). 

Also, no significant differences with either the number of proliferating cells, or the total 

number of somatic cells, between wild-type male and female at 11.5 dpc (17-18 ts) were 

observed. The reason that significant increases in XY cell proliferation at 11.5 dpc 

could not be replicated here may be due to region- or stage-specific differences in 

different genetic backgrounds or the different methods used to detect proliferative cells. 

The original experiments used BrdU (Schmahl et al. 2000), and as mentioned in the 

Introduction to this chapter, BrdU-labelling would detect a higher proportion of 

proliferating cells due to its incorporation into S-phase. While another group did detect 

a sexually dimorphic difference at 13 ts between XX samples with an inducible Sry 

transgene and XX controls, they only achieved this during organ culture with BrdU 

labelling under very specific conditions (Hiramatsu et al. 2009). They were unable to 

replicate this difference between 11.5 dpc XX and XY wild-type embryonic gonads in 

vivo using either pHH3 or BrdU (Y.Kanai, personal communication).  

Whatever the details of the sex-specific differences in cell proliferation are in different 

contexts, it is clear that XY byg/byg gonads do not grow to the same extent as their 

wild-type counterparts. The results presented established that the total number of cells 

in the coelomic region of XY byg/byg gonads was significantly reduced compared to 

XY wild-type littermates, and was instead very characteristic of the XX wild-type 
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control at 22 ts onwards. The number of mitotic cells in this region was also decreased 

in the byg/byg XY gonads from 18 ts onwards (therefore meaning a significant 

reduction in the rate of proliferation at this stage). During analysis at 13 ts, to determine 

if the mutation in Map3k4 affected cell proliferation rates before the Sry-dependent 

stage, no significant differences were observed in the coelomic epithelium between XY 

+/+ and XY byg/byg samples (or XY +/+ and XX +/+ samples). Since the cells that are 

sensitive to the inhibition of proliferation during the critical proliferative phase have not 

yet been identified (Schmahl and Capel 2003), a defect in proliferation in these cells of 

the byg mutant cannot be ruled out, but obvious differences throughout the gonad were 

not observed. 

Examination of SRY expression in XY byg/byg gonads at 11.0 dpc reveals reduced 

numbers of SRY-positive cells and reduced levels of SRY within these cells (Bogani et 

al. 2009). However, the relationship between proliferation in the coelomic region and 

Sry expression in pre-Sertoli cells is unclear. Even though no difference in cell 

proliferation between mutant and wild-type gonads is observed at 13 ts, taking into 

account how difficult it is to observe subtle differences, it is not easy to conclude 

whether i) the initiation of the female pathway in XY byg/byg gonads and the reduced 

proliferation rate at 18 ts is due to reduced Sry expression within the critical time 

window of 11.0 to 11.25 dpc failing to initiate testis development (Hiramatsu et al. 

2009); or ii) whether the disrupted MAPK pathway is affecting proliferation through 

inhibition of cyclin D1, and thus the necessary rate of proliferation required in the 

critical window of 10.8 to 11.2 dpc to initiate testis development is not achieved 

(Schmahl and Capel 2003). Even so, testis-specific proliferation is a result of Sry up-

regulation, rather than Sry up-regulation being a result of increased proliferation 

(Schmahl et al. 2000). Therefore, the MAPK pathway may well affect cell proliferation, 
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but the reduction of Sry expression is most likely the real cause of the failure to initiate 

the testis pathway. 

In an attempt to determine how the MAP3K4-activated signalling pathway activates Sry 

transcription, I assessed the levels and patterning of SF1 expression during similar 

stages of development. No abnormalities in either the levels of SF1, the number of cells 

expressing SF1, or the cellular localisation of SF1 were observed between 10.5 and 11.5 

dpc. It is therefore necessary to look at the expression profiles of other potential Sry 

transcriptional regulators, such as GATA4/FOG2, CBX2 and WT1 (+KTS). This work 

is being addressed by other members of the laboratory. 

It is impossible to determine the cell-type specificity of MAPK activity during testis 

determination by using a constitutive Map3k4 knockout. One way to address this would 

have been to make conditional knockouts of Map3k4 in specific gonadal cell-types 

using different Cre deleters. However, during the early stages of this project, the floxed 

allele of Map3k4 was not available, so efforts were targeted on the downstream MAPKs 

instead to try and ascertain the cellular and molecular mechanisms. 
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4.1. Introduction 

The byg mutant has revealed a completely novel aspect of gonad development, but the 

mechanistic details of MAP kinase signalling during the process of sex determination 

still remain unclear. As mentioned in the main Introduction, MAP3K4 can 

phosphorylate three different downstream MAP2Ks (MKK3, MKK4 and MKK6), 

which lead to the activation of either p38 or JNK MAPKs. To further elucidate the 

downstream MAP kinase components functioning during testis determination, analysis 

was focused at the MAPK level. MAP3K4 can indirectly activate either JNK or p38 

MAPKs, so either could be worthy candidates for further study. However, they are not 

simple protein families to investigate because each is encoded by multiple genes.  

There are three different JNKs: JNK1, JNK2 and JNK3, which are comprehensively 

reviewed by Aouadi et al and Davis (Davis 2000; Aouadi et al. 2006). Each MAPK 

group has its own characteristic Thr-X-Tyr phosphoacceptor loop, and for the JNK 

family this is Thr-183-Pro-Tyr-185 (Kyriakis et al. 1991; Kyriakis et al. 1994). This 

dual phosphorylation motif can be specifically activated by either MKK4 or MKK7 

MAP2Ks. The Jnk1 and Jnk2 genes (officially designated Mapk8 and Mapk9, 

respectively) are expressed ubiquitously while Jnk3 (Mapk10) is restricted to the heart, 

brain and testis (Martin et al. 1996). However, there is a great deal of functional 

redundancy between the three Jnk genes, which, alongside the many different 

alternatively spliced variants of each gene, highlights the difficulty in studying the 

function of each by simple targeted gene disruption. Single knockouts of each gene have 

been generated and result in no detrimental effects to development or fertility, although 

the differentiation of some immune cells was altered (Yang et al. 1997; Dong et al. 
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1998; Yang et al. 1998). However, double knockouts generated for each combination 

revealed that JNK1 and JNK2 were vital to embryonic development, as this double 

knockout was lethal by 11.5 dpc due to exencephaly and apoptosis defects in the brain. 

Neither of the other two double knockouts exhibited a detectable developmental defect 

as both survived normally, although fertility tests were not reported (Kuan et al. 1999).  

In contrast, there are four different p38 MAPKs: p38alpha (p38α), p38beta (p38β), 

p38gamma (p38γ) and p38delta (p38δ). These members of the p38 MAPK family are 

approximately 60% identical in their amino acid sequences; p38α and p38β share 75% 

homology, p38γ and p38δ are approximately 65% identical, and approximately 60% 

identity is observed between the other pair combinations (Jiang et al. 1997). These 

kinases represent related, but distinct, MAPK subgroups which arose through ancestral 

duplication (Caffrey et al. 1999). This is clarified by the observation that the genes 

encoding the p38α/β/γ/δ MAPKs Mapk14, Mapk11, Mapk12 and Mapk13, 

respectively) are found on two different mouse chromosomes: Mapk14 and Mapk13 (the 

genes encoding p38α and p38δ, respectively) are located next to each other on Chr 17, 

while Mapk11 and Mapk12 (the genes encoding p38β and p38γ, respectively) are found 

on Chr 15. These syntenic groups are also conserved in humans on Chr 6 and Chr 22.  

The specific phosphoacceptor loop for the p38 family of MAPKs is Thr-180-Gly-Tyr-

182, which is activated predominately by the MAP2Ks MKK3 and MKK6, but can also 

be activated by MKK4 (Dérijard et al. 1995; Raingeaud et al. 1995; Han et al. 1996). 

These MAP2Ks have distinct specificities for the p38 MAPKs. MKK3 selectively 

activates p38α, p38γ and p38δ, while MKK6 can activate all four p38 MAPKs (Enslen 

et al. 1998). MKK4 is specific to p38α but can also activate p38δ (Jiang et al. 1997). 

The p38 MAPKs also have different expression patterns, with p38α being relatively 
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ubiquitous while the others are more tissue-specific, such as, p38β in the brain, p38γ in 

skeletal muscle and p38δ in endocrine glands including the testes (Hu et al. 1999; 

Beardmore et al. 2005). A mouse knockout of each isoform has been generated but the 

knockout of Mapk14 (p38α) is the only one that is embryonically lethal. The Mapk14
−/−

 

embryos die by 10.5 dpc due to a placental defect (Adams et al. 2000; Mudgett et al. 

2000; Tamura et al. 2000). All the other knockouts develop normally and are viable and 

fertile (Beardmore et al. 2005; Sabio et al. 2005), although a more recent knockout of 

Mapk13 (p38δ) suggests the involvement of this kinase with enhanced glucose tolerance 

(Sumara et al. 2009).  

Data from our laboratory indicates that inhibition of p38 MAPK signalling disrupts XY 

testis development in vitro. Culturing of wild-type 11.5 dpc XY gonads for 48h in the 

presence of a highly selective inhibitor of p38α and p38β (SB202190) dramatically 

reduced the expression of Sox9 and caused up-regulation of the ovarian marker, Wnt4, 

suggesting that inhibition of this p38 activity causes partial XY gonadal sex reversal 

(Bogani et al. 2009). Moreover, evidence suggests that human SRY is a possible target 

of p38 MAPK signalling in cultured keratinocytes (Gazel et al. 2008). Previous reports 

suggest that interleukin-1 induces Sertoli cell proliferation via p38 MAPK signalling in 

in vitro rat Sertoli cell cultures (Petersen et al. 2005), and a function of p38 MAPK in 

control of SOX9 mRNA stability has been shown in both human THP-1 monocytes and 

human chondrocytes (Frevel et al. 2003; Tew and Hardingham 2006). For these reasons, 

I decided to focus on the p38 MAPK pathway instead of the JNK pathway, and so first 

determined the expression of all four p38 MAPK genes in the embryonic gonad.  
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4.2. Results 

4.2.1. Expression of p38 MAPK genes during development 

To investigate the expression of the different p38 isoforms during gonad development, 

digoxygenin (DIG)-labelled RNA riboprobes were designed to the 3’-untranslated 

region (UTR) of each gene. All 3’UTR probes (except for Mapk14) were then 

hybridised to the relevant gene transcript through wholemount in situ hybridisation 

(WMISH). For Mapk14, hybridisation of a 3’UTR probe was not successful, so a probe 

generated from an IMAGE clone of this gene was used instead. Expression of all genes 

was analysed in 10.5 dpc whole embryos and gonads between 11.0 and 13.5 dpc, using 

C57BL/6J wild-type tissue.  

The expression of Mapk14 (the gene encoding p38α) had previously been identified in 

many regions of the 10.5 dpc embryo, including the heart, limb buds and somites 

(Adams et al. 2000). In adult mice, p38α is relatively ubiquitous, with expression shown 

by Western blot in the spleen, liver, lung, brain, thymus, heart, kidney, adrenal glands, 

skeletal muscle and within the follicles of the ovary (Lee et al. 2000; Beardmore et al. 

2005; Ventura et al. 2007; Liu et al. 2010).  However, expression had not previously 

been assessed in embryonic gonads. During my analysis of Mapk14 by WMISH, 

expression was found throughout the whole 10.5 dpc embryo within the ventral region 

of the rostral-caudal axis, with strong expression in the heart and limb buds (Figure 

4.1A). In gonadal tissue, Mapk14 was expressed at all stages examined between 11.0 

and 13.5 dpc (Figure 4.1B). At 13.5 dpc this expression seemed stronger within the 

testis cords, and was also strong in ovaries (Figure 4.1C). Cryosection data of 13.5 dpc 

stained testes and ovaries confirmed that while expression was weak, it was present 
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Figure 4.1: Analysis of Mapk14, Mapk11 and Mapk12 by WMISH  
WMISHs were performed on C57BL/6J wild-type tissue. (A-E) Expression of Mapk14 (p38α). (A) At 

10.5 dpc, expression is localised to the ventral side of the rostral-caudal axis of the whole embryo. (B) 

Expression in the gonads between 11.0 and 13.5 dpc. In 13.5 dpc tissue, expression is localised to the 

ovary and cords of the testis (C). This expression is confirmed by cryosections cut in a sagittal 

orientation for the ovary (D), and in a coronal orientation for the testis (E). (F-H) Expression of Mapk11 
(p38β) in whole 10.5 dpc embryos (F) and gonads at 12.5 dpc (G) and 13.5 dpc (H) seems to be 

ubiquitous. (I-K) Expression of Mapk12 (p38γ) is not detected in 11.0 dpc gonads (I), but is at 13.5 dpc 

(J) and 14.5 dpc (K), where it is visible in the cords of the testes. Scale bars are shown with the size 

marked. 
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within testis cords of coronal sections and on the outer surface of the ovary from sagittal 

sections (Figure 4.1D-E).  

Mapk11 (the gene encoding p38β) is less well characterised than Mapk14. Western blot 

analysis of adult tissue has found high levels of expression in the brain, thymus and 

spleen, with lower levels in kidney, heart, adrenals, liver and lung (Beardmore et al. 

2005). My analysis of Mapk11 shows ubiquitous expression throughout the whole 10.5 

dpc embryo and also in 12.5 dpc and 13.5 dpc testes and ovaries (Figure 4.1F-H).  

Mapk12 (p38γ) expression is less widespread and highest in skeletal muscle and lung 

(Beardmore et al. 2005). My analysis by WMISH shows that in the gonad, expression of 

Mapk12 seems to be similar to Mapk11 expression, although by 13.5 dpc expression 

was visible within the testis cords (Figure 4.1I-K). 

Previously published analyses of Mapk13 (the gene encoding p38δ) suggest more 

relevance to developmental processes. It is less widespread than the other genes, as 

protein expression seems to be restricted to the heart, kidney, adrenals, thymus and 

brain in the tissues analysed from adult mice (Beardmore et al. 2005). Also, RNA 

analysis by Northern blot has shown strong expression in adult testes, lung and kidney, 

and using WMISH in embryos expression is seen in increasing numbers of epithelial 

tissues as the embryo develops, suggesting that Mapk13 is a developmentally regulated 

MAPK (Hu et al. 1999).  During my embryonic gonad WMISH analyses, expression 

was seen in the gonad by 11.5 dpc. At 10.5 dpc there was little, if any, expression in the 

gonads, while some was seen at 16 ts (Figure 4.2A-B). From 11.5 dpc onwards, strong 

expression was seen in the XY gonad and Wolffian duct, and while WMISH cannot 

provide quantitative results, expression in the XX gonad did appear weaker (Figure 

4.2C-D). Cryosection data confirmed the gonadal expression, which in females was 
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Figure 4.2: Analysis of Mapk13 by WMISH 
WMISH was performed on C57BL/6J wild-type tissue between 10.5 dpc and 13.5 dpc. (A) At 10.5 dpc (8 

ts), expression was not detected in the gonads, but was in the Wolffian duct (arrows). (B) By 16ts, 

expression was more visible in the gonads, particularly of the male (XY). (C-D) Expression was overt 

from 11.5 dpc (18 ts) onwards in both male and female gonads, with apparent stronger expression in the 

male. Strong expression is visible in the Wolffian ducts (black arrows) and also in the ureteric buds 

(white arrows) where the kidneys are starting to form. (E-F) Transverse cryosection data confirms the 

strong expression in the Wolffian duct (black arrows), and within the gonads of both sexes (area within 

dotted line). Expression is not in the coelomic epithelium of either sex (area outside dotted line), and in 

the female (E) it seems to be in the outer half of the gonad only. (G-H) At 13.0 dpc (G) and 13.5 dpc (H), 
expression is very strong in the testis cords. (I) Expression is also strong in the kidney (k, area within 

dotted line). (J-L) Cryosection data in a coronal orientation of 13.5 dpc ovaries (J) and testes (K,L) shows 

expression primarily within the testis cords. Scale bars = 500 µm (A-D, G-I), 100 µm (J-K) and 50 µm 

(E,F,L). 
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localised to the outer half of the gonad in comparison with full gonadal expression in 

the male (Figure 4.2E-F). Expression was also absent from the coelomic epithelium, 

comprising the outer few layers of cells surrounding the gonad in both sexes. By 13.5 

dpc, expression was very strong in the testis, and was found predominantly in the cords, 

while less expression was visible in the ovary (Figure 4.2G-H). Expression was also 

very strong in the kidney (Figure 4.2I). Cryosection data of testes at 13.5 dpc, in a 

coronal orientation, revealed strong expression within the testis cords (Figure 4.2J-L). It 

was not possible to determine the cell-type specificity of this expression, as signal 

seemed to be present throughout the whole cord. This could suggest that it was 

expressed in both Sertoli cells and germ cells, but this would have to be confirmed by 

further analysis, such as expression analysis in germ cell-free gonads. 

4.2.2. Analysis of p38 MAPK expression levels using qRT-PCR 

To validate the observations from the WMISH data, quantitative real-time reverse-

transcriptase PCR (qRT-PCR) was performed using TaqMan gene expression assays for 

each gene (see section 2.7 in Materials and Methods for details).  

XX and XY gonads, with the mesonephros removed, were collected at 11.5, 12.5 and 

13.5 dpc. Due to the small amount of tissue from which RNA needed to be extracted, 

three pairs of 11.5 dpc gonads were pooled together at the beginning of the RNA 

extraction procedure, whilst two pairs of 12.5 dpc and 13.5 dpc gonads were pooled. 

Each pool represents one sample, and three to four samples were analysed for each 

stage, sex and TaqMan assay. Sox9 was used as a positive (male-enhanced) control to 

ensure the sample collection procedure was accurate, and Hprt1, a house-keeping gene, 

was used as an endogenous control. Each sample was performed in triplicate for three 

technical replicates.  
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To assess the efficiencies of the TaqMan assays with the RNA extracted from the 

gonadal samples, standard curves were generated as per section 2.7.3 of the Materials 

and Methods using 13.5 dpc XX and XY samples. All efficiencies fell within the 

acceptable range of 90-110% (Figure 4.3 and Table 4-1).  

 

Figure 4.3: Standard curves to assess the PCR efficiencies of the TaqMan assays 
Standard curves were generated using a five-step serial dilution of 13.5 dpc cDNA from both XX and XY 

samples. The cDNA concentrations used were: 30 ng, 10 ng, 1 ng, 0.1 ng and 0.01 ng, and the Ct was 

plotted over the log of the cDNA concentration (C0). The lowest dilution of 0.01 ng (-2 log C0), 
frequently had to be omitted from the analysis as either the threshold was not reached within the 40 

cycles, or it was reached very late, causing significant variation between the technical replicates, and 

affecting the results. The gradient of the slope for each line is marked and is used to calculate the PCR 

efficiency; a slope of −3.32 would be 100% efficient. The R2 value is also marked, which reflects how 

well the data fit the linear regression line. A value of one would mean no regression from the line i.e. the 

regression line perfectly fits the data. 
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The endogenous control chosen should ideally be a ubiquitous gene that is highly 

expressed in the tissue being analysed. Expression levels should also not vary between 

different samples. Hprt1 was chosen because it is a well characterised housekeeping 

gene that has been used previously by our laboratory as an endogenous control.  

Table 4-1: PCR efficiencies of each TaqMan assay 

PCR efficiencies for the four p38 MAPKs, Sox9 and Hprt1 TaqMan assays, were calculated 

from the slope of the line of regression from the standard curves. A slope of −3.32 would 
be 100% efficient.  

 Slope of line % Efficiency 

 XX XY XX XY 

Hprt1 −3.366 −3.374 98.1% 97.9% 

Sox9 −3.251 −3.451 103.0% 94.9% 

Mapk11 −3.423 −3.424 95.9% 95.9% 

Mapk12 −3.382 −3.365 97.6% 98.2% 

Mapk13 −3.433 −3.475 95.6% 94.0% 

Mapk14 −3.314 −3.338 100.3% 99.3% 

 

4.2.3. Confirmation of expression of the p38 MAPKs in the 

embryonic gonad by qRT-PCR 

To analyse the expression levels of the different p38 MAPKs in the 11.5 dpc to 13.5 dpc 

gonads by qRT-PCR, the relative quantification (RQ) method was used as described in 

section 2.7.3 of the Materials and Methods.  

The data are presented as levels of transcript relative to the XX 11.5 dpc, so that any 

changes in transcript levels in older samples, or in the opposite sex, can be assessed 

(Figure 4.4). The significance of the data was calculated using a two-tailed student’s t-

test at 95% confidence, comparing the ΔΔCt values of the samples (see asterisks on 

Figure 4.4 and Table 4-2). Using these values, the following data were observed: 
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Table 4-2: Statistical analysis using –ΔΔCt values calibrated to XX 11.5 dpc 
Average Ct value and average −ΔΔCt value for each sample are shown for the p38 MAPK genes. 

Significance was calculated using a two-tailed Student’s t-test with –ΔΔCt values at 95% confidence. 

Each sample was compared to 11.5, 12.5 or 13.5 dpc data. Significant p values (≤0.05) are in red. 

Mapk11 XX XY  Mapk12 XX XY 

dpc 11.5 12.5 13.5 11.5 12.5 13.5  dpc 11.5 12.5 13.5 11.5 12.5 13.5 

Av Ct 31.20 31.97 32.28 30.90 31.77 31.58  Av Ct 29.27 29.25 30.31 28.72 30.56 31.23 

Av ΔΔCt -0.18 -1.20 -1.17 -0.38 -0.53 -0.37  Av ΔΔCt -0.02 -0.27 -0.97 0.03 -1.09 -1.80 

t-test:        t-test:       

c.f. 11.5  0.0040 0.0025 0.2117 0.6162 0.9611  c.f. 11.5  0.0514 0.0163 0.8330 0.0083 0.0006 

c.f. 12.5   0.7650  0.0648 0.5559  c.f. 12.5   0.0540  0.0118 0.0161 

c.f. 13.5      0.0042  c.f. 13.5      0.0198 

               

Mapk13 XX XY  Mapk14 XX XY 

dpc 11.5 12.5 13.5 11.5 12.5 13.5  dpc 11.5 12.5 13.5 11.5 12.5 13.5 

Av Ct 28.89 28.03 28.13 27.45 25.47 25.17  Av Ct 25.07 24.62 24.82 24.61 25.01 24.86 

Av ΔΔCt -0.12 0.46 0.72 0.82 3.51 3.78  Av ΔΔCt -0.17 0.00 0.17 -0.22 0.09 0.21 

t-test:        t-test:       

c.f. 11.5  0.0327 0.0001 0.0506 0.0008 0.0003  c.f. 11.5  0.3725 0.0463 0.8734 0.3059 0.1499 

c.f. 12.5   0.1345  0.0001 0.2841  c.f. 12.5   0.2846  0.6981 0.5214 

c.f. 13.5      0.0000  c.f. 13.5      0.7649 

 

 

Figure 4.4: Comparative relative quantification of p38 MAPK isoform gene expression 
Relative quantification (RQ), shown as the fold-change of the average ΔΔCt, compared against the XX 
11.5 dpc sample data (transcript level calibrated to XX 11.5 dpc). Significance between the samples was 

calculated using a two-tailed student’s t-test at 95 % confidence (see Table 4-2 above). Error bars are 

shown as RQ min and RQ max. 
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Mapk11 (p38β) is expressed in both female (XX) and male (XY) samples at all stages, 

although in females, expression appears to decrease significantly after 11.5 dpc. In male 

samples, levels remain constant across all stages and are equivalent to the XX 11.5 dpc 

values. Mapk12 (p38γ) is expressed in both female and male samples at 11.5 dpc at the 

same level, but from 12.5 dpc onwards in males, and at 13.5 dpc in females, this 

expression decreases significantly. After 11.5 dpc, male expression is significantly 

lower than that of females at corresponding stages. Mapk13 (p38δ) is expressed in both 

male and female samples at all stages, but in males this expression is always 

significantly higher than in females of the comparable stage, and dramatically so from 

12.5 dpc onwards. This sexually dimorphic expression profile confirms that seen by 

WMISH. Mapk14 (p38α) is expressed in both sexes and in all stages at a constant level. 

Lastly, Sox9 is expressed strongly in the male from 11.5 dpc onwards, with levels 

approximately 10-fold higher than that observed in females. This observation validates 

the experimental strategy and confirms that the samples were not contaminated or 

otherwise abnormal.  

Comparative expression levels do not give an indication of the actual amount of 

transcript present in each tissue: they are only an indicator of the difference in levels 

when compared to the calibrator sample. To ascertain the levels of expression between 

the different tissues without calibration to a particular sample, it is possible to directly 

compare the Ct values after normalisation to the endogenous control (the ΔCt), without 

calculating the ΔΔCt. To do this, the fold-change of the ΔCt (rather than of the ΔΔCt) is 

calculated using 2
-ΔCt

 (Figure 4.5). From these results it is clear that Mapk13 in the male 

is expressed as strongly as Sox9, and Mapk14 is expressed strongly in all samples. On 

the other hand, Mapk11 and Mapk12 are expressed at only low levels.  
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Figure 4.5: Relative quantification showing transcript levels before calibration 
Results are displayed as the fold change of the average ΔCt rather than of the ΔΔCt, to show the different 

levels of the transcripts within the same tissue. (A) Graph showing the results grouped by gene assayed. 

(B) Shows the results grouped by sex and gonad stage. Error bars are RQ min and RQ max. 
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4.3. Discussion 

Identifying the expression pattern of the different p38 MAPK genes in the embryonic 

gonad was crucial before attempting to determine their function in this tissue. Although 

many different groups have previously analysed the p38 MAPKs, when I started this 

section of work p38 had not been studied in the embryonic gonad. Following WMISH 

and qRT-PCR to analyse this expression, the two most interesting profiles were that of 

Mapk14 and Mapk13. Mapk14 is expressed strongly in the developing gonad between 

11.5 and 13.5 dpc in both sexes, which suggests that this gene has a particular function 

in both ovary and testis development. In males, Mapk14 is expressed predominantly in 

the testis cords, which contain both germ cells and Sertoli cells and seem to have a 

similar expression profile as that of Map3k4, which was reported previously (Bogani et 

al. 2009). The absence of a sexually dimorphic expression profile for Mapk14 does not 

rule out the possibility of a role in sex determination due to the sexually dimorphic 

expression of the key testis-determining molecules, SRY, SOX9 and FGF9. As an 

example, Gata4 is expressed in the somatic cells of both XX and XY gonads at all 

stages of development, and in postnatal ovaries and testes (Ketola et al. 2002; Anttonen 

et al. 2003; Manuylov et al. 2011). In XY gonads, the somatic cell expression becomes 

restricted to Sertoli cells from 13.5 dpc onwards. Conditional inactivation of Gata4 

from 10.5 dpc in somatic cells of the gonad caused XY sex reversal, confirming that it 

has a vital role in testis determination despite expression also in the XX somatic cells 

(Manuylov et al. 2011). Expression of Mapk14 in both somatic cells and germ cells 

suggests that it is involved in a number of different aspects of gonad development. 

Mapk13, on the other hand, is sexually dimorphic. This difference in expression level 

between male and female gonads occurs as early as 11.5 dpc, during the sex-

determining period, so may play an important role in this process. The qRT-PCR profile 
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of Mapk13 in comparison with Sox9 suggests that the activation of Mapk13 in males 

may occur after that of Sox9, since even though there are higher levels of Mapk13 in 

males at 11.5 dpc when compared to females, the dramatic difference is only seen from 

12.5 dpc. Mapk13 is also strongly expressed in the early Wolffian duct, which could 

indicate either a function in kidney development or a function in later male reproductive 

tract development. However, since this expression is strongest at 11.5 dpc, and is seen 

in the ureteric bud and the 13.5 dpc kidney, it is likely to reflect the former potential 

function. Mapk13 is also very strongly expressed in the testis cords at 13.5 dpc and 

strong protein expression has been reported in adult mouse testes. This suggests that it 

has an important role in testis development. Unfortunately, it has not been possible to 

elucidate the cell-type within the testis cords in which it is expressed, but it is either 

Sertoli cells or germ cells (or a combination of both).  

Testis determination occurs in the somatic pre-Sertoli lineage following the expression 

of Sry and the consequent up-regulation of Sox9, which along with Fgf9 drives the 

differentiation of these cells into Sertoli cells. The Sertoli cells then cluster around the 

germ cells and, in a complex morphogenetic process involving migratory endothelial 

cells and peritubular myoid cells, form testis cords (Wilhelm and Koopman 2006; 

Combes et al. 2009a; Combes et al. 2009b). Sertoli cells then secrete AMH to drive the 

regression of the Müllerian duct and inhibit female development. During 

spermatogenesis, Sertoli cells function to nurture the developing sperm. Therefore, 

Sertoli cells are vital for normal male development and inappropriate expression of a 

vital gene involved in their function could result in major developmental defects. On the 

other hand, germ cells are also required for the proper function of the adult testis, or 

more specifically, the production of sperm and therefore fertility. However, it is 

established that a testis can develop in the absence of germ cells, so functioning germ 
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cells are only required for production of sperm and not testis development itself 

(McLaren 1991; Kurohmaru et al. 1992). 

Whilst my expression analysis was being performed, another group published qRT-PCR 

data of the different p38 MAPKs in embryonic gonads (Ewen et al. 2010). They sorted 

the cells in the developing gonad to analyse expression in somatic cells and germ cells 

separately. Microarray data using whole gonads between 11.5 dpc and 13.5 dpc gave 

very similar expression profiles to those described above. Briefly, they found that all 

four p38 MAPKs were expressed in all stages examined, and in both sexes. Specific 

changes observed included decreased Mapk12 in males over the period examined, while 

Mapk13 was sexually dimorphic, with higher expression in the males at all stages 

examined. In the germ cell- and somatic cell-sorted samples all four p38 MAPKs were 

expressed in every stage of both germ cells and somatic cells. However, Mapk14 was 

found to be higher in XX germ cells than XY germ cells and somatic cells of either sex. 

In contrast, Mapk11 was higher in XY germ cells than XX germ cells, but expression in 

somatic cells of both sexes was found to be higher still (except XX 13.5 dpc somatic 

cells, in which expression was reduced). Mapk12 had equal expression in the germ cells 

of both sexes, but had higher expression in XX somatic cells than XY somatic cells, 

while Mapk13 was found to be higher in all XY cells (both germ and somatic) than XX 

cells. A summary of these levels of expression is shown below, where the darker grey 

depicts strongest expression, down to white, which denotes very low expression (Table 

4-3). Due to the method of cell sorting, the somatic cell population comprises all cells in 

the gonad that are not germ cells. Therefore, these results do not help to determine the 

exact somatic cell population in which expression is detected. However, in combination 

with my WMISH analysis, it suggests that the Mapk13 expression I observed in the 
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testis cords is a result of expression in both Sertoli cells and germ cells. This is also the 

case for the Mapk14 expression.  

Table 4-3: Summary of expression analysis of p38 MAPKs in MACS sorted gonads 
Amount of expression observed following qRT-PCR of germ cells and somatic cells of XX and XY 

gonads between 12.5 dpc and 13.5 dpc. Amount of expression is shown by both the number of asterisks 

(more = high) and by the colour of each box (darker = high). Data taken from (Ewen et al. 2010). 

 XX XY 
 Germ cells Somatic cells Germ cells Somatic cells 

Mapk14 (p38α) ******** **** **** **** 

Mapk11 (p38β) * *** ** *** 

Mapk12 (p38γ) ** *** ** * 

Mapk13 (p38δ) **** *** ****** ****** 

 

Interestingly, the description of Mapk13 expression in both XX and XY gonads between 

11.5 and 13.5 dpc is remarkably similar to that for Dmrt1 (Lei et al. 2007). Dmrt1 is 

expressed in both somatic cells and germ cells of the 10.5 to 11.5 dpc bipotential gonad 

in both sexes. By 12.5 dpc, expression of Dmrt1 is strongly sexually dimorphic, with 

increased expression in XY gonads in Sertoli cells and germ cells. In XX gonads, 

expression is reduced in somatic cells compared to germ cells at 12.5 dpc, and somatic 

expression is lost by 13.5 dpc. DMRT1 (double-sex and Mab-3 related transcription 

factor-1) is an evolutionarily conserved transcription factor that has a role in regulating 

sexual differentiation in many different organisms. As mentioned in the Introduction, 

adult-specific deletion of Dmrt1 in mice causes transdifferentiation of testis-specific 

cells into ovary-like cells, demonstrating that Dmrt1 is required for maintenance of the 

adult testicular state by continued antagonism of the female gonadal pathway (Matson et 

al. 2011). Also, the constitutive knockout of Dmrt1 does not affect sex determination, 

but impairs the ability of postnatal Sertoli cells to differentiate and mature, such that the 

seminiferous tubules in the testis become crowded and germ cells die during meiosis 

(Raymond et al. 2000).  
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In addition, Ewen et al also looked at the localisation of activated p38 MAPK using an 

antibody specific for phospho-p38 (pp38). Staining together with an antibody against 

OCT4, an undifferentiated germ cell marker, they concluded that activated p38 was 

found in all XY germ cells from 12.5 dpc onwards, but not in XX, concluding that p38 

is involved primarily with the differentiation of XY germ cells as it is activated in these 

cells before they differentiate. However, the use of the pp38 antibody does not 

differentiate between the different p38 MAPKs since it detects all activated forms. 

Therefore, the exact isoform involved with male germ cell development is still not 

known, although they suggest that it is likely to be the p38δ and p38β isoforms since 

those are the two that have higher expression in male versus female germ cells. They 

also conducted the same p38 MAPK small-molecule inhibitor cultures of XY gonads 

that were performed by our laboratory and described previously (Bogani et al. 2009). 

They observed a decrease in expression of OCT4 at the protein level, and at the gene 

level by qRT-PCR. This correlated with an increase in expression of Stra8, which marks 

female meiotic germ cells, suggesting that this inhibition of p38α and p38β causes the 

XY germ cells to enter meiosis and thus, inhibits the male germ cell differentiation 

pathway. However, our inhibitor studies confirmed the sex reversal associated with 

somatic cells; Sox9 is decreased and Wnt4 is increased and these are male and female 

somatic cell markers, respectively. Therefore, it seems much more likely that the 

inhibition of p38α and p38β is primarily disrupting sex determination and as a 

consequence of this, early somatic cell sex reversal in the cultured gonad causes the XY 

germ cells to sex reverse. Further experiments will be required to clarify the roles of 

MAPK signalling in somatic and germ cells in the developing gonad. In the next chapter 

I describe experiments aimed at addressing the function of one p38 isoform, p38α, in 

gonadal somatic cells.  
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5.1. Introduction 

At least four independent groups have generated Mapk14 null mice, all of whom 

published their findings in the same year (Adams et al. 2000; Allen et al. 2000; Mudgett 

et al. 2000; Tamura et al. 2000). In all cases, embryonic lethality was observed between 

10.5 dpc and 12.5 dpc, except in one, when lethality was recorded up to 16.5 dpc. 

Homozygous embryos appeared to develop normally until 10.5 dpc, following which, 

they became retarded in growth in comparison with controls, paler, had defects in the 

myocardium, and showed vascularisation deficiencies. In two studies, the authors 

attributed this early lethality to a placental defect because the labyrinth layer was absent 

due to a failure of vascularisation; in one case the spongiotrophoblast layer was also 

severely reduced (Adams et al. 2000; Mudgett et al. 2000). Any other defects seen in the 

Mapk14 null embryos were secondary to the placental defects; Mapk14
−/−

 mutants 

developed to term and were reported to be normal and viable at 18.5 dpc when the 

placental defect was rescued (Adams et al. 2000). This placental defect was rescued by 

an established strategy of aggregating tetraploid (Mapk14
+/+

) and diploid (Mapk14
−/−

) 

morulae. The tetraploid cells give rise to the primitive endoderm and the trophoblast 

lineages, while the diploid cells exclusively contribute to the extra-embryonic 

mesoderm and the embryo (Nagy et al. 1990; Ihle 2000). 

In contrast, a different study by Tamura et al, revealed slightly different phenotypes to 

the ones already mentioned (Tamura et al. 2000). Surprisingly, small subsets of 

homozygote embryos were found live and viable between 13.5 dpc and 16.5 dpc. The 

embryos that died by 11.5 dpc were slightly growth-retarded and had placental defects 

similar to that already described. However, embryos still alive from 12.5 dpc onwards 
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looked morphologically normal in comparison with their wild-type littermates, although 

they were slightly paler. This anaemia was a result of smaller livers that contained 

significantly reduced numbers of circulating haemoglobinised red blood cells and 

enucleated erythrocytes; the number of immature nucleated erythrocytes within the 

haematopoietic tissue was also decreased. The yolk sacs also lacked circulating red 

blood cells in the vasculature, contributing to the anaemia of the embryos. This defect in 

erythropoiesis was found to be a result of decreased erythropoietin (Epo) gene 

expression. So, embryos that bypassed the placental defect still died during 

development due to an important function of p38α in erythropoiesis. It is unclear why 

such a discrepancy in the different constitutive knockouts was observed, although 

genetic background may be important since Tamura et al. were the only group to study 

the effects on a C57BL/6J background rather than a mixed genetic background as with 

the other studies. As discussed by J.Ihle, the fact that the tetraploid rescue of the 

placental defect resulted in healthy embryos, without anaemia or vascularisation defects, 

suggests that the decrease in Epo is also a direct result of defects in the placenta (Ihle 

2000). Another plausible explanation is that Epo is also produced in either the endoderm 

or trophoblast lineages, meaning that the deficiency of Epo in the liver is rescued with 

the wild-type tetraploid cells. 

To study the function of Mapk14 in other tissues more carefully and avoid the lethality 

of the constitutive knockout, conditional alleles of the gene have been generated to 

study the consequences of deletion in specific tissues. Several groups have focused on 

the role of Mapk14 in cardiac function and it has been reported that Mapk14 functions 

by negatively regulating proliferation of cardiomyocytes, both embryonically and 

postnatally; overexpression of Mapk14 causes reduced growth of the heart in the 

embryo, while inactivation of Mapk14 causes the induction of cardiomyocyte 
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proliferation in neo-natal hearts (Engel et al. 2005). Other groups have used conditional 

alleles of Mapk14 to study alternative functions through specific deletions. These 

include embryo-specific deletions (avoiding the effects of ablation in extra-embryonic 

lineages) to investigate the role in muscle formation through myoblast proliferation 

(Perdiguero et al. 2007), and to study the general post-natal function (Hui et al. 2007). 

In both cases, the embryo-specific deletions resulted in early postnatal lethality by 4 

days post partum (dpp). Hui et al attribute this phenotype to a severe defect in lung 

function: they show significantly more nucleated blood cells in peripheral blood of the 

mutants than those contained in wild-type blood. This is due to increased myeloid cell 

proliferation during foetal haematopoiesis, which is a result of JNK activation. At the 

same time, a separate study reported the deletion of a different Mapk14 conditional 

allele in adult mice (Ventura et al. 2007). This also found that Mapk14 had an important 

role in lung since deletion resulted in severe disruption of the pulmonary morphology 

due to reduced differentiation of lung progenitor cells. In addition to these roles of p38α 

in the regulation of proliferation and differentiation, this pathway has also been 

implicated in cytokine production and inflammatory responses following the specific 

deletion of Mapk14 in myeloid or epithelial cells (Kim et al. 2008), while support for 

the function of p38α as a tumour suppressor was provided with the observation that 

tissue-specific Mapk14-deficient mice were sensitised to both lung- and liver-induced 

tumours (Hui et al. 2007; Ventura et al. 2007). Finally, the targeted disruption of 

Mapk14 in granulosa cells and cumulus cells caused changes in certain gene expression 

profiles within the adult ovary (Liu et al. 2010).   

In summary, Mapk14 has many reported functions during development and also 

postnatally as a tumour suppressor. In contrast, knockout mice generated for the other 

p38 MAPKs do not have any overt developmental defects, suggesting that they are not 
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vital in development or that p38α can compensate for their loss (Beardmore et al. 2005; 

Sabio et al. 2005). Along with the knowledge that the inhibition of p38α and β in gonad 

organ culture results in XY gonadal sex reversal, the genetic function of Mapk14 (the 

gene encoding p38α) during sexual development was investigated thoroughly through 

conditional ablation on the C57BL/6J background.  

The Cre/LoxP system for conditional ablation works through the ability of a Cre 

recombinase to initiate site-specific recombination of a target gene containing two LoxP 

sites, such that the region between these sites (the floxed region) is deleted. This 

ablation can be targeted to specific tissue types by controlling the expression of a Cre 

transgene, usually through use of the promoter of a gene specifically expressed in that 

tissue (Figure 5.1). The Mapk14 floxed allele (Mapk14
flox

) was obtained from 

M.Pasparakis (Ventura et al. 2007); in this allele the LoxP sites flank exons 2 and 3 of 

Mapk14. The deletion of these exons results in a Mapk14 null allele due to the removal 

of the entire amino-terminal lobe of the catalytic domain, including the glycine-rich 

ATP-binding loop as previously described (Adams et al. 2000).  

The Sf1-Cre transgenic line (a kind gift from K.Parker) targets Cre expression to 

steroidogenic tissues including the cortical cells of the adrenal glands, Leydig and 

Sertoli cells in the testis, and theca and granulosa cells in the ovary. It is also expressed 

in the pituitary and other parts of the brain (Bingham et al. 2006). The bacterial artificial 

chromosome (BAC) transgene contains the Cre recombinase gene inserted into the Sf1 

(Nr5a1) locus at the ATG initiator methionine along with 23 kb 5’ of the Sf1 

transcription initiation site upstream, and 88 kb of the Sf1 gene and 3’ region 

downstream of the Cre cassette. Endogenous Sf1 expression can be detected in the 

gonad as early as 9.5 dpc in the somatic cells (Ikeda et al. 1994). However, studies to 
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determine when the Cre expression from Sf1-Cre mice was initiated only detected Cre 

after 10.5 dpc. By 11.5 dpc this expression was consistent throughout the somatic cells 

of the gonad, but with less expression within cells of the coelomic epithelium (Bingham 

et al. 2006; Kim et al. 2007). This somatic cell localisation is specific to Sertoli and 

Leydig cell lineages. At the outset of this project, the Sf1-Cre line had previously been 

used to knockout β-catenin (Liu et al. 2009) and Fgfr2 (Kim et al. 2007) in the gonads. 

The Amhr2-Cre colony was already established in the MLC due to previous use by our 

group (Pastorelli et al. 2009). It was originally obtained from R.Behringer and it targets 

Cre expression to the somatic cells of the gonad from 11.5 dpc and the Müllerian duct 

mesenchyme of the mesonephros from 12.5 dpc (Jamin et al. 2002; Kobayashi et al. 

2011). The somatic cell expression has been identified in both Sertoli cells and Leydig 

cells of prenatal and postnatal testis and also in granulosa cells of the adult ovary 

(Jeyasuria et al. 2004; Jorgez et al. 2004; Tanwar et al. 2010). The Amhr2-Cre allele 

was generated by a knock-in of a Cre-neo cassette into exon 5 of Amhr2, which encodes 

the Type II receptor for anti-Müllerian hormone. Amhr2-Cre has been used to 

successfully delete β-catenin (Hernandez Gifford et al. 2009), Fst (Jorgez et al. 2004) 

and Gata4 (Kyrönlahti et al. 2011b) in female mice, resulting in fertility defects and 

late-onset morphological defects of the oviduct and uterine horns or histological defects 

of the ovary and follicle development. In males, Amhr2-Cre has been used to drive the 

deletion of Bmrp1a (Jamin et al. 2002) and β-catenin (Kobayashi et al. 2011) in 

Müllerian duct mesenchymal cells to disrupt ductal regression, and the deletion of Sf1 

(Jeyasuria et al. 2004) and Gata4 (Kyrönlahti et al. 2011a) to disrupt the function in 

Leydig cells and Sertoli cells, respectively.  
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Figure 5.1: Cre/LoxP site-specific recombination 
Diagram to show the Cre/LoxP system modelled on the Mapk14 floxed allele which contains two LoxP 

sites flanking exons 2 and 3; the floxed region encodes the critical functional domain of the kinase. In the 

absence of Cre, transcription and translation occur normally because the two 34 bp LoxP sites do not 

affect the function of the transcript. The Cre gene is inserted after the tissue- or cell-specific gene 

promoter and activation of this results in the transcription and translation of the active recombinase 

enzyme. In cells containing this Cre recombinase, the enzyme recognises the specific LoxP sequence and 

drives site-specific recombination causing the region between the LoxP sites to be deleted. This results in 

deletion of the critical functional region and the translation of a non-functional protein.  

Not all floxed alleles work by the same principle. For example, the R26R locus (described in section 
5.2.2) contains a floxed stop-cassette after the ubiquitous Rosa26 promoter, the deletion of which results 

in activation of expression. Other alternatives can include the whole gene being deleted (or the 

transcriptional start site), therefore preventing any transcription or protein product at all.  
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5.2. Results 

5.2.1. Confirmation of ubiquitous Mapk14 deletion  

To confirm the identity of the imported Mapk14
flox

 allele and test for its successful 

deletion in our hands, a cross was set up with a ubiquitously expressed Cre 

recombinase, β-actin-Cre. A standard breeding strategy was followed as detailed below 

(Figure 5.2). Briefly, first generation (G1) Cre-positive heterozygote mice were crossed 

to G1 flox/+ heterozygote mice, to generate flox/+; Cre/+ double heterozygotes in the 

G2 progeny. Meanwhile, G1 flox/+ heterozygotes were also intercrossed to produce G2 

flox/flox homozygotes. The G2 female flox/flox mice were then set up in timed matings 

with G2 flox/+; Cre/+ double heterozygous males to allow for G3 embryo collection at 

a specific gestation point. 

The G3 embryos from the β-actin-Cre G2 timed matings were collected at 11.5 dpc, the 

stage at which the constitutive knockout embryos die (Table 5-1). A total of 52 

embryos, not including resorptions, were collected from six litters. Of these, 4 XY and 5 

XX were ubiquitously deleted conditional knockouts (Mapk14
Δ/Δ

; Cre/+) and all were 

dead at the time of dissection. All other embryos appeared healthy. Statistical analysis 

using both a Pearson’s chi-squared goodness-of-fit test and a binomial distribution test 

confirmed that the 17% of the experimental class observed was not significantly lower 

than the 25% expected, therefore embryos of this genotypic class were viable until 10.5-

11.5 dpc.  
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Figure 5.2: The Cre/LoxP breeding scheme 
First generation (G1) Cre-positive heterozygotes were mated with G1 Mapk14flox/+ heterozygotes to 

produce second generation (G2) progeny. G1 Mapk14flox/+ heterozygotes were also intercrossed to 
produce G2 Mapk14flox/flox homozygotes. G2 Cre/+; Mapk14flox/+ double heterozygous males were then 

crossed with female Mapk14flox/flox homozygotes in a timed mating for embryo collection of the third 

generation (G3) progeny at a specific stage post coitum. The phenotype of the G3 Cre/+; Mapk14flox/flox 

experimental class was analysed in comparison with littermate controls (either heterozygous Cre/+; 

Mapk14flox/+ or homozygous Cre-negative Mapk14flox/flox). Some G3 progeny were also allowed to litter 

down to assess the adult phenotype and viability.  

Since G3 progeny were generally collected as embryos, the pregnant females had to be sacrificed to 

collect each litter, meaning a large cohort of G2 females was required. Therefore, a homozygous 

Mapk14flox/flox colony was set up to produce the Mapk14flox/flox females, thus avoiding the need to genotype 

so many animals. 
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Table 5-1: Observed Mendelian ratios at 11.5 dpc from Mapk14 ubiquitous deletion 
Numbers obtained from six litters. Statistical analysis performed on distribution of all genotypes 

using a Pearson’s chi-squared goodness-of-fit test that shows no significant variation from 

expected ratios. A binomial distribution was also calculated for the experimental genotype, and the 
17% observed was not found to be significantly lower than the 25% expected.  

Mapk14; β-actin-Cre XX XY Total % p 

Δ/Δ; Cre/+ 5 4 9 17.3 0.1292 

Δ/flox; +/+ 9 6 15 28.9  

Δ/+; Cre/+ 7 3 10 19.2  

flox/+; +/+ 8 10 18 34.6  

Total 29 23 52 100% 0.2453 

 

To confirm successful recombination of the Mapk14
flox

 allele in the presence of β-actin-

Cre, a standard PCR reaction was performed. The possible genotypes are detailed 

separately to those in Figure 5.2 due to the complexity of inheriting the deletion allele 

through the germline, as is the case with the deletion driven by β-actin-Cre (Table 5-2). 

Three different products were amplified in the three-primer reaction (sequences of 

which were obtained from M.Pasparakis), which corresponded to the wild-type (121 

bp), floxed (188 bp) and deletion (411 bp) alleles of Mapk14 (Figure 5.3). The presence 

of the Cre recombinase was also detected by PCR using a duplex reaction to amplify the 

Cre transgene, and also a ubiquitous gene, IL2, for a positive control. This genotyping 

reaction was designed by L.Pastorelli, a previous PhD student, and can detect any Cre 

allele (Pastorelli et al. 2009). The genotyping results confirmed 100% deletion of 

Mapk14
flox

 in all cells of the conditional knockout since no floxed alleles remained (red 

marked samples, Figure 5.3). This confirmed successful recombination of the 

Mapk14
flox

 allele, corroborated by the non-viability of the Mapk14
Δ/flox

; β-actin-Cre/+ 

embryos by 11.5 dpc in line with the phenotype of constitutive knockouts (Adams et al. 

2000).  
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Table 5-2: Possible genotypes of G3 progeny resulting from β-actin-Cre G2 

heterozygotes 
 

Mapk14; β-actin-Cre 
♀ 

Mapk14
flox/flox

; +/+  

♂ flox; + Cre deletes flox: 

M
a
p

k
1
4
 Δ
/+

; 
C

re
/+

 

Δ; Cre Δ/flox; Cre/+ Δ/ Δ; Cre/+ 

Δ; + Δ/flox; +/+ Δ/flox; +/+ 

+; Cre +/flox; Cre/+ +/ Δ; Cre/+ 

+; + +/flox; +/+ +/flox; +/+ 

 

  

Figure 5.3: β-actin-Cre-driven ubiquitous deletion of the Mapk14
flox

 allele 
Genotyping of G3 progeny was performed using a standard PCR-based assay. Presence of 

the Cre transgene was determined at the same time using a separate assay.  Samples marked 

in red show total deletion of the floxed allele in the presence of Cre and are from the 

experimental class. Except for the last sample, which is the mother, all other samples depict 

the three possible genotypes when the floxed allele is deleted through the germ line of β-

actin-Cre-positive samples. For example, the deletion allele present in sample 6 (green) has 
been inherited from the G2 father and is not a result of site-specific recombination in this 

sample as no Cre recombinase is present, unlike the deletion allele in sample 5 (blue).  
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5.2.2. Targeted deletion of Mapk14 in somatic cells of the 

developing gonad 

5.2.2.1. Use of an Sf1-Cre deleter 

Testis determination occurs in the somatic cells of the gonad, specifically the pre-Sertoli 

cells, due to the expression of Sry, Sox9 and Fgf9. Therefore, to disrupt sex 

determination, somatic cells are the most important cell-type in which to target the 

Mapk14 deletion. The expression of Mapk14 in these cells was confirmed previously 

(see Chapter 4). A useful Cre deleter for this purpose is Sf1-Cre, which is driven by the 

Sf1 regulatory sequences (Bingham et al. 2006). As discussed earlier, Sf1 encodes a 

transcription factor involved with regulating Sry and Sox9 expression. Endogenous Sf1 

is expressed solely in somatic cells from 9.5 dpc onwards, while Sf1-Cre expression has 

been observed from 10.5 dpc onwards.  

To characterise the expression of Sf1-Cre in our hands, Cre-positive females were 

crossed to Rosa26-reporter (R26R) homozygous males. The R26R line carries the LacZ 

gene with a neomycin cassette flanked by two LoxP sites upstream, and is driven by the 

ubiquitous Rosa26 promoter (Soriano 1999). The insertion of the neomycin cassette acts 

as a premature stop codon since the neomycin resistance gene contains polyadenylation 

sequences which block transcription of the 3’ region of the gene (Wiggin et al. 2002). 

Deletion of the region between the LoxP sites following recombination driven by a Cre 

recombinase results in the expression of the LacZ gene and subsequent β-galactosidase 

(β-gal) activity. The β-gal activity can be detected through staining with X-Gal due to 

the production of a blue product formed following the cleavage of X-Gal by β-gal. This 

in turn identifies the cells that express Cre recombinase or those that are descended 

from cells that have expressed Cre recombinase: once recombination has occurred in a 

cell, LacZ expression continues in its descendents. Therefore, Cre-directed β-gal 
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activity also acts as a lineage tracer and presence of β-gal activity only confirms that 

Cre has been expressed in cells of that tissue at some point, and is not necessarily 

identifying current activity of the Cre-driven promoter. The presence of the blue 

staining produced from cleavage of X-Gal by active β-gal will sometimes be referred to 

as β-gal activity and sometimes as expression. 

Embryos were collected from 10.5 to 13.5 dpc and stained with X-Gal to show β-gal 

activity (Figure 5.4). At 10.5 dpc, Sf1-Cre expression was detectable in the forebrain, 

eyes, and the urogenital ridge (Figure 5.4A). At 7 ts (the earliest stage examined) this 

urogenital expression was confined to the anterior end of the gonad, which is likely to 

be the anlage of the adrenal gland (Figure 5.4B). By 8 ts, expression was observed in 

the somatic cells of the gonad, albeit only a scattering of cells, but at 10 ts was more 

pronounced (Figure 5.4C-D). In 11.0 dpc embryos expression was stronger still in the 

aforementioned locations, with definitive expression also visible in the adrenal gland 

(Figure 5.4E-F). Transverse cryosection data of the 13 ts gonads revealed strong 

staining in the body of the gonad, with some coelomic epithelial cells also showing β-

gal activity (Figure 5.4G). Cryosection data of 13.5 dpc gonads confirm the expression 

in somatic cells of both testes and ovaries and absence in germ cells within the testis 

cords (Figure 5.4L,N). These expression patterns are consistent with the published 

reports, confirming the Sf1-driven Cre activity (Bingham et al. 2006). 
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Figure 5.4: Sf1-Cre expression profile as shown by β-galactosidase (β-gal) activity 
Sf1-Cre-positive females were mated with R26R males whom carry a LacZ gene that is activated in 

the presence of Cre, due to deletion of a stop cassette. The β-gal product is detected by staining with 

X-Gal, therefore the activity corresponds to the Cre positive cells. (A-D) β-gal activity at 10.5 dpc. 

(A) In the whole embryo activity was detected in the forebrain, eyes and urogenital ridge. (B) 

Expression in the urogenital ridge initiates in the adrenal anlagen at 7ts (arrow). (C) By 8ts, 

expression extends into a few somatic cells down the length of the gonad (arrowhead). (D) By 10ts, 

expression is visible in more somatic cells (arrowhead). (E-G) At 11.0 dpc, β-gal activity is stronger 

in the forebrain (E) and urogenital ridge, and separate expression was visible in the adrenal gland 

(arrow, F). Transverse cryosections (from white-dotted line, F) confirms expression throughout the 

13 ts gonad, including some positive cells in the coelomic epithelium (‘v’ arrow heads, G). (H-I) At 
11.5 dpc, the separation and expression in the adrenal glands is very obvious (I). (J-N) At 13.5 dpc, 

expression was more diffuse in the brain and eyes (J), and there was strong activity in both ovaries 
(K-L) and testes (M-N). No expression is present in the mesonephros. Coronal cryosections (L and 

N, orientation depicted by white dotted lines in K and M respectively) confirm expression is present 

in the somatic cells of the gonad, with no expression visible in the germ cells of the testis cords.  
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5.2.2.2. Use of Sf1-Cre to drive Mapk14 deletion 

Following the confirmation that the Mapk14
flox

 allele could be successfully deleted, and 

that Sf1-Cre could successfully delete the R26R locus by 11.0 dpc in the gonad, it was 

possible to generate Mapk14 conditional knockouts driven by the Sf1-Cre recombinase 

(referred to as Sf1Cre-Mapk14-cKO or ‘mutants’ within section 5.2.2 only). The same 

breeding strategy was followed as for the β-actin-Cre-driven deletion: G3 embryos from 

timed matings between female Mapk14
flox/flox 

and male Mapk14
flox/+

; Sf1-Cre/+ mice 

were assessed.  

5.2.2.3. Determining successful recombination 

To ensure successful recombination of the Mapk14
flox

 allele within the embryonic 

gonad, one gonad from each 14.5 dpc embryo collected for phenotypic analysis was put 

aside for genotyping. The deletion allele was detected in all Cre-positive gonads, 

including flox/+; Cre/+ heterozygous embryos, except in two mutants (out of 36), in 

which the deletion band was too weak to detect (Figure 5.5A). Moreover, the deletion 

allele was absent from all hindbrain samples, confirming the specificity of deletion. 

However, because the deletion is only occurring in Sf1-positive cells of the gonad, some 

floxed alleles were still detected in these whole-gonad samples. For this reason it was 

not possible to determine the efficiency of the recombination. However, to try and 

determine the percentage of total cells within the gonad that had successfully 

recombined, a PCR reaction was performed in which Mapk14
flox/flox 

DNA was “spiked” 

with either Mapk14
Δ/flox

 or Mapk14
Δ/Δ

 DNA from the ubiquitous β-actin-Cre-driven 

Mapk14
flox

 deletion samples (see Table 5-2 for genotypes). The DNA was added in 

increasing amounts to achieve a range of concentrations from 0% Mapk14
Δ/Δ

 DNA to 

100% Mapk14
Δ/Δ

 DNA (Figure 5.5B). From this experiment it was then possible to 
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compare the ratio of intensities of the deletion product to the floxed product (Δ-to-flox) 

in the experimental samples with those ratios of the spiked DNA samples and thus 

determine the approximate level of floxed allele recombination that had occurred 

(Figure 5.5B). While slight variation in the Δ-to-flox ratio was seen in experimental 

samples, in the majority of cases both products were approximately equal in intensity, 

which suggests approximately 50% of the cells in the gonad underwent recombination 

in the presence of Cre. Unfortunately, this analysis could not help determine the overall 

efficiency of the recombination since it was not possible to determine the percentage of 

cells in the gonad that were Sf1-positive. 

To ascertain the stage by which the recombination had occurred, 10.5 dpc embryos were 

collected and gonads removed for genotyping. At this stage, the deletion allele was not 

detectable in any Cre-positive samples (N = 4, out of 15 embryos). Either the 

recombination event had not occurred this early, or insufficient numbers of cells in the 

gonad at this stage contained the deletion allele for it to be detected by the PCR assay. 

The deletion allele was successfully detected by 11.5 dpc, but any attempts to identify 

the deletion allele between 10.5 and 11.5 dpc failed due to a failure to obtain embryos at 

the appropriate stages.  
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Figure 5.5: Sf1Cre-Mapk14-cKO genotyping 
(A) Example of genotyping results from a G3 Mapk14flox-Sf1-Cre litter. Two lanes per sample: first 

is the hindbrain tissue, second is the gonadal tissue. Sf1Cre-Mapk14-cKO individuals contain the 
deletion allele in the gonad sample but not the hindbrain sample (e.g. sample highlighted by red 

line). Heterozygous controls (Mapk14flox/+; Cre/+), also contain the deletion allele as well as the 

flox and wild-type (wt) alleles due to mosaicism of the deletion (e.g. sample highlighted by the blue 

line).  

(B) Results of the deletion allele and floxed allele DNA spiking reaction. Mapk14flox/flox DNA was 

spiked with an increasing percentage of Mapk14Δ/flox DNA to produce a concentration range of 0% 

to 50% deletion allele DNA. The 50% sample contains 100% Mapk14Δ/flox DNA from the β-actin-

Cre-driven deletions and therefore all cells contain 50% deletion allele and 50% floxed allele. 

Mapk14flox/flox DNA was also spiked with an increasing percentage of Mapk14Δ/Δ DNA to produce a 

concentration range of 50% to 100% deletion allele DNA. In this case, the 50% sample contains 

50% of the Mapk14flox/flox DNA and 50% of the Mapk14Δ/Δ DNA, which is therefore equivalent to 
half the cells containing 100% of the floxed allele and the other half containing 100% of the 

deletion allele. Assessing the Δ-to-flox ratio of product intensity, it is possible to assume that in the 

experimental samples from (A) slightly less than 50% of cells in the gonad contain 100% 

Mapk14Δ/Δ DNA. 
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5.2.2.4. Phenotypic analysis 

To analyse sex determination and gonadal development in the mutants, 17 litters were 

collected at 14.5 dpc for phenotypic analysis, all of which were genotyped for the sex 

chromosomes, and in 14 litters, one gonad from each embryo was collected for 

genotyping to confirm the deletion of the Mapk14
flox

 allele. Out of the 17 litters, there 

were 20 female mutants and 16 male mutants, with no apparent gonadal sex reversal 

(Table 5-3). 

Table 5-3: Mendelian ratios observed at 14.5 dpc from Sf1-Cre-driven Mapk14
flox

 deletions 

Mapk14; Sf1-Cre XX XY Total % 

flox/flox; Cre/+ 20 16 36 24.8 

flox/flox; +/+ 19 22 41 28.3 

flox/+; Cre/+ 15 21 36 24.8 

flox/+; +/+ 15 17 32 22.1 

Total 69 76 145 100% 

 

WMISH was performed on the gonads to assess Sox9, Wnt4, Stra8, Oct4 and Hsd3b 

(3βHSD) expression. No phenotypic difference between the mutants or the homozygous 

controls (flox/flox; +/+) was observed (Figure 5.6). Oct4 expression appeared slightly 

abnormal and suggested that primordial germ cell numbers were sparse; however, this 

was also observed to the same degree in controls (Figure 5.6E-F). Despite the WMISH 

being sub-optimal, germ cells were present in both mutant and control samples. The 

expression of Stra8 (which marks female meiotic germ cells) was also normal, which 

confirms that there is no defect in terms of germ cell number or differentiation. This is 

further confirmed by the normal fertility of both mutant and control mice (see next 

section). 
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Figure 5.6: Phenotypic analysis of Sf1Cre-Mapk14-cKOs by WMISH 
14.5 dpc Mapk14flox/flox; Sf1-Cre/+ mutant and Mapk14flox/flox; +/+ control gonads were analysed by 

WMISH for expression of cell-type-specific gene markers. In all cases, the gonads on the left-hand 

side are the controls, and the gonads on the right-hand side are mutants. Male gonads are on the top 

row of each image and female gonads along the bottom. (A-D) The following sex-specific markers 

were assessed at 14.5 dpc: Sox9, which marks male Sertoli cells (A); Wnt4, to mark female somatic 

cells (B); Hsd3b, which marks male Leydig cells (C); and Stra8, which marks female meiotic germ 

cells. (E-F) The expression of Oct4, which marks primordial germ cells in both sexes, was analysed at 
both 14.5 dpc (E) and 13.5 dpc (F). All scale bars are 500 µm. 
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5.2.2.5. Adult viability and fertility 

To ensure there were no age-related defects or infertility in adult Sf1-Cre-driven 

Mapk14 deletion mice, some G3 progeny were allowed to litter down. The mutants 

were viable, with no age-related defects observed in the stages studied, up until 

approximately six months of age. To assess fertility, males (four mutants and six 

flox/+;Cre/+ heterozygous controls) were placed into fertility testing at approximately 8 

weeks of age with C57BL/6J females with known fertility, for 2-3 months (Table 5-4). 

Embryos were collected from pregnant females at 13.5 dpc to determine the size of each 

litter. Approximately 4-5 females were mated with each male during this time. An 

average litter of 8.46 embryos was observed from the mutant male matings, and 9.00 

embryos from the control male matings. This was not a significant difference. At the 

end of the 2-3 month fertility testing, males were culled at approximately 20 weeks of 

age and analysed internally for any gross morphological defects.  

Females were also mated to test their fertility (Table 5-4). Eight mutant females at 

approximately 11 weeks old were mated with C57BL/6J males of known fertility. 

Embryos were collected from pregnant females at 13.5 dpc to determine the size of each 

litter. Females were fertile with an average litter size of 7.63 embryos.  

Table 5-4: Results from fertility testing of XY and XX mutants compared to controls 
N is number of mice. Values are expressed as average ± standard error of the mean (SEM). Statistical 
analysis was performed using a two-tailed t-test at 95% confidence, and mutant samples were 

compared with XY controls in both cases.  

p38α; Sf1-Cre Sex N Total litters Total embryos 
Average litter 

size 
p (t-test) 

c.f. XY control 

flox/flox; Cre/+ M 4 13 110 8.46 ± 0.45 0.362 

flox/+; Cre/+ M 4 16 144 9.00 ± 0.38  

flox/flox; Cre/+ F 8 8 58 7.63 ± 1.07 0.146 
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5.2.2.6. Morphological and histological analysis 

Following fertility testing, three male mutants and three male controls were examined 

internally for any gross morphological defects (Table 5-5). No abnormalities were 

obvious with any constituents of the reproductive tract (vas deferens, epididymis and 

seminal vesicles). Testes were of normal size and analysis of H&E-stained sections 

showed normal seminiferous tubules and healthy sperm (Figure 5.7A-B). Due to strong 

expression of Sf1-Cre in the adrenal glands, and known presence of p38α protein, these 

were also analysed for any defects (Figure 5.7C-F). In adult mice, adrenal glands are 

much smaller in relation to kidneys and so are difficult to detect. In some cases, the 

adrenal glands in the male mutants were displaced further from the kidney than normal. 

However, there was also variation with the location of the adrenal glands in the controls, 

so this was discounted as a phenotype.  

Three female mutants and controls were also analysed for gross morphological defects. 

The mutants were of similar size and weight as controls (Table 5-5) and the ovaries and 

uterus were normal. H&E-stained sections showed that the ovaries were undergoing 

normal follicle cycling, as all stages of folliculogenesis could be detected (Figure 5.7J). 

The oviducts, uterine horns and uterus body also had no overt defects (Figure 5.7K-L). 

Table 5-5: Average mouse and testes weights 
N is number of mice. Values are expressed as average ± SEM 

Mapk14; Sf1-Cre Sex N 
Average terminal 

weight (g) 
Average weight 

left testis (g) 
Average weight 
right testis (g) 

flox/flox; Cre/+ M 3 30.95 ± 1.34 0.10 ± 0.01 0.10 ± 0.01 

flox/+; Cre/+ M 3 31.47 ± 1.02 0.10 ± 0.01 0.10 ± 0.00 

flox/flox; Cre/+ F 3 23.90 ± 0.96   

flox/+; Cre/+ F 3 23.71 ± 0.74   
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Figure 5.7: Sf1Cre-Mapk14-cKO histology analysis 
H&E-stained histology sections of adult Mapk14flox/flox; Sf1-Cre/+ mutants in comparison with 

Mapk14flox/+; Sf1-Cre/+ heterozygous controls for male (A-F) and female (G-L) reproductive tissues. 

(A-B) Section though a testis to show the seminiferous tubules containing sperm in both controls and 

mutants. No abnormalities of testis structure or sperm production were visible in the mutants. (C-F) 

Sections through the adrenal glands (a) and part of the kidney (k), in controls (C-D) and mutants (E-F). 

The distance between the adrenal gland and kidney varies in both. (G-L) Sections of female control 

tissues: ovary (G), oviduct (H) and uterine horn (I) and sections of the mutant tissues: ovary (J), oviduct 

(K) and uterine horn (L). Mutant ovaries appear to cycle normally with all stages of follicle 
development visible. Cross-sections of the oviducts and uterine horns reveal no changes. Stages of 

folliculogenesis labelled: 1) Primary follicle; 2) Secondary follicle (preantral); 3) Tertiary follicle 

(antral); 4) Late tertiary follicle (preovulatory); CL, corpus luteum; HCL, haemorrhagic corpus luteum. 

All scale bars are 500 µm. 
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5.2.3. Amhr2-Cre-mediated deletion of Mapk14 

5.2.3.1. Use of an Amhr2-Cre deleter 

AMHR2 is a receptor located in the mesonephric mesenchyme that binds AMH and 

drives the regression of the Müllerian duct in males from around 14.5 dpc. The Amhr2-

Cre mouse line had been used previously in our laboratory so was easily available to 

use to generate a separate tissue-specific knockout of Mapk14.  

To ascertain the expression profile of Amhr2-Cre this line was crossed to R26R and the 

resultant progeny stained with X-Gal to assess the LacZ expression pattern determined 

by β-gal activity, as previously described in section 5.2.2.1. Embryos were collected at 

13.5 dpc and 17.5 dpc, and adults from these matings were also examined at 6 weeks of 

age. Following X-Gal staining, at 13.5 dpc, β-gal activity was restricted to the 

urogenital ridge of the embryo (arrow, Figure 5.8A). This expression was strong in both 

the mesonephros and gonad of male and female samples at 13.5 dpc (Figure 5.8B-G), 

with mesonephric expression restricted to the Müllerian duct mesenchyme (double 

arrows, Figure 5.8D,G). At 17.5 dpc, β-gal activity was present in both male and female 

reproductive tracts but was stronger in the testis than the ovary (Figure 5.8H-M). No β-

gal activity was observed in Cre-negative samples. Despite the clear, restricted 

expression observed in the majority of Cre-positive samples, at 13.5 dpc some Amhr2-

Cre-positive embryos exhibited widespread, non-specific expression (Figure 5.8N). 

Analysis of expression in the gonads of these samples revealed reduced levels, although 

some was still present in the mesonephros (Figure 5.8O). This type of expression was 

termed ‘leaky’ and was also observed in some 17.5 dpc embryos (Figure 5.8P-Q). It 

appeared that the expression was limited to the outer surface of the stained tissue and 

due to the lack of any non-specific staining in Cre-negative samples, it is most likely a 

result of inappropriate Cre recombinase activity, perhaps at earlier embryonic stages. 
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Figure 5.8: Embryonic Amhr2-Cre expression profile using β-gal reporter activity 
Amhr2-Cre females were mated with R26R males and the embryos collected at 13.5 dpc and 17.5 dpc. 

(A) Following X-Gal staining, β-gal activity was detected solely in the urogenital ridge of the 13.5 dpc 

embryos (white arrow). No staining was observed in any Cre-negative embryos. (B-G) This urogenital 
ridge staining was restricted to the gonad and mesonephros of both male and female embryos. 

Cryosections in a coronal orientation revealed staining throughout the ovary (C) and in the interstitium of 

the testis (F). Transverse cryosections revealed strong β-gal activity in the Müllerian duct mesenchyme in 

the mesonephros of both female (D) and male (G) tissue (double arrows). (H-M) At 17.5 dpc, this β-gal 

activity was strong in the developing oviducts and uterine horns, with less expression in the ovaries of 

females (H-I). In the males, the Müllerian duct has regressed, but staining still persists in the developing 

epididymides and vasa deferentia, along with strong expression in the testes (K-L). Cryosection of both 

the ovary (J) and testis (M) in the orientation shown in (I) and (L), respectively (white dotted lines). 

(N-Q) In some Cre-positive embryos, expression was ‘leaky’. β-gal activity was detected on the surface 

of the tissue, but only very weakly internally in the cells that should be expressing Amhr2-Cre. This was 

seen at both 13.5 dpc (N-O) and 17.5 dpc (P-Q). Scale bars are as marked on each image. g, gonad;  m, 

mesonephros; C/S, coronal section; T/S, transverse section; WD, Wolffian duct; MD, Müllerian duct; o, 
ovary; t, testis. 
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This   ‘leaky’ expression, even though not common, was undesirable because if the Cre 

recombinase was expressed in an unpredictable fashion, it could drive the deletion of 

Mapk14 in other locations, potentially producing confounding phenotypic results that 

make interpretation difficult.  

In adult females at 6 weeks of age, β-galactosidase activity was observed in the uterine 

horns, oviducts, and in the ovary (Figure 5.9A-B). Cryosection data of the ovary 

revealed Amhr2-Cre expression in the granulosa cells of follicles, however, the staining 

did not penetrate far into the tissue (Figure 5.9C-D). In adult males of the same stage, 

weak X-Gal staining was seen in the epididymides and vasa deferentia (Figure 5.9E). 

Cryosection data of the testis revealed that the expression was located around the 

surface of the epididymis, with some also in the epididymis tubule wall. Some 

expression was apparent in the surface epithelium of the testis with little, if any, in the 

interstitium of the testis (Figure 5.9F). The expression observed in the ovaries, oviducts 

and uterus is consistent with previously published data (Jeyasuria et al. 2004; Jorgez et 

al. 2004; Hernandez Gifford et al. 2009; Kyrönlahti et al. 2011b). In contrast, expression 

in the adult testis is reported to be strong in Sertoli cells of the seminiferous tubules and 

Leydig cells in the interstitium (Jeyasuria et al. 2004; Tanwar et al. 2010; Kyrönlahti et 

al. 2011a). This discrepancy is most likely a result of impaired penetration of X-Gal into 

the adult wholemount testis and is likely to be rectified by X-Gal staining of 

cryosections rather than wholemount tissue. Unfortunately, due to time constraints this 

avenue could not be pursued. 

As discussed in section 5.2.2.1, it should be stressed that expression studies using LacZ 

reporters such as R26R do not necessarily reveal current Amhr2-Cre gene expression. 

Therefore, the weak staining seen in the adult male vas deferens is likely to be a 
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Figure 5.9: Expression of Amhr2-Cre in adult tissue as shown by β-gal activity 
(A-D) Following X-Gal staining of the ovaries, oviducts, uterine horns and uterus body from 6 week old 

females, strong β-gal activity was observed in the oviducts and outer lining of the uterine horns (A). 

Expression was also seen in the ovaries (B), cryosections of which show evidence of Amhr2-Cre in the 

granulosa cells of the secondary and tertiary follicles and in the corpus luteum (C). Alternate slides were 
also stained with a nuclear fast red stain to highlight the ovarian structure; however, the X-Gal staining 

did not penetrate all the way into the ovary (D). (E) Weak β-gal activity was observed in the male testes, 

epididymides, vasa deferentia and parts of the seminal vesicles. (F) Cross-sections stained with nuclear 

fast red show very weak β-gal expression in the surface epithelium of both the epididymis and testis 

(arrows). It was difficult to detect expression in the body of the testis, however, expression was apparent 

in the epididymis wall (arrow heads). o, ovary; Ov, oviduct; u, uterine horn; SV, seminal vesicle; vd, vas 

deferens; e, epididymis; t, testis. 



Chapter 5 | Function of p38α in sexual development 129 

 

consequence of previous embryonic expression, rather than current Amhr2-Cre 

expression. 

5.2.3.2. Use of Amhr2-Cre to drive Mapk14 deletion 

Due to the ability of Amhr2-Cre to delete the R26R locus successfully in the majority of 

cases, and its strong expression in the Müllerian ducts and gonads by 13.5 dpc, the 

generation of Mapk14 conditional knockouts driven by the Amhr2-Cre recombinase was 

continued (referred to as Amhr2Cre-Mapk14-cKO, or ‘mutants’ within section 5.2.3 

only). The same breeding strategy was followed as for the Sf1-Cre-driven deletion; G3 

embryos from timed matings between female G2 Mapk14
flox/flox 

and male G2 

Mapk14
flox

/+; Amhr2-Cre/+ mice were assessed.  

5.2.3.3. Assaying for successful recombination 

During the Mapk14
flox/+

; Amhr2-Cre/+ (G2) colony genotyping, it became apparent that 

non-specific recombination was occurring. Results from the ear biopsies highlighted 

some (N = 18, out of 39) G2 individuals that contained the deletion allele, with or 

without the floxed allele, in flox/+; Cre/+ samples (Figure 5.10A). This resulted in 

some mosaic animals in which, presumably, some of the floxed alleles had been deleted 

in a subset of cells contributing to the ear, but in other cells recombination had not 

occurred and the floxed allele was still present (N = 12 of 18; refer to blue marked 

samples in Figure 5.10A). Other animals exhibited complete deletion of the floxed allele 

in all cells of the ear (N = 6 of 18; refer to red marked samples in Figure 5.10A). This 

effect was likely due to inappropriate, early and widespread expression of the Amhr2 

promoter of the targeted allele. Due to the potential effects of this non-specific 

recombination, individuals with the complete deletion genotype (N = 6; referred to as 

‘G2 DEL’ double heterozygotes from here on) were set up in separate timed matings to 

enable identification and segregation of potentially more severe G3 mutant phenotypes 



Chapter 5 | Function of p38α in sexual development 130 

 

(referred to as ‘DEL G3’ progeny). The flox/+; Cre/+ individuals that did not carry a 

deletion allele (N = 21 of 39; referred to from now on as ‘G2 NORM’ double 

heterozygotes) were used for the matings with G2 Mapk14
flox/flox

 individuals to assess 

the phenotypes of ‘NORM G3’ tissue-specific conditional knockout progeny (refer to 

Table 5-6 for summary of nomenclature used). 

To ensure that the deletion of Mapk14 was occurring in the Müllerian duct of the G3 

progeny, one mesonephros from each embryo was removed and put aside for 

genotyping, while the other was collected for gene expression analysis along with the 

gonad (by WMISH). One mesonephros and part of the hindbrain were then genotyped 

separately per embryo (Figure 5.10B). The deletion allele was always present in the 

hindbrains of DEL/flox embryos from the DEL G3 progeny (when the deletion allele 

was inherited through the germ line) (red and blue marked samples, Figure 5.10Bii). 

Moreover, embryos from the DEL G3 progeny that inherited the deletion allele from the 

G2 DEL father and floxed allele from the mother, and were also Cre-positive, did not 

display complete deletion of the floxed region. Even in the mesonephros sample, the 

deletion allele was more abundant in comparison to the hindbrain sample, but the floxed 

allele was also present. A surprising observation was that the deletion allele was also 

identified in the hindbrain samples of some NORM G3 embryos (red marked sample, 

Figure 5.10Bi). This suggests that the non-specific recombination was occurring 

sporadically. As a result, any experimental Mapk14
flox/flox

; Amhr2-Cre/+ embryos from 

G2 NORM fathers that contained the non-specific deletion allele were grouped with the 

Mapk14
DEL/flox

; Amhr2-Cre/+ embryos from the DEL G3 progeny and referred to as 

‘DEL mutants’. Only embryos that contained the specific recombination in just the 

mesonephros were considered as normal conditional (tissue-specific) knockouts and are 

referred to as ‘NORM mutants’ (Table 5-6).  
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Figure 5.10: Amhr2-Cre-directed Mapk14 knockout G2 and G3 colony genotyping 
Standard PCR genotyping assays to determine the Mapk14 alleles inherited and likelihood of successful 
recombination. (A) During the G2 colony genotying, the deletion allele was observed in the ear biopsy 

samples of some Cre-positive mice. In some cases, apparent mosaicism was detected: some cells 

contained the deletion allele with the wild-type allele, and other cells contained the floxed allele with the 

wild-type allele (blue marked samples). Other samples contained the deletion and wild-type alleles, 

apparently in the vast majority of cells of the ear biopsy (red marked samples), while others displayed the 

expected double heterozygous genotype (Mapk14flox/+; Amhr2-cre/+) as shown by the green marked 

samples. (B) Genotyping of the G3 progeny. (Bi) The deletion allele was much less abundant in the 

mesonephros in comparison with the floxed allele (red marked sample) and the deletion allele was also 

occasionally observed in the head tissue of the embryos. (Bii) The deletion product was very strong in the 

DEL G3 progeny and was also present in the head tissue. In all samples containing the deletion allele, it is 

inherited from the father and the presence of Cre (red samples) does not cause further ubiquitous deletion, 
as the floxed allele is still present. The deletion product is stronger in the mesonephros sample than the 

head in all cases, including Cre-negative (blue samples). (C) Optimisation of a new deletion primer 

(AltZ) which produces a stronger product that is easier to detect. 
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Table 5-6: Description of nomenclature used for Amhr2Cre-Mapk14-cKOs 
Abbreviations: del, deletion; mes, mesonephros; cKO, conditional knockout. 

Mapk14; Amhr2-Cre Genotype  Description 

G2 NORM flox/+; Cre/+ Double heterozygous males  

G2 DEL Δ/+; Cre/+ Double heterozygous males carrying a del allele 

NORM G3  
Progeny from matings between G2 NORM 
heterozygotes and G2 flox homozygotes 

DEL G3  
Progeny from matings between G2 DEL   
heterozygotes and G2 flox homozygotes 

NORM mutants flox/flox; Cre/+  
cKOs from a NORM G3 litter. Del allele 
restricted to mes 

DEL mutants Δ/flox; Cre/+ 
cKOs from a DEL G3 litter OR a NORM G3 litter. 
Del allele in both hindbrain and mes samples 

 

The Amhr2-Cre line was generated and maintained on a mixed C57BL/6J × 129/SvEv 

background (Jamin et al. 2002) and subsequent studies using this line also maintain the 

mixed genetic background (Jeyasuria et al. 2004; Jorgez et al. 2004; Kobayashi et al. 

2011; Kyrönlahti et al. 2011b). It may be that the increased amount of C57BL/6J in the 

congenic line used in this study affects the specificity of expression. However, this 

‘leaky’ expression has been reported previously on a mixed genetic background 

(Hernandez Gifford et al. 2009; Pastorelli et al. 2009). In the work by Hernandez 

Gifford et al, the surprising observation was made that the recombined deletion allele 

was present in other tissues in addition to the organs that comprise the reproductive tract 

and pituitary gonadal axis, such as the brain, heart and liver.  The work by L.Pastorelli 

et al was carried out using the same allele imported from R.Behringer as used in this 

chapter, but before the line was congenic on the C57BL/6J background. Thus, the fact 

that this phenomenon has been observed by an independent research group suggests that 

the C57BL/6J background is unlikely to be the main contributory factor in “leaky” 

expression. Although these are the only two reported cases of the leaky Cre expression 

in the literature, many other studies have reported variation in Amhr2-Cre-driven 

recombination efficiency, and the presence of mosaicism in the targeted tissues. For 
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some reason, neither the variation in efficiency nor the leaky Cre expression appear to 

cause more severe phenotypes in these different studies than that expected with tissue-

specific Cre activity.  

In contrast to the genotyping analysis with the Sf1-Cre-driven Mapk14 deletion, the 

results with the Amhr2-Cre-driven deletion gave a much weaker product for the deletion 

allele, which was often very difficult to detect. Therefore, the PCR was re-optimised 

and a new deletion primer designed using the Primer3 programme, giving a smaller 

product that would therefore be easier to amplify (Figure 5.10C). This was called the 

AltZ primer.  

5.2.3.4. Analysis of Müllerian duct regression in males 

If Mapk14 does have a non-redundant function in either the development of the 

Müllerian duct in females into the oviducts and uterine horns or the regression of the 

Müllerian duct from 14.5 dpc in male embryos, or for the function of adult granulosa 

cells, Leydig cells or Sertoli cells, then the ablation driven by Amhr2-Cre should result 

in a detectable phenotype. In females, this could result in infertility of the adults, 

whereas in males it could result in a persistent Müllerian duct alongside the Wolffian 

duct as seen in Amhr2
−/−

 mutants (Mishina et al. 1996), or defects in spermatogenesis or 

testicular descent. In wild-type XY mice, the Müllerian duct regresses from 14.5 dpc 

(Jamin et al. 2002). Therefore, analysis at 17.5 dpc should determine whether a defect in 

Müllerian duct regression has occurred since by this stage the duct should be completely 

absent and only the Wolffian duct should be present. Therefore, embryos from 12 litters 

were collected at 17.5 dpc; these had normal Mendelian ratios of the expected genotypic 

classes. Histological analysis of H&E-stained wax transverse sections of the mutant 

male reproductive tract revealed normal development, with correct regression of the 
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Müllerian duct, and seminiferous tubules with normal morphology (Figure 5.11A,B). 

WMISH analysis of Pax2 expression, which marks both the Müllerian duct and the 

Wolffian duct, confirmed the presence of a single duct in the mesonephros of male 

mutants that is the Wolffian duct (Figure 5.11D). 

 

Figure 5.11: Analysis of Müllerian duct regression in male Amhr2Cre-Mapk14-cKO 
Embryos were collected at 17.5 dpc from NORM G3 litters. Mapk14flox/+; Amhr2-Cre/+ embryos were 

used as controls. (A-B) The testes, kidneys and male reproductive tracts were removed for H&E-
stained section histology. (A) Seminiferous tubules are clearly visible in the control testes with the 

epididymis and vas deferens as the only ducts present in the mesonephros (arrows). (B) No obvious 

defects were visible in the mutants. Seminiferous tubules had developed normally and there was no 

evidence of a persistent Müllerian duct alongside the Wolffian duct in the mesonephros (site of a 

persistent Müllerian duct if present is marked by an asterisk). (C-E) Pax2 WMISH expression that 

marks both the Müllerian duct and Wolffian duct as shown in the 14.5 dpc C57BL/6J wild-type 

(arrowheads and arrows, respectively, C). At 17.5 dpc only the Wolffian duct was visible in male 

mutants (right, D) and is comparable with the male controls (left, D). 17.5 dpc females were also 

analysed, with the Müllerian duct clearly visible in both controls (left, E) and mutants (right, E). Scale 

bars = 200 µm (A,B), 500 µm (C-E). k, kidney; t, testis; o, ovary; arrows, Wolffian duct; arrowheads, 

Müllerian duct. 
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5.2.3.5. Analysis of male and female gonad development 

To complete the embryonic phenotypic analysis, gonads were collected at 14.5 dpc and 

the gene expression patterns of five key sexual development genes were analysed by 

WMISH. The DEL mutant gonads were analysed separately from the NORM mutant 

gonads in case of any difference in the phenotype. No obvious defects were seen in the 

expression patterns of any of the key genes in either male or female NORM mutant 

gonads, or in the DEL mutant gonads (Figure 5.12).  

 

Figure 5.12: Gonadal analysis of Amhr2Cre-Mapk14-cKOs 
WMISHs performed on 14.5 dpc gonads from NORM G3 litters and from DEL G3 litters. (A-E) 

NORM G3 litter analysis: Wnt4 (A); Stra8 (B); Oct4 (C); Insl3, which marks male Leydig cells 

(D); and Sox9 (E). The controls (left side of each image) are littermates and are a range of all non-

mutant genotypes. Mutants are on the right side with males on the top row and females on the 
bottom. (F) Sox9 expression in male controls and mutants from NORM G3 litter (top row) in 

comparison with male controls and mutants from DEL G3 litters (bottom row). No difference was 

observed in the DEL mutants compared to controls or to NORM mutants with any probe analysed 

(other marker analysis data not shown). All scale bars = 500 µm. 
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5.2.3.6. Male fertility and morphology 

To ensure there were no morphological defects or male infertility in the Amhr2Cre-

Mapk14-cKO mice, three mutant males were placed into fertility testing at 

approximately 8 weeks of age with C57BL/6J females of known fertility for 1 month 

(Table 5-7). Embryos were collected from pregnant females at 13.5 dpc to determine the 

litter sizes. Approximately six females were mated with each male during this time. Of 

the females that were pregnant, an average litter of 7.76 embryos was observed. 

Although control males were not tested at the same time, comparison with the control 

males from the Sf1-Cre-driven deletion (section 5.2.2.5) suggested that there was a 

slight decrease in litter size; however, Amhr2-Cre mutant males were still fertile, and 

this decrease was not significant. At the end of the one-month fertility-testing period, 

males were culled at approximately 13 weeks of age and assessed for any gross 

morphological defects; however, no gross abnormalities were observed (Figure 5.13).  

Table 5-7: Fertility testing results of male mutants 
N is number of animals. Values are expressed as average ± SEM 

 

 

Mapk14; Cre Sex N # litters 
# of 

embryos 
Average 
litter size 

p (t-test) 
c.f. XY control 

flox/flox; Amhr2-Cre/+ M 3 17 132 7.76 ± 0.53 0.068 

flox/+; Sf1-Cre/+ M 6 16 144 9.00 ± 0.38  

Figure 5.13: Gross morphology of male Amhr2Cre-Mapk14-cKO mutants 
Three mutants were sacrificed at approximately 13 weeks of age to assess the gross internal morphology 
of the reproductive organs. All three mutants (A-C) appeared normal, with normal-sized testes, no 

evidence of cryptorchidism, and seminal vesicles with normal appearance. Controls were not assessed at 

the same time. t, testis; sv, seminal vesicle; vd, vas deferens; e, epididymis. 
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5.2.3.7. Female fertility and histology 

If Müllerian duct development was disrupted in any way in female mutant mice this 

might result in infertility. This conclusion also applies to a defect in granulosa cells if 

site-directed recombination in these cells affected granulosa cell function and resultant 

oocyte development and maturation processes. Therefore, females were also mated to 

test their fertility (Table 5-8). Four mutant females (two NORM mutants and two DEL 

mutants) and four control females (flox/+; Cre/+) at approximately 19 weeks were 

mated with C57BL/6J males. Due to the limited number of female mutants available to 

test, they were allowed to litter down and newborn pups were counted, and removed. 

The females were then mated again to produce another litter. This was repeated over the 

course of two months with the aim of two or three litters per female in that time. At the 

end of the two-month period, the data were collated. Control females produced an 

average of two litters each, with 6.5 pups per litter. However, the mutant females 

produced significantly less. NORM mutants produced one litter between them, 

containing just three embryos over the whole two-month period; DEL mutants did not 

produce any litters at all. Due to the way that the matings were set up, the presence of 

the copulatory plug was not checked. Statistical analysis using a two-tailed student’s t-

test showed that mutant females were significantly less likely to produce a litter, and 

when they did, it contained significantly fewer pups.  

Following the two-month fertility testing, female mutants and controls were sacrificed 

at approximately 7.5 months of age and analysed for gross morphological defects. The 

mutants were of an average size and weight and the ovaries appeared normal. However, 

the uterine horns of some of the mutants appeared shorter and more dilated (Figure 

5.14). Histological analysis using H&E-stained sections also showed that the ovaries 

were undergoing normal follicle cycling, since all stages could be detected (Figure 
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5.15A-C). Released ova were observed in the oviducts of some mutants confirming 

normal ovary function (Figure 5.15D-E). One mutant displayed unilateral dilation of a 

uterine horn that lacked endometrial glands (Figure 5.15C,F,L) and another sample 

contained a micro-cyst in the oviduct, which is likely to be a cystic endometrial gland 

(Figure 5.15I). However, these abnormalities were not consistent amongst the four 

mutant samples and could therefore be normal variation. 

Table 5-8: Fertility testing results for female mutants 
N is number of mice. Values are expressed as average ± SEM. *for mutant females, litters for the 

three non-pregnant mice were denoted as having ‘zero’ pups, to permit statistical analysis. Statistical 
analysis was performed using a student’s t-test and p value ≤ 0.05 was classed as significant. 

Mapk14; Amhr2-Cre Sex N Total litters Total pups 
Average litter 

size* 
Litters/female* 

flox/flox; Cre/+ 
F 

2 1 3 
0.75 ± 0.75 0.25 ± 0.25 

DEL/flox; Cre/+ 2 0 0 

flox/+; Cre/+ F 4 8 52 6.50 ± 0.82 2.00 ± 0.41 

p (t-test)     0.005 0.011 

 

 

Figure 5.14: Gross morphology of Amhr2Cre-Mapk14-cKO females 
Females at 7.5 months of age were analysed for gross internal morphology. Mapk14flox/+;Amhr2-Cre/+ 

controls (A,B) were compared with NORM G3 mutants (C,D) and DEL G3 mutants (E,F). The mutant 

uterine horns from both categories were often shorter and more distended than the control littermates, 

with one DEL G3 mutant displaying unilateral dilation of the uterine horn to twice the width of the other 

side (left, E).  
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Figure 5.15: Amhr2Cre-Mapk14-cKO female histology analysis 
H&E-stained histology sections of adult female reproductive tissues to compare NORM and DEL mutants 
with Mapk14flox/+; Amhr2-Cre heterozygous controls. Most mutants exhibited normal histology (2nd 

column) but in some samples defects were detected (asterisks, 3rd column). No differences between 

NORM mutants or DEL mutants were observed. (A-C) Analysis of ovaries: control (A) and unaffected 

mutant (B) displaying normal folliculogenesis, but some haemorrhaging was notable in one affected 

mutant sample (arrow, C). (D-E) The oviducts were unremarkable in the mutants (E), and ova were 

detected in both control (D) and mutant samples (arrows). (F-I) Cross-sections of the uterine horns: 

Control sample (G) and unaffected mutant sample (H) displaying normal histology with endometrial 

glands (arrowheads). In one mutant sample (I) an endometrial cyst was detected (asterisk), while another 

was severely dilated and lacked endometrial glands (asterisk, F). (J-L) Longitudinal section of the uterine 

horns, uterus and vagina: Normal control (J) and mutant (K) uterine horn, with endometrial glands 

(arrowheads) and haemosiderin pigment (arrows) visible. (L) One mutant displayed unilateral dilation of 

the uterine horns (asterisk) (this sample is also visible in (C) and (F) sections), however uterus and vagina 
were normal. Stages of folliculogenesis labelled: 1) Primary follicle; 2) Secondary follicle (preantral); 3) 

Tertiary follicle (antral); 4) Late tertiary follicle (preovulatory); CL, corpus luteum. Ov, oviduct; uh, 

uterine horn; o, ovary; L, lumen; S, Stroma; E, endometrium; M, myometrium. Scale bars = 500 µm (A-

I,K), 1 mm (J,L). 
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In an attempt to identify the cause of the observed infertility, three more mutants and 

three controls were mated with C57BL/6J males at 21 weeks of age. These were plug-

checked, and at 2.5 dpc the females were sacrificed and the uterine horns flushed for the 

collection of morulae. The number of morulae extracted was recorded, and healthy 

morulae were then cultured to check their ability to develop to the blastocyst stage 

(Table 5-9). NORM mutant females produced 5 healthy morulae that were able to 

develop into blastocysts, and 14 unhealthy morulae; controls produced 32 healthy and 6 

unhealthy morulae (Figure 5.16). These results show that the mutant females exhibited a 

normal mating response due to the presence of the copulatory plug and that fertility 

issues occur after this point. The production of a few healthy morulae suggests the 

oocytes are maturing normally. Too much weight cannot be placed on the increased 

number of unhealthy morulae due to the low numbers involved, but it is tempting to 

speculate that the defects occur before implantation. However, the ability of the morulae 

to culture to blastocysts suggests that the ova are healthy. Although the ovaries are 

histologically normal, a defect in function of the granulosa cells to nurture the oocytes 

cannot be ruled out. Further work will be required to address these questions. 

Table 5-9: Results from morula harvest from Amhr2Cre-Mapk14-cKO females 
Morulae were collected at 2.5 dpc from 21-week old females. The healthy 8-cell morulae were 
cultured for 72 hours and all, including morulae from the mutants, cultured successfully into 

hatching blastocysts. A decrease in the number of healthy morula from the mutants was observed, 

with a higher percentage damaged, unfertilised or 2-cell staged. Due to the low numbers, this was 

not significant. 

Mapk14; Amhr2-Cre Sex N Total litters 
Total 

embryos 

Healthy 8-
cell 

morulae 

% 
unhealthy 

flox/flox; Cre/+ F 3 2 19 5 74 

flox/+; Cre/+ F 5 4 38 32 16 

p (t-test)     0.270 0.325 
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Figure 5.16: Morula collection from Amhr2Cre-Mapk14-cKO litters 
Morulae were collected at 2.5 dpc from Mapk14flox/flox; Amhr2-Cre/+ NORM mutant mothers and 

Mapk14flox/+; Amhr2-Cre/+ controls by flushing out the uterine horns. (A-C) 32 healthy morulae from 

controls were collected (A) and these cultured successfully up to 72 hours to the hatching blastocysts 
stage (B-C). (D-F) Fewer healthy morulae were collected from mutants, with 74% of the morulae 

damaged (arrows, D), unfertilised (arrow, E) or just two-cell staged (arrowhead, E). The 5 healthy 

morulae (unmarked, D) cultured successfully for 72 hours until the hatching blastocysts stage (F). 
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5.3. Discussion 

Here, I have shown that deletion of Mapk14 in either somatic cells of the gonad or 

Müllerian duct mesenchyme is not detrimental to either gonad or reproductive tract 

development. In contrast, inhibition of p38α and p38β in organ culture with a specific 

small-molecule inhibitor at 11.5 dpc resulted in XY somatic and germ cell sex reversal 

(Bogani et al. 2009; Ewen et al. 2010). Deletion of Mapk14 using Amhr2-Cre did 

disrupt female fertility, but the exact mechanism behind this defect could not be 

elucidated.  

A role for Mapk14 in adult ovaries had previously been shown by a deletion in 

granulosa cells (using Cyp19-Cre) that affected gene expression profiles of pre-

ovulatory follicles and cumulus cell-oocyte complexes, but did not disrupt fertility (Liu 

et al. 2010). Small molecule inhibitor studies using either SB203580 or SB202190, 

which are specific to p38α/β MAPK, have also shown that follicle-stimulating hormone 

(FSH) can activate the p38 MAPK pathway in rat granulosa cells (Maizels et al. 1998). 

While these inhibitor studies have been very useful in determining a role for the p38 

MAPK pathway in both testis development and ovary function, the results presented in 

this chapter have provided the first in vivo evidence of a critical function in female 

fertility.  

Amhr2-Cre has been documented to drive targeted deletion in granulosa cells 

previously, resulting in infertility due to the inactivation of follistatin (Fst) (Jorgez et al. 

2004). Follistatin is a key negative regulator of FSH due to its ability to bind and 

neutralise activins (Ueno et al. 1987). The phenotype of the resultant conditional 

knockout female is broadly similar to that observed with the conditional deletion of 

Mapk14 using Amhr2-Cre. The Fst conditional knockout females also produce fewer 
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litters and have reduced litter sizes, with some females being completely infertile. In 

immature mice, until 3 months of age, ovarian histology was normal in comparison with 

controls. However, after 3 months of age defects were observed that were more severe 

in aged mice, indicating a degeneration of ovarian function with age. At 3 months, 

follicles were still present within all stages of folliculogenesis, however, fewer antral 

follicles and corpora lutea were observed. By 6 months, these defects were more severe, 

and by 8 months of age very few follicles were present at any stage but there was a 

significant increase in zona pellucida remnants indicating oocyte cell death. The ability 

of oocytes to be fertilised at 3 weeks and 6 months of age was assessed by this group 

through superovulation of females and the collection of oocytes and one-cell embryos 

20 hours later. At 3 weeks, the conditional knockout females displayed normal fertility 

in comparison with controls, but at 6 months, a significant decrease was observed in 

both the number of oocytes released and the number that had developed to the two-cell 

stage after 24 hour culture.  

Although the fertilisation tests I carried out on the Amhr2Cre-Mapk14-cKO females 

were limited due to i) the availability of just three experimental mice (compared to 

seven of 6-months-of-age in Jorgez et al. 2004) and ii) collecting 2.5 dpc morulae after 

natural matings instead of after superovulation, it is possible that similar results may 

have been observed if the numbers were higher. Further work would be required to 

determine whether Fst and Mapk14 operate in the same cellular pathways of female 

reproductive tract development. 

It may be that Mapk14 has a key role in the development of the female reproductive 

tracts and targeted deletion in the Müllerian duct mesenchyme driven by Amhr2-Cre 

results in the infertility that is not observed with granulosa cell-specific deletion using 
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Cyp19-Cre (Liu et al. 2010). The uterine horns were notable for being more dilated in 

Amhr2Cre-Mapk14-cKO mice than in controls, and the ability of healthy morulae from 

these experimental mice to culture to the blastocyst stage suggests that there are no 

defects in oocyte production and fertility, but that, alternatively, the oviduct or uterine 

horns are not providing the right environment for the support of the early-stage 

embryos. 

Other models of female infertility through gene inactivation driven by Amhr2-Cre also 

display similar phenotypes to the inactivation of Mapk14 in the same cell types. These 

include the inactivation of Gata4 (Kyrönlahti et al. 2011b) and of β-catenin (Ctnnb1) 

(Hernandez Gifford et al. 2009). Gata4 conditional knockouts display reduced fertility 

but normal morphology and histology up until 6 months of age. After this, differences 

in both gross and histological appearances of ovarian tissue were apparent, including 

non-haemorrhagic ovarian cysts. These Gata4 conditional knockouts appear to have 

impaired function of granulosa cells exhibited by reduced AMH levels, and also have an 

impaired response to gonadotrophins. Conditional knockouts of Ctnnb1 displayed 

complete infertility at all ages studied, from 2 months through to 8 months. However, 

the ovarian gross and histological phenotypes appeared to be normal. Instead, oviductal 

and uteri abnormalities were apparent with failed implantation of the released oocytes, 

and grossly distended oviducts and disrupted coiling.  

GATA4 is reported to be regulated by FSH through increased phosphorylation regulated 

by FSH-mediated protein kinases, including ERK1/2 and protein kinase A 

(Kwintkiewicz et al. 2007). In addition, due to similarities between the two Gata4 and 

Ctnnb1 conditional knockouts driven by Amhr2-Cre, it is postulated that Gata4 

regulates the β-catenin/WNT pathway in adult ovaries. As FSH also activates p38 
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MAPK, it is possible that p38α could be involved in the GATA4/β-catenin regulation of 

granulosa cells and oestrogen production.  

Analysis of male Gata4 conditional knockouts driven by Amhr2-Cre also highlights a 

role for Gata4 in Sertoli cell function in adult mice (Kyrönlahti et al. 2011a). Males 

were fertile with no abnormalities until 6 months of age, following which severe 

testicular atrophy and a decline in fertility were observed. The analysis of male 

Amhr2Cre-Mapk14-cKOs was very limited due to time constraints and the limited 

number of mice available. Up until 3 months of age there were no obvious 

abnormalities, but analysis of older mice was not possible. This possibility of age-

related defects in these mutant mice would warrant further study. 

While the deletion of Mapk14 using Amhr2-Cre has generated an interesting female 

infertility phenotype, the most notable result, from the perspective of gonad 

development and the role of the MAPK pathway in testis determination, is that the 

Mapk14 deletion driven by Sf1-Cre in somatic cells of the early gonad did not disrupt 

sexual development. Inhibition of p38α and p38β in gonad organ culture using small 

molecule inhibitors such as SB202190 (Bogani et al. 2009) and SB203580 (Ewen et al. 

2010) has provided in vitro evidence for a role of these two p38 MAPKs in XY gonad 

development. The specificity of these small molecule inhibitors has been assessed in 

detail (Davies et al. 2000). Both inhibitors are pyridinyl imidazoles that inhibit the p38α 

and p38β MAPKs. SB203580 is very selective towards these kinases, with 

concentration values required to achieve 50% inhibition (IC50) of 50 nM and 500 nM 

respectively. However, it does also inhibit LCK, GSK3β and PKBβ protein kinases, 

albeit with 100-500-fold higher IC50 values. SB202190 has very similar inhibitory 

properties, but with stronger inhibition of p38β, as the IC50 values for p38α and p38β 
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were 50 nM and 100 nM respectively. It also slightly inhibited LCK, PKBβ and GSK3β 

along with PKA and ROCK-II. Their ability to inhibit upstream kinases (MAP2Ks or 

MAP3Ks) was not tested. The ability of both drugs to inhibit protein kinases depends on 

the size of the amino-acid side chain at position 106 (Wilson et al. 1997). In p38α and 

p38β, a threonine is found at this position. A kinase with a larger residue at this site, 

such as in p38γ and p38δ, is insensitive to the drug, while a kinase with a threonine, or 

smaller residue, will also be inhibited by the drug. Despite the fact that JNK kinases are 

reported to be resistant to inhibition due to the presence of methionine at position 106, 

one group has reported that some isoforms of JNK2 are slightly inhibited in the 

presence of SB203580 (Whitmarsh et al. 1997). However, the IC50 value was much 

higher: 10-20 µM inhibitor was required to reduce JNK2β to basal levels and 100 µM 

for JNK2α, compared with the 1 µM required to reduce p38α to basal levels. Moreover, 

this inhibition of JNK isoforms was assessed by Eyers et al who also identified the 

slight inhibition, but at 50-500 fold higher IC50 than p38α (Eyers et al. 1999). However, 

they did not find evidence that the phosphorylation of two putative substrates of JNK 

was affected as a consequence. Therefore, as long as SB203580 and SB202190 are used 

in the lowest concentration necessary to inhibit p38α and p38β, other non-specific 

effects should be avoided.  

Inhibition with SB202190 as late as 11.5 dpc, significantly later than the initial up-

regulation of Sry and subsequent activation of Sox9, is sufficient to decrease Sox9 levels 

and increase Wnt4 in the somatic cells of the XY gonad. Ewen et al suggest that this 

supports their hypothesis that p38 MAPKs affect the differentiation of germ cells and 

that inhibition at such a late stage means it is likely that the observed effects are a direct 

effect on germ cells, rather than an indirect effect through inhibition of Sry expression. 

Perhaps there is an important role for p38 MAPKs in both somatic cells and germ cells 
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and a global deletion of Mapk14 in the whole gonad is required to see an effect. A 

simple way to address this would be to perform embryo-specific Mapk14 deletion using 

a Mox2-Cre (MORE-Cre) driver (Hui et al. 2007; Perdiguero et al. 2007). More-Cre is 

expressed throughout the epiblast following implantation and therefore not in extra-

embryonic tissues, avoiding the embryonic lethality observed with the constitutive 

knockout (Tallquist and Soriano 2000). Expression of the More-Cre recombinase is 

observed from 5 dpc and the Mapk14 conditional knockout mice survive until postnatal 

day 4, which would enable analysis of embryonic gonad development. The 

identification of a gonadal phenotype in this embryo-specific deletion of Mapk14 would 

highlight two different hypotheses. Either, i) germ cells play a key role as Ewen et al 

suggest, and it is the affect of Mapk14 on germ cell differentiation that dictates the sex-

specific gonad development pathway in the organ culture model, or ii) the deletion of 

Mapk14 much earlier in development, at least earlier than permitted by Sf1-Cre, is 

required to disrupt testis development.  

The experiment outlined above would be important for addressing some of the potential 

reasons why a phenotype is not seen with the Sf1-Cre-driven deletion of Mapk14, 

namely, embryonic stage of deletion and/or the contribution of defects in other cell-

types. There are also several other potential reasons for the absence of a gonadal 

phenotype. Functional redundancy amongst the different p38 isoforms could 

compensate for the loss of Mapk14 – perhaps Mapk11 (p38β) is also crucial, as the 

inhibitor studies may suggest, or Mapk13 (p38δ), which is strongly expressed in the 

testis in comparison with the ovary. It could also be that a functionally unimportant 

MAPK has been targeted and JNK is the vital link between Map3k4 and testis 

determination. The main point that needs to be addressed to enable further study in this 
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area is the exact gonadal cell lineage(s) in which Map3k4-activated signalling is 

required. 

The conditional knockout strategy employed in this chapter does have limitations. 

Firstly, the breeding scheme required inactivation of two floxed alleles simultaneously, 

which could have delayed the ablation and subsequent onset of a phenotype. It is 

possible to design a breeding scheme incorporating a null allele in place of the floxed 

allele in the flox/+; Cre/+ males in the G2 generation. This would result in null/flox; 

Cre/+ experimental offspring in which only one floxed allele needs to undergo site-

specific recombination. However, the null allele of Mapk14 was not initially available 

and due to time constraints it was not possible to wait for the generation of null/flox; 

+/+ mice from the β-actin-Cre driven deletion. The significance of the potentially 

delayed ablation of two floxed alleles is highlighted by a report on the use of Amhr2-

Cre to drive the tissue-specific deletion of Ctnnb1 (Deutscher and Yao 2007); the 

phenotypes observed in the Amhr2-Cre; Ctnnb1
flox/flox

 embryos were less severe than 

those observed in the Amhr2-Cre; Ctnnb1
flox/−

 embryos.  

Secondly, it was not possible to address the efficiency of the conditional inactivation 

and the amount of mosaicism resulting from the use of either Cre driver. Ideally, the 

presence or absence of the specific Mapk14 mRNA transcript and protein would have 

been detectable in wild-type and conditionally inactivated cells by WMISH and 

immunohistochemistry. However, due to the floxed region of the Mapk14 allele only 

encompassing exons two and three, the Mapk14 riboprobe for use in WMISH would not 

differentiate between either the floxed mRNA transcript or the deletion mRNA 

transcript, unless the stability of the deletion transcript had been significantly disrupted. 

This is also true for qRT-PCR analysis, as the TaqMan probe used would have to anneal 
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to the floxed region so that it could differentiate between the wild-type allele and 

recombined allele; normal expression levels would only be detected from the wild-type 

allele, whereas the presence of the recombined deletion allele would result in reduced 

levels of Mapk14 detected. Detecting p38α protein would have been the most reliable 

method, but unfortunately I did not have a reliable antibody. Therefore, the success of 

the recombination was determined by the presence of the deletion allele detected by 

standard PCR. Unfortunately, the lack of a phenotype does not help confirm the 

successful recombination and high efficiency. A different method to confirm gene 

inactivation involves modifying the targeting vector to include a reporter gene in such a 

way that the inactivation of the targeted gene causes activation of the reporter. The 

reporter activity can then be detected in the cells with gene inactivation (Kwan 2002). 

This approach has been reported in limb-specific inactivation of Fgf8 (Moon and 

Capecchi 2000), however, reporter activity cannot differentiate between the successful 

recombination of one allele or both alleles. A variant of this approach was also very 

recently reported with a Mapk14 conditional inactivation by Bruchas et al, who studied 

the deletion in parts of the brain to determine the function of the kinase in depression 

and addiction through a stress-activated response (Bruchas et al. 2011). However, in this 

case, the reporter was located in a different construct to the floxed allele, and therefore 

expression only confirmed the presence of functional Cre, since it is known that not all 

floxed loci delete with the same efficiency (see below).  

Another limitation to the conditional knockout method, particularly pertinent for the 

Sf1-Cre-driven deletion, is the lag between onset of Cre expression and deletion of 

targeted protein. This is summarised in the diagram below (Figure 5.17), based on 

Nagy, 2000 (Nagy 2000). The Cre recombinase-mediated excision of the target is a 

stochastic event since it does not occur at the same time in all the cells of the target 
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lineage. There are a number of different factors that can affect the speed of excision, 

including the expression characteristics of the Cre enzyme, the availability of the floxed 

sequence, and mRNA and protein half-lives of the target gene. Assessing the expression 

of the Cre enzyme by crossing with the reporter R26R and staining for β-galactosidase 

activity is very useful for determining the approximate stage when the target is deleted. 

However, the R26R floxed region is excised very efficiently and often more easily than 

the experimental floxed region, meaning that the R26R results have to be taken only as 

a guide. Similarly, β-actin-Cre is a very efficient Cre deleter, so the resulting excision 

does not necessarily indicate that the floxed region will be deleted as efficiently by the 

experimental Cre driver. These issues may be more pertinent when studying testis 

determination, a process which is known to be extremely sensitive to the timing of 

particular molecular and cellular events. What is required is a way of determining 

whether Sf1-Cre is a suitable Cre line for studying the MAP3K4 pathway, 

independently of questions of functional redundancy. This question is addressed in the 

next chapter. 

 

Figure 5.17: Delay of Cre action 
Graph to show the delay between the activation of the promoter and consequent Cre transcription 

through to the reduction of functional target protein in the Cre-expressing cells. This delay includes 

time from Cre transcription to translation of the recombinase protein and recombination of the 

subsequent targeted sequence. This recombination does not occur in all cells at the same time, so there 

is a lag in the drop off of target mRNA, and the half-life of the target protein impacts on the time it 

takes for the levels of the target protein to decrease significantly. Figure adapted from (Nagy 2000). 
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6.1. Introduction 

The conditional inactivation of Mapk14 driven by Sf1-Cre in the somatic cells of the 

gonad does not affect sex determination or gonadal development, despite the link 

between chemical inhibition of p38α/β and XY gonadal sex reversal in an organ culture 

model. This inhibition of p38α and p38β in vitro at 11.5 dpc is sufficient to down-

regulate the expression of Sox9 and up-regulate the expression of Wnt4. The XY sex 

reversal is also seen in germ cells as evidenced by the increase in Stra8 expression in 

XY samples. As discussed in the previous chapter (section 5.3), there are many potential 

reasons for the absence of a gonadal phenotype after somatic cell-specific ablation of 

Mapk14 in the gonad. These include: possible functional redundancy amongst the 

different p38 MAPKs; an alternative p38 MAPK, other than Mapk14, may be the 

important regulator; deletion at an earlier embryonic stage may be required; the 

MAP3K4-activated pathway may be active in a different cell lineage; or, finally, a 

completely different MAPK may function in testis determination, such as one or more 

of the JNKs.  Work described in this chapter attempts to address these points. 

Due to the time-consuming nature of breeding conditional knockouts and the 

complexity involved with attempting a multiple gene knockout when one of the alleles 

requires conditional inactivation, other methods to determine whether functional 

redundancy is an issue were explored. Gene knockdown can provide a valuable insight 

into function, whilst also providing the flexibility of targeting multiple gene transcripts 

at the same time, along with the possibility of using either cell or organ culture to 

exclude the need to generate large numbers of mice. One way to facilitate gene 
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knockdown is the short interfering RNA (siRNA)-induced activation of the RNA 

interference (RNAi) pathway to degrade mRNA.  

Most siRNAs are exogenous, short 21-25 nucleotide (nt) double-stranded (ds) RNA 

molecules that are commonly introduced into the cell by viruses in the form of longer 

dsRNAs. The presence of these dsRNAs in cells triggers the RNAi pathway to facilitate 

gene silencing, and this process is reviewed extensively by G.Hannon (Hannon 2002). 

The key initiation of this RNAi pathway is through an RNase III enzyme, Dicer. Dicer 

recognises long dsRNAs and processes them into siRNAs with 2 nt overhangs at the 3’-

ends (Bernstein et al. 2001; Elbashir et al. 2001b). The siRNAs are then incorporated 

into a RNA-induced silencing complex (RISC), which is comprised of the Argonaute 

family of proteins, and results in the unwinding of the ds siRNA and subsequent 

activation of the RISC complex. The activated RISC uses the single-stranded unwound 

siRNA to direct it to the complementary mRNA target. As a result, the target mRNA is 

cleaved, preventing the initiation of translation and thus effecting a gene silencing 

mechanism. The single-strand siRNA/RISC complex can cleave many complementary 

mRNA sequences in this manner, since the siRNA is not destroyed in the process. This 

RNAi pathway is conserved across many different species including plants, worms and 

mammals. 

Not only does Dicer process exogenous dsRNAs into siRNAs, but it also processes 

numerous endogenous small RNAs known as microRNAs (miRNAs). These miRNAs 

also use the RISC complex to effect gene silencing but through a slightly different 

mechanism. miRNAs typically have incomplete base pairing to the target gene and 

consequently cause translational repression of many mRNAs with similar sequences, 

rather than the mRNA degradation that results from binding of siRNAs that have 
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complete complementarity to their target. miRNAs are non-coding RNAs transcribed to 

regulate gene expression through silencing of cognate mRNAs and are essential during 

development (Sayed and Abdellatif 2011). The primary miRNA transcripts (pri-

miRNA) consist of multiple hairpin loops that are processed into a 70 nt stem-loop pre-

miRNA by a microprocessor complex. This microprocessor complex consists of an 

RNaseIII enzyme, Drosha, and a dsRNA-binding protein, Pasha. The pre-miRNAs are 

transported out of the nucleus by a nuclear transport receptor complex and cleaved by 

Dicer into a mature ~22 nt ds miRNA with asymmetric 3’-ends. This miRNA is then 

processed by RISC for translation repression as described above. The importance of 

gene regulation by this pathway is highlighted by the finding that the knockout of 

Dicer1 in mice causes early embryonic lethality by 7.5 dpc (Bernstein et al. 2003). 

Due to the function of the RNAi pathway, exogenous dsRNAs (in the form of small-

hairpin (sh) RNAs or siRNAs), can be used for targeted gene knockdown in model 

organisms that have this RNAi machinery. This method of gene silencing has been 

extensively studied and trialled to avoid the use of time-consuming and expensive 

knockouts and is reviewed by W-C.Lee et al (Lee et al. 2008). It can be induced through 

the addition of multiple forms of dsRNA including: simple siRNAs, longer dsRNA 

made from plasmids which will be cleaved by Dicer in the cell into siRNA, or shRNAs 

introduced into the cell in either a virus or plasmid by transfection. The method chosen 

depends on the cost (siRNAs are expensive), accessibility (siRNAs may diffuse better 

than viruses) and the tissue- or cell-type being transfected (for example in mammalian 

cells, only viruses are taken up without the need of a transfection reagent). 

The most common system for the successful application of RNAi is in conventional cell 

culture. This method of gene knockdown has been used repeatedly to investigate the 
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function of genes since the first success (Elbashir et al. 2001a). Unfortunately, the use 

of siRNA for gene knockdown does have limitations (Sledz and Williams 2005). First, 

the effect is only transient: in cells, the gene silencing and resultant phenotype is not 

permanent. Second, the efficacy of siRNA-mediated gene silencing depends on many 

factors, such as the sequence of the siRNA, the half-life of the targeted mRNA and 

protein, and the presence of any feedback mechanisms within the cell to control 

expression of the target gene. A third aspect is that non-specific and off-target effects of 

the RNAi response can be common. Non-specific effects are known to be possible 

following the observation that siRNAs can activate other dsRNA response elements, 

leading to the up-regulation of alternative genes such as those associated with innate 

immune pathways. Off-target effects involve the ability of siRNAs to trigger the 

miRNA pathway and thus genes other than the target can have altered expression.  

Other applications of RNAi have extended to their in vivo delivery in mice and also to 

explant organ culture. The ability to determine the function of a gene during organ 

development ex vivo is very advantageous and the use of siRNA has been reported in 

the culturing of salivary glands (Sakai et al. 2003), kidneys (Davies et al. 2004), lungs 

(Gill et al. 2006) and ovaries (Wang and Roy 2006), to name a few examples. Despite 

these success stories, relatively few reports documenting the successful use of siRNAs 

in organ culture have been published, and this is particularly so in the case of 

developing gonad organ culture. Many research groups have tried to develop a reliable 

technique, but few have succeeded. There are a handful of examples of the use of 

siRNA in gonad organ culture including: the use of oligofectamine to facilitate Alks and 

Smads siRNA knockdown in rat urogenital ridges (Zhan et al. 2006); microinjection of 

Sox9 shRNA plasmids into the XY 11.5 dpc gonad followed by magnetically-mediated 

gene transfection (“magnetofection”) to induce localised sex reversal (Svingen et al. 
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2009); and nucleofection of XY gonads in a ‘hanging drop’ culture to facilitate partial 

knockdown of Sox9 using an shRNA plasmid (Ryan et al. 2010). However, all of these 

methods have limitations, notably technical difficulty, regionalised effects, poor 

transfection and low efficiency of gene silencing. The use of siRNA in organ culture not 

only has the limitations previously mentioned, such as protein half-life and feedback 

mechanisms employed by the cell to maintain expression of a gene, but is also affected 

by specific problems associated with organ culture itself. This includes the environment 

of the cells to be transfected, which are tightly packed together in multiple layers in the 

explanted organ, often acting as barriers or traps to siRNA diffusion. This is in stark 

contrast to the accessibility of two-dimensional cell cultures. This ‘trapping’ of siRNA 

in organ culture has been observed through the preferential targeting of certain cell 

types by the siRNA or labelled fluorophores. For example, in salivary glands, successful 

siRNA delivery is associated with epithelial cells more than mesenchymal (Sakai et al. 

2003), whereas in kidneys the opposite effect is observed (Davies et al. 2004). Other 

delivery methods have been trialled to increase the transfection efficiency, such as 

Lentiviral delivery of shRNAs. However, there are reports that these viruses are 

incapable of penetrating deep into tissue (Lee et al. 2008). 

Despite all of these limitations, the benefits of finding a robust ex vivo knockdown 

method, and thus assessing functional redundancy amongst the different p38 MAPK 

isoforms, prompted the trial of two different methods.   
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6.2. Results 

6.2.1. Determining the function of p38 MAPKs in gonad 

development 

One explanation for the conditional ablation of Mapk14
flox

 in somatic cells of the gonad 

not resulting in a sexual development phenotype could be that the inappropriate p38 

MAPK was targeted. Although it has previously been documented that individual 

constitutive knockouts of Mapk11, Mapk12, and Mapk13 are viable and fertile, these 

analyses were not always conducted on a C57BL/6J background, and the ratio of male 

to female mice produced was not reported. Nor were embryonic gonads systematically 

assessed in these reports. Moreover, some defects are also very subtle and it may require 

expertise in the study of gonad development to identify them.  

For these reasons, the Mapk11 constitutive knockout mouse was obtained as a kind gift 

from J.S.Arthur (Beardmore et al. 2005). The initial plan was to generate a double 

knockout of Mapk11 and Mapk14 to recapitulate the p38α/β inhibitor studies. However, 

the receipt of Mapk11 mice was delayed substantially and it became impossible to 

attempt this in the time that was available. The homozygous Mapk11 mice that were 

imported (three male and three female) were reported to be predominantly on a 

C57BL/6J background, although the number of backcrosses was not known. One male 

was used for IVF to rederive the line into the animal house at MRC Harwell. The 

remaining mice were mated together while housed in quarantine to generate embryos 

with which to assess gonad development. Unfortunately, following 4-5 weeks of 

mating, copulatory plugs were not detected. This could be the result of a variety of 

factors including: transport to MRC Harwell disrupting normal mating behaviour, the 

age of the mice (which was unknown), as well as fertility defects. The homozygous 
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mice were culled 19 weeks after they first arrived and analysed for gross morphological 

abnormalities of the reproductive organs. No abnormalities were visible (Figure 6.1).  

Timed matings were subsequently performed between the rederived Mapk11
−/+

 

heterozygotes. Embryos were collected at 14.5 dpc from pregnant females. Of the 20 

embryos collected from two litters, five were genotyped (using a PCR-based strategy) 

as homozygous knockouts. Unfortunately, all were phenotypically female with an XX 

chromosome constitution; no gross morphological abnormalities of ovary development 

were observed. Due to time constraints no further litters could be collected and therefore 

testis development in XY homozygotes could not be assessed. However, due to the fact 

the line is normally maintained as a homozygous colony with no reported fertility 

issues, and the gross morphology of the adult homozygous males was normal, it is 

unlikely that any significant embryonic defects would have been observed. 

Nevertheless, the possibility of subtle defects, such as delayed testis determination, 

cannot be ruled out because it is not uncommon for embryonic gonads to recover from 

mild abnormalities, such as in the formation of testes after initial ovotestes development 

(Washburn and Eicher 1983; Val et al. 2007). 

Again, due to time constraints, gonadal development in the two other p38 MAPK gene 

knockouts could not be determined. The constitutive knockout of Mapk12 has been 

reported and is both viable and fertile on a mixed (C57BL/6J × BALB/c) genetic 

background (Sabio et al. 2005). Given the low overall expression of Mapk12 during 

gonad development, it seems unlikely that this gene, on its own, would have a vital role 

in gonad development.  

There are two different targeted alleles of Mapk13. The first was bred on the C57BL/6J 

background and was maintained as a homozygous colony, confirming viability and 
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fertility of both males and females (Schindler et al. 2009). This line was also used to 

generate a double knockout of Mapk13 and Mapk12, also reported to be viable and 

fertile (Sabio et al. 2005). The second targeted allele (Sumara et al. 2009) also results in 

viable homozygotes on the C57BL/6J background; however, fertility was not reported. 

Personal communication with the authors of the study confirmed that fertility had not 

been tested; however, they had not observed an obvious bias in the male to female ratio 

in the homozygotes produced from heterozygous intercrosses. It is unlikely that they 

would have genotyped for the sex chromosomes, but rather determined the sex by 

phenotype, but it is still unlikely that XY sex reversal had occurred. Due to the strong 

sexually dimorphic expression profile of Mapk13 during gonad development, it would 

be interesting to test the fertility of homozygotes since late-onset fertility defects after 6 

months of age in both XY and XX mice, as were seen in the deletion of Gata4 using 

Amhr2-Cre (Kyrönlahti et al. 2011a; Kyrönlahti et al. 2011b), remain a possibility. 

 

Figure 6.1: Gross morphology of male and female reproductive organs in Mapk11
−/−

 mice 
Analysis of gross morphology in imported Mapk11−/− adult mice revealed no overt abnormalities. (A) 

XX control, (B) XX Mapk11
−/−

, (C-D) XY Mapk11
−/−

. Control males were not analysed at the same 

time. The mice were genotyped for their sex, which corresponded with both the external and internal 
phenotype. o, ovary; ov, oviduct; uh, uterine horn; u, uterus; sv, seminal vesicles; e, epididymis; t, 

testis; vd, vas deferens. 
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6.2.2. Gene knockdown of the p38 MAPKs in gonad organ culture 

To further address the role of functional redundancy amongst the different p38 MAPKs, 

and to establish an approach that could prove very useful in future functional studies in 

our laboratory, gene knockdown methodologies in gonad organ culture were trialled. As 

with embryonic kidneys and lungs, gonads at 11.5 dpc are known to culture very 

successfully (Buehr et al. 1993; Martineau et al. 1997). To validate the organ culture 

technique in my hands, male (XY) and female (XX) C57BL/6J wild-type gonads with 

attached mesonephroi were dissected from 11.5 dpc embryos at the bipotential stage and 

cultured on agar moulds supplemented with foetal calf serum (FCS), L-Glutamine and 

Ampicillin for 48 hours. The gonads cultured successfully and subsequent analysis by 

WMISH confirmed expected expression of Sox9, a Sertoli cell-specific marker, in a 

male-specific fashion (Figure 6.2) and testis cord-like structures were present.  

 

Figure 6.2: Expression of Sox9 by WMISH in cultured gonads 
Embryonic gonads were explanted at 11.5 dpc and cultured in agar grooves, supplemented 

with serum and ampicillin, for 48 hours. Subsequent analysis of Sox9 expression by WMISH 

revealed strong staining in the gonads of XY samples with cord-like structures apparent in 

some samples. Weak expression was also detected in the mesonephros. In XX samples, Sox9 
was absent from the gonad, but visible at low levels in the mesonephros. These expression 

patterns compare favourably with those of wild-type 13.5 dpc samples in vivo. g, gonad; m, 

mesonephros. Scale bar = 200 µm. 

 



Chapter 6 | Further studies on the mechanism of MAP kinase signalling in 
gonad development 

161 

 

6.2.2.1. Magnetofection of shRNA 

Despite the relative ease of culturing gonads ex vivo, not many reports documenting 

successful gene knockdown within such gonads have been published, as discussed in 

the Introduction (section 6.1). It is more than likely that this technique has been tried 

many times, but with limited success. For this reason, establishing a protocol for a 

successful delivery method to initiate the RNA interference pathway was challenging. A 

recent publication by Svingen et al described the successful delivery of shRNA by the 

use of magnetofection: a technique involving the microinjection of shRNA molecules 

(in a vehicle of magnetic beads and lipofectamine) straight into the middle of the 11.5 

dpc gonad, and application of a magnetic field to draw the compound directly into cells 

(Svingen et al. 2009). The benefits of this method over any virus-mediated or siRNA 

simple diffusion variant included the controlled localised effect of the knockdown 

within the gonad around the site of injection, providing an internal positive control for 

normal growth in culture in the regions not injected. This magnetofection method was 

therefore utilised initially for the injection of an EGFP expression plasmid.  

Microinjection of an 11.5 dpc gonad proved challenging. A variety of methods were 

trialled, including a handheld pipette using pulled glass capillaries, and also a mouth 

pipette. Subsequent analysis of GFP expression within the gonad following 48 hours of 

culture revealed conflicting results. Some fluorescence was frequently observed around 

the site of injection, along with increased levels in the mesonephros. However, 

comparison with the negative controls, injected with the magnetic beads and 

lipofectamine but without the expression plasmid, often revealed comparable levels of 

expression in similar sites. It was concluded that this was a consequence of auto-

fluorescence of the magnetic beads in the gonad and/or red blood cells (a well known 

phenomenon) in the mesonephros (Figure 6.3A-I). A trial injection of an Sry-expressing 
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plasmid (pcHA-Sry; a kind gift from P.Koopman) was also performed on XX gonads to 

determine whether testis-specific gene expression could be induced (Figure 6.3J). 

However, no evidence of an effect was seen.  

 

Figure 6.3: Assessment of the 

magnetofection method of 

shRNA transfection 
Explanted gonads were micro-

injected with an expression 

plasmid/CombiMAG/lipofectamine 

complex and cultured for 48 hours. 

(A-E) Analysis of EGFP expression 

revealed some fluorescence around 

the site of injection (arrowheads 

and dark areas). Fluorescence was 

also visible in some cells of the 

mesonephros (B). However, a 

similar profile was detected with 

the Texas Red laser, suggesting that 
this fluorescence is not EGFP 

expression but non-specific auto-

fluorescence (C). 

(F-I) In control injections without 

the expression vector, fluorescence 

was frequently detected in the 

mesonephros, suggesting auto-

fluorescence of red blood cells 

(G,I). Detection of fluorescence 

around the site of injection varied 

between absence (F-G) and 
presence (H-I).  

(J) Injection of pcHA-Sry plasmid 

into XX 11.5 dpc explanted gonads. 

Control injections were performed 

in parallel. Analysis of Sox9 

expression following WMISH 

revealed strong staining as expected 

in the XY control sample, and no 

staining in the XX control. No 

convincing expression was 

observed in the experimental XX 

sample. The site of injection is 
marked by arrowheads in all cases 

(and is also visible by the golden 

colour of the magnetic compound). 

Scale bars = 200 µm 
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6.2.2.2. Transfection of siRNA 

A much simpler method than magnetofection was then trialled, involving transfection of 

a naked siRNA into the gonad with the use of lipofectamine and no other delivery 

vehicle. Initial experiments involved transfection of a red Alexa fluor oligonucleotide 

and subsequent monitoring of levels of uptake into the gonad. Following optimisation, 

the data indicated a certain level of consistent uptake observed in the experimental 

samples compared to negative controls; fluorescence was consistently observed in the 

mesonephros of experimental samples, with accompanying (but variable) levels in the 

body of the gonad (Figure 6.4). However, the efficiency of uptake was variable. For the 

negative controls, a standard, non-specific negative control siRNA was used.  

6.2.2.3. Sox9 knockdown in gonad explant cultures 

Initial knockdown experiments were performed using a Sox9 siRNA. XY gonads 

lacking Sox9 exhibit complete sex reversal, exhibiting expression of female somatic 

markers Foxl2 and Wnt4 (Lavery et al. 2011). Recapitulating this phenotype in gonad 

culture would validate this knockdown method for use with other genes. Although it is 

possible to obtain siRNAs that contain a fluorescent tag to monitor the uptake into cells, 

these are very expensive, so, instead, normal unlabelled siRNAs were used and 

transfection of the red Alexa fluor oligonucleotide control was performed alongside the 

experimental siRNAs to assess efficiency of the uptake. Two siRNAs targeting different 

parts of the Sox9 transcript were pooled to increase the chances of efficient knockdown. 

To assess successful knockdown, expression of cell-specific markers was analysed by 

both WMISH and qRT-PCR. For qRT-PCR analysis, each individual cultured gonad 

was analysed separately to avoid any potential suppression of a detectable effect if the 

gonads were pooled due to the variation in efficiency (refer to Materials and Methods 

sections 2.7.1 and 2.12.2).  
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Figure 6.4: BLOCK-iT Red Alexa Fluor oligonucleotide delivery 
(A-F) Images of cultured gonads were taken using an Olympus IX81 microscope. (A-C) No fluorescence 

was detected in control gonads transfected with a negative siRNA at either 561 nm (B), corresponding to 

the Red Alexa Fluor, or 488 nm to detect auto-fluorescence (C). (D-F) Fluorescence was detected in the 

gonad and mesonephros of samples transfected with 120 pmoles of Red oligo (E) with minimal levels of 

non-specific fluorescence restricted to the mesonephros (F), suggesting that some mesonephric expression 

was autofluorescence of red blood cells but gonadal fluorescence was true Red oligo expression.  

(G-L) Images were taken with a Leica TCS SP5 confocal microscope. (G) Control gonads in which 
occasional red fluorescent cells were observed, but fluorescence in the mesonephros was limited. (H-I) 

Variable fluorescence levels were observed in the transfected gonads from a high gonadal percentage of 

cells transfected (H), to a low amount but with expression still present in the mesonephros (I). (J-L) To 

assess the transfection efficiency, some gonads were incubated with aqueous DAPI (K-L). However, for 

reasons unknown, the DAPI expression profile did not appear normal. Unfortunately, this experiment could 

not be repeated due to time constraints. 

Scale bars = 100 µm. m, mesonephros; g, gonad; DIC, differential interference contrast. 



Chapter 6 | Further studies on the mechanism of MAP kinase signalling in 
gonad development 

165 

 

Knockdown was initially performed on 11.5 dpc (17 ts) dissected gonads, which were 

subsequently cultured for 48 hours. Analysis of gene expression revealed variable 

results. By WMISH, Sox9 expression was largely unaltered, although some samples had 

potential localised disruption of expression. One knockdown gonad did show Foxl2 

gain-of-expression, and another knockdown gonad showed a few spots of Stra8 in the 

anterior pole (Figure 6.5A-F). By qRT-PCR, analysis of Sox9, Stra8, Wnt4, and Fst 

expression in six experimental samples identified one sample with decreased Sox9 and 

increased Wnt4, Fst and Stra8 (Figure 6.5G-J).  

Knockdown of Sox9 was also attempted on earlier stage gonads dissected between 10.5 

and 11.0 dpc (8-13 ts). Results from these were much more promising. Analysis by 

WMISH revealed approximately 30% of experimental knockdown gonads exhibiting 

elevated Wnt4 expression, decreased Sox9 expression and also decreased Hsd3b 

expression (Figure 6.6). Analysis by qRT-PCR highlighted approximately 65% of 

experimental samples exhibiting partial sex reversal, as defined by decreased levels of 

Sox9 and Amh, and increased levels of Wnt4 and Fst (Figure 6.7).  

However, the consequence of culturing from earlier stages was apparent disruption to 

the development of the XY control samples: elevated Wnt4 expression was observed by 

WMISH in some XY control gonads, and using qRT-PCR, approximately 30% showed 

decreased levels of Sox9 and Amh, and increased levels of Wnt4 (although not always in 

the same sample). However, as the experimental samples exhibited a much more 

dramatic change in marker gene levels (65% compared to 30%), it was considered that 

Sox9 knockdown was successful to some degree, with variability between samples. As a 

consequence of these data, knockdown of p38 MAPK genes was attempted.  
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Figure 6.5: Analysis of Sox9 knockdown (kd) in cultured 17 ts gonads 
(A-F) WMISH analysis of Sox9 (A), Stra8 (B) and Foxl2 (C-F) expression in XY Sox9 knockdown (kd) gonads 

versus XY and XX negative controls. Gonadal region is within the black dotted lines in all cases, with 
mesonephros along one side. (A) Sox9 expression exhibits localised loss in the centre of the gonad (marked by 

black bar), while Stra8 analysis (B) showed presence of a few meiotic germ cells (black arrow heads) in one 
sample. Expression in the XX negative controls was also sparse however, due to the early stage of the gonad 

before the majority of germ cells have entered meiosis. (C) Foxl2 expression was present in one XY Sox9 kd 
gonad (out of 6 examined). (D-F) Transverse cryosections (orientation shown by dotted white lines in (C)), 

confirm Foxl2 expression in the gonadal region of the XY Sox9 kd sample. Expression was also seen in the 
mesenchyme surrounding both the Wolffian duct and Müllerian duct in all samples (arrows). Scale bars = 500 

µm (A-C), 100 µm (D-F).  
(G-J) qRT-PCR results for six samples of each category. Sample number and colour correspond to the same 

sample across the different gene analyses. Black horizontal bars mark the average fold change for each group. A 

slight trend towards expression levels closer to that of XX controls is seen in the XY Sox9 kd group for all genes 
analysed, but this is not significant. XY Sox9 kd sample #5 appears sex reversed in the expression of Fst, Sox9 

and Wnt4, and this accounts for the average trend observed. Error bars correspond to RQ min and max. 
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Figure 6.6: WMISH analysis of Sox9 knockdown (kd) in cultured 10-15 ts gonads 
(A) Sox9 expression in XY Sox9 kd 10 ts gonads was slightly reduced in some samples (asterisk), 

however, the expression did vary greatly. (B) Hsd3b expression (which marks testis-specific Leydig 

cells) was also reduced in 12 ts XY Sox9 kd gonads compared to XY controls. (C-D) Wnt4 expression 

was present in two XY Sox9 kd 15 ts gonads (C) and four 12 ts samples (D). However, at 12 ts some 

XY negative control samples also showed Wnt4 expression in the gonad (see asterisks). (E-J) 

Transverse cryosections confirm Wnt4 expression in the gonadal region of the 15 ts XY Sox9 kd 

samples (G) and also in the 12 ts XY Sox9 kd samples (J). Some peripheral expression was also present 

in a XY negative control gonad (right, H). Scale bars = 500 µm (A-D), 100 µm (E-J).  

The gonadal region is within the black dotted lines while the mesonephros is either to one side or 

situated behind the gonad. Asterisks mark affected gonads. 
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Figure 6.7: qRT-PCR analysis 

of 9-11 ts XY Sox9 knockdown 

(kd) gonads 
Sample number and colour 

correspond to the same sample 

across the different gene analyses. 

Black horizontal bars mark the 

average fold change for each group.  
(A) Sox9 expression analysis 

revealed 65% of XY Sox9 kd 

samples with levels similar to that 

of XX controls (#’s 1, 3, 4, 6, 8, 9 & 

10). One XY control sample of 8 

also showed decreased expression. 

A significant average decrease in 

expression was observed in XY 

Sox9 kd samples in comparison 

with XY controls. However, a 

significant difference between XY 
Sox9 kd and XX controls also 

remained.   

(B) Amh expression revealed very 

similar results to that of Sox9 

analysis. The same 7 samples 

showed a significant decrease in 

Amh expression to levels 

comparable with XX controls. Two 

XY controls also showed a decrease 

in expression to similar levels. The 

same levels of significance were 

observed between the three 
different group averages as with 

Sox9 analysis.  

(C) Fst expression confirmed the 

sex reversal of the 7 XY Sox9 kd 

samples as they exhibited a 4-10-

fold increase in levels. However, 

the difference between the XY Sox9 

kd group and the XY controls was 

not quite significant due to four XY 

control samples also displaying a 

modest increase in Fst levels. 
(D) Wnt4 expression confirmed 

consistency with the same XY Sox9 

kd samples exhibiting slight 

increases in expression. However, 

expression in the XX and XY 

controls did not differ by much, 

likely due to the strong mesonephric 

expression in XY samples.  

RQ was calculated following 

calibration to XY control sample 

#2. Error bars correspond to RQ 
min and RQ max. Significance was 

calculated using a one-tailed 

student’s t-test at 95% confidence. 

*, p value ≤ 0.05; **, p value ≤ 

0.005 
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6.2.2.4. Knockdown of p38 MAPKs in gonad explant culture 

Initially, single knockdowns of each gene (excluding Mapk12) were conducted to assess 

the efficiency of the siRNAs on 10-18 ts XY gonads. Again, two siRNAs targeting 

different parts of the same transcript were pooled together. WMISH analysis of the 

corresponding p38 MAPK expression was performed: although WMISH is not 

quantitative, reduced levels of staining indicative of a slight reduction in expression was 

observed in some samples of Mapk14 and Mapk13 knockdown (Figure 6.8A,B,F,G). 

However, in contrast, qRT-PCR analysis did not reveal convincing knockdown of 

expression. Data were very variable across all three classes analysed, including XX and 

XY negative controls, for both Mapk13 and Mapk14 knockdowns. No effect of 

knockdown was visible in the Mapk14 knockdown gonads at all, despite loss of Amh 

expression and corresponding gain of Fst expression in two samples (Figure 6.8C-E). 

Considering two XY control samples also showed loss of Amh expression (Fst was not 

analysed for these two samples), it is likely that these effects are due to early culturing 

of the gonads which has disrupted the testis development pathway, rather than an effect 

of the Mapk14 knockdown. The same phenomena were also observed with the Mapk13 

knockdown experiment; any potential effects were also seen in the XY control group 

(Figure 6.8H-J). 

Pooling of the different p38 MAPK siRNAs for multiple knockdown was attempted. 

Three different variations were trialled: Mapk14, Mapk13 and Mapk11 knockdown; 

Mapk14 and Mapk11 knockdown; and Mapk14 and Mapk13 knockdown. However, 

initial analyses did not reveal convincing results as gene expression levels for the 

different p38 MAPKs varied greatly across all three classes: XY knockdown, XY 

control and XX control. No consistency or pattern could be deciphered and therefore the 

experiment was halted. Until the efficacy of the p38 MAPK siRNAs and the efficiency 
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Figure 6.8: Analysis of Mapk14 and Mapk13 independent knockdowns 
(A-E) Mapk14 knockdowns were performed on 9-18 ts explanted gonads. (A-B) Analysis of Mapk14 

expression by WMISH revealed promising decreases in the XY Mapk14 kd gonads at both 14 ts (A) 
and 18 ts (B) – see asterisks. (C-E) Analysis of gene expression levels by qRT-PCR at 10 ts was not 

so convincing. The levels of Mapk14 appeared unaltered (C), despite potential samples showing sex 

reversal through changes in Amh (D) and Fst (E) expression. 15 ts and 18 ts knockdown stages were 

also analysed, also with no obvious effects (data not shown). (F-J) Mapk13 knockdowns were also 

performed on 10-18 ts explanted gonads. (F-G) Assessment of Mapk13 by WMISH following 

knockdown highlighted some samples with convincing decreases in expression (see asterisks) at both 

10 ts (F) and 18 ts (G). (H-J) Analysis by qRT-PCR on 13 ts gonads revealed variable results, but XY 

Mapk13 kd samples displayed the same variation as XY controls. Scale bars = 500 µm. RQ calculated 

following calibration to XY –ve control sample #1. Error bars indicate RQ min and RQ max. 
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of the knockdown protocol can be improved, this technique is not reliable enough to 

use. Unfortunately, due to time constraints no further optimisations could be explored.  

6.2.3. Conditional ablation of Map3k4 

A floxed allele of Map3k4 became available towards the end of the project (kind gift 

from H.Chi). This afforded the opportunity to ascertain whether Sf1-Cre is a suitable 

Cre-driver to help dissect the MAP3K4 testis-determining pathway and thereby shed 

light on its stage- and cell-specificity of function, without concerns about functional 

redundancy. Firstly, to ensure that deletion of the floxed allele (Map3k4
flox

) gave the 

same phenotype as the constitutive knockout when inactivated ubiquitously, a cross was 

set up with β-actin-Cre. The same breeding programme was followed as in section 

5.2.1, which resulted in timed matings between Map3k4
flox/flox

 males and Map3k4
flox/+

; β-

Actin-Cre/+ females. Embryos were collected at 13.5 dpc from two litters. The 

genotype and successful recombination was assessed by standard PCR. Twenty 

embryos were collected, four of which were conditional knockout mutants (20%; 

Map3k4
Δ/Δ

; β-Actin-Cre/+). Two mutants exhibited either spina bifida or a curly tail, 

and this variable penetrant phenotype is consistent with the constitutive knockout 

(Bogani et al. 2009). All four mutants were phenotyped as females due to the ovarian 

shape and lack of testis cords observed in the gonads. However, all were genotyped as 

XY, confirming complete XY gonadal sex reversal as was expected (Figure 6.9). 

Photographs were not taken.  

Meanwhile, a cross was also set up with Sf1-Cre to allow targeted inactivation of 

Map3k4 in the somatic cells of the gonad. Embryos were collected at 14.5 dpc from 

timed matings between Map3k4
flox/flox

 females and Map3k4
flox/+

; Sf1-Cre/+ males. Five 

litters were collected and no external phenotype was observed in the 40 embryos. 
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Figure 6.9: β-actin-Cre-driven 

ubiquitous deletion of the 

Map3k4
flox

 allele 
(A) Example of genotyping of 

Map3k4flox colony to detect 

recombination of the floxed region 

in the G2 colony. The four possible 

genotypes are represented. The 

sample marked in red is the desired 

Map3k4Δ/+; β-actin-Cre/+ 

heterozygote. 
(B) Genotyping of the G3 progeny. 

Complete recombination of the 

floxed allele occurred in the 

presence of Cre in all mutant 

samples (red marked samples). All 

mutants were genotyped as XY. 

 



Chapter 6 | Further studies on the mechanism of MAP kinase signalling in 
gonad development 

173 

 

Thirteen embryos were genotyped as homozygous mutants (32.5%; Map3k4
flox/flox

; Sf1-

Cre/+), nine of which were XY (22.5%). One gonad from each embryo from two litters 

was collected for genotyping to confirm the targeted deletion by presence of the 

deletion allele, while the other was used for subsequent gene expression analysis. The 

deletion allele was clearly detected in all gonad samples of Cre-positive embryos (60%) 

and was absent from the hindbrain samples (Figure 6.10A). The phenotypic sex 

corresponded with the genetic sex in all cases. Therefore, the targeted deletion of 

Map3k4
flox

 in somatic cells of the gonad driven by Sf1-Cre did not cause gonadal sex 

reversal.  

WMISH analysis was conducted to assess the expression patterns of Sox9 and Stra8 in 

the mutant gonads (Figure 6.10B-E). Sox9 expression in the XY mutants was normal in 

comparison with XY controls (heterozygous Map3k4
flox/+

; Sf1-Cre/+ and 

Map3k4
flox/flox

; +/+) and no expression was seen in XX mutants. Stra8 expression was 

also normal in XX mutants, however, in XY mutants a very small cluster of Stra8-

positive cells was observed in the posterior pole. This suggests that the targeted deletion 

of Map3k4 driven by Sf1-Cre in somatic cells could be delaying testis development very 

slightly, and as a result some germ cells in the posterior pole have entered meiosis. A 

similar observation is made in other contexts in which testis determination is slightly 

delayed, such as the C57BL/6J-Y
AKR

 background (Washburn and Eicher 1983). 
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Figure 6.10: Sf1Cre-Map3k4-cKO analysis at 14.5 dpc 
Gonads were collected from 14.5 dpc embryos from timed matings between male Map3k4flox/+; Sf1-
Cre/+ and female Map3k4flox/flox mice. (A) Genotyping was performed by standard PCR assay. 

Hindbrain sample and one gonad were collected from each embryo and loaded onto the gel in that 

order. The recombined deletion allele was restricted to the gonad sample of Cre-positive embryos 

confirming successful recombination was occurring. See red marked samples for mutant genotype, 

blue marked sample for heterozygous control. 

(B-E) The expression profiles of Sox9 and Stra8 were analysed by WMISH in Cre-negative 

controls (+/+), Cre-positive controls (+/−) and conditional knockout mutants (−/−) of both XY and 

XX tissue. (B) Sox9 was unaltered in the XY mutants and clearly defined the testis cords. No 

abnormalities were notable in the XX mutants. (C) The expression of Stra8 was largely unaltered in 

the XY mutants although a few germ cells in the posterior pole did appear to have entered meiosis 

(see arrowhead).  No change in expression was observed in the XX mutants. Comparison of three 
XY Cre-negative controls (D) with five XY mutants (E), confirms the presence of the Stra8-

positive cells clustered in the posterior poles of all mutants (arrowheads). Scale bars = 500 µm.  
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6.3. Discussion 

The conditional inactivation of Map3k4 in somatic cells of the gonad using the Sf1-Cre-

deleter does not significantly disrupt sex determination. Some evidence of germ cells 

entering meiosis in a small cluster in the posterior pole of XY mutants was evident, 

which suggests that the deletion of Map3k4 in Sf1-positive somatic cells may have 

retarded testis development slightly. However, this would not affect the later 

development or function of the testis. Clusters of XY meiotic germ cells have been 

reported previously and attributed to a slight delay in testis development (Warr et al. 

2011). Sry is expressed initially in the centre of the gonadal primordium and then 

extends outwards towards the poles (Bullejos and Koopman 2001). This Sry expression 

results in a similar spatiotemporal Sox9 expression profile a few hours later. However, 

increased activation and maintenance of Sox9 expression, particularly at the poles, is 

required for the subsequent Sertoli cell differentiation and testis cord formation. It is 

thought that testis development is initiated following the Sry/Sox9-induced activation of 

the gene encoding the secreted molecule, FGF9, in the centre of the gonad. FGF9 then 

spreads the signal out towards the poles, acting in a positive feedback loop with Sox9 

(Hiramatsu et al. 2010). Any delay of this signal at the poles of the gonad could allow 

the feminisation of a few cells through failure to antagonise ovary-determining genes 

such as Wnt4 and Foxl2, thus enabling some germ cells in the vicinity to enter meiosis 

(Hiramatsu et al. 2009; Wilhelm et al. 2009). This phenomenon, albeit in a more severe 

form, is observed in Fgfr2-null embryos, when ovotestes develop in the absence of the 

FGF9 receptor (Kim et al. 2007). Indeed, this is the best explanation for all cases of XY 

ovotestes development in which the gonadal poles are the usual sites of regional sex 

reversal. While the phenotype observed with the Map3k4 conditional inactivation in the 

somatic cells is not this severe, it is possible that the activation of Sry has been delayed 
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very slightly, suggesting that the MAP3K4 pathway does act in the somatic cells, but 

that deletion using Sf1-Cre occurs too late to fully disrupt the expression of Sry. Recent 

reports of the use of Sf1-Cre to conditionally delete Gata4 also support this hypothesis 

(Manuylov et al. 2011). Using a different Cre-driver that is expressed earlier in the 

somatic cells would help to address this theory. There is a report of an inducible Wt1-

Cre
ERT2

 which is activated by tamoxifen and has been used to delete Gata4 in the 

somatic cells of the 10.5 dpc gonad, which results in complete XY sex reversal and 

confirms its suitability in comparison with Sf1-Cre (Manuylov et al. 2011). The non-

inducible, GFP-tagged Wt1-Cre
GFP

 also expresses GFP in the urogenital ridge of 9.5 

dpc embryos, suggesting it is suitable for early conditional gene inactivation in somatic 

cells (Zhou et al. 2008). 

In light of all the technical difficulties and limitations surrounding siRNA-mediated 

gene knockdown in organ culture, it was not surprising that the attempt to establish this 

technique was challenging. However, despite the observation that approximately 30% of 

cultured XY control gonads younger than 11.0 dpc exhibited evidence of disruption to 

testis determination, the knockdown of Sox9 appeared to disrupt testis determination in 

approximately 65% of XY samples, thus indicating that the knockdown had worked 

with approximately 30% efficiency. There are reports of successful gonad culturing 

from as early as 12 ts (Hiramatsu et al. 2010), however, it may be that explanting 

gonads earlier than this stage and therefore before the initiation of Sry expression in the 

centre of the XY gonad, causes a slight disruption and delay to Sry up-regulation and 

therefore the female pathway is partially activated, as described previously. This is 

supported by a report by McLaren and Buehr that 10.5 dpc UGRs cultured for 3-5 days 

contain meiotic germ cells and do not develop testis cords (McLaren and Buehr 1990). 

The authors identified some differentiated Sertoli cells; however these cells were unable 
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to support testis cord development, suggesting that a certain stage of differentiation 

needed to be reached in vivo before the cells were capable of supporting further XY 

gonad development in culture. At the later stage of 17 ts analysed, one XY Sox9 

knockdown sample displayed convincing female development, while the XY controls 

had gene expression levels within the normal range. Therefore, at this stage, the 

efficiency of successful knockdown dropped to below 20%; in contrast, explanting 

gonads at this stage did not affect the culturing process or affect testis development in 

XY controls.  

This variability and general low efficiency of the knockdown methodology meant that 

actual experiments would be difficult to interpret. The attempted knockdown of the p38 

MAPK genes in a range of gonad stages between 10 to 18 ts was not successful. There 

are methods that could be used to improve the transfection efficiency, such as re-

constructed organ cultures. Re-constructed organs are formed from the disaggregation 

of the organ rudiment so that cells are exposed to the siRNA and then re-aggregated so 

that organotypic development is still possible. This technique was used successfully in 

postnatal ovaries to knockdown Wee1 in separated oocytes and somatic cells (Park et al. 

2006), but the disadvantage to this approach is that the gonad structure and organisation 

is lost after re-aggregation. Whether or not this technique could be applied to embryonic 

gonads remains to be determined, but it is likely to also depend on the gene that is being 

analysed.  

The generation of a double knockout of Mapk11 and Mapk14 was in fact reported very 

recently and provides evidence for functional redundancy between p38α and p38β 

during different aspects of mouse development (del Barco Barrantes et al. 2011). These 

authors generated a double knockout of p38α and p38β by restricting the deletion of 
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p38α to embryonic, epiblast-derived tissue, using a Sox2-Cre line to delete the 

Mapk14
flox

 allele, and crossing these mice to Mapk11
−/−

 mutants. Subsequent 

phenotypic analysis confirmed that functional redundancy between the two p38 MAPKs 

occurred in some, but not all, tissues. The double knockouts were embryonically lethal 

by 16.5 dpc and exhibited spina bifida, reduced liver size, and occasional occurrence of 

exencephaly. These phenotypes were not apparent in the single knockout of either p38 

MAPK, suggesting that p38α and p38β act redundantly in these aspects of development. 

However, in other tissue types, the loss of one cannot be compensated by the expression 

of the other. For example, in placental tissue, the expression of p38β under the p38α 

promoter (p38βKIα; obtained by insertion of Mapk11 downstream of the Mapk14 

promoter) could not rescue the placental defect and embryonic lethality by 11.5 dpc. In 

addition, heart defects also observed in the double knockout could not be rescued with 

the replacement of one of the Mapk14
flox

 alleles with the p38βKIα knock-in, suggesting 

that while both p38 MAPKs could have a role in heart development, they may be active 

in different cell types. In contrast, the lung phenotype observed with the single 

conditional knockout of Mapk14 (Ventura et al. 2007), was partially rescued by the 

addition of p38βKIα to replace one of the Mapk14
flox

 alleles, suggesting that the 

enhanced Mapk11 expression could compensate for the essential function of p38α in 

lung development. Another interesting aspect to this study was that the transcriptional 

regulator properties of GATA4, and a few other transcription factors important during 

heart development, were also affected, although the actual mRNA expression was not.  

While the authors did not report any abnormalities in gonad development in the 

embryos of these double knockout mice, it is unlikely that they would have looked 

closely at this tissue, or genotyped for the sex chromosomes to see if they corresponded 

to the phenotypic sex. They also do not report the sex of the embryos that they 
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phenotyped. It would therefore be very interesting to determine whether gonad 

development was disrupted. One phenotype of the double knockout that is noteworthy 

in the context of sex determination is the spina bifida, which is also observed in the 

Map3k4 null mutants (Bogani et al. 2009). The presence of other developmental 

phenotypes in the double p38α and p38β knockout, which are not common to the 

Map3k4 mutant, is not surprising; many different MAP kinase signalling cascades, from 

a diverse range of extracellular signals, can activate the p38 MAPKs. The lack of 

detectable developmental phenotypes during the studies of the p38β, p38γ or p38δ 

MAPK knockouts, therefore, supports the idea of redundant roles amongst the different 

p38 MAPKs. Therefore, functional redundancy remains an important consideration, if 

p38 MAPKs are indeed confirmed to be involved in MAP3K4-regulated sex 

determination.  

Despite all of this support for redundant roles amongst the different p38 MAPKs, which 

could extend to a role in gonad development, there is a strong “take-home message” 

from the study of the p38α and p38β double knockout: The authors did not observe 

defects in all aspects of development that were suggested by studies of p38α and p38β 

function using small molecule inhibitors. The double knockout embryos did not display 

limb defects, and underwent normal somitogenesis and gastrulation processes (del 

Barco Barrantes et al. 2011). Therefore, it must remain an open question whether the 

XY sex reversal observed in our inhibitor studies in organ culture reflects a bona fide 

role for p38α/β in sex determination, despite the fact that this phenotype was also 

confirmed by another group (Ewen et al. 2010). When used in high concentrations, the 

p38α/β inhibitors can also inhibit non-specific proteins as described in the Discussion in 

Chapter 5; therefore, caution must be taken in the interpretation of any phenotype 

observed. 
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7.1. Overview 

The molecular and cellular events of sex determination described in this thesis are 

extremely complex. Researchers have dedicated their careers to this subject for over 50 

years, aiming to elucidate the mechanisms involved in the developmental decision to 

generate ovaries or testes. Yet it has only been in the last 20 years that the molecular 

basis of sex determination has become clearer, with the identification of Sry as the 

elusive testis-determining gene on the Y chromosome and the downstream targets Sox9 

and Fgf9. In ovarian determination, the important discoveries have emerged within the 

last 10 years, with the identification of the active genetic processes that put paid to the 

idea that the ovarian pathway was the ‘default’ pathway. However, much work still 

needs to be done. The exact mechanism of Sry activation is not yet known despite the 

characterisation of many potential Sry transcriptional regulators. The work in this thesis 

has attempted to characterise a novel signalling pathway important for the activation of 

Sry: the MAP kinase pathway. The overall aim was to investigate the cellular and 

molecular basis of phenotypic abnormalities observed in the ENU-mutant, 

Map3k4
byg/byg

, and to determine the downstream kinases activated and the mechanism 

employed for Sry activation during the process of sex determination.  

7.2. Summary of results 

This thesis describes experiments aimed at investigating the cellular and molecular basis 

of the sex reversal phenotype associated with the XY Map3k4
byg/byg

 mutant. Cellular 

characterisations revealed that morphological development of the testis is disrupted at 

the earliest identifiable stage of sex determination in XY Map3k4
byg/byg

 mutants. This 

was shown by a defect in male-specific proliferation at 11.5 dpc, which was attributed 
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to a defect in Sry up-regulation. To determine if the expression of one of the potential 

Sry transcriptional regulators was affected in the XY Map3k4
byg/byg

 mutants, the protein 

expression of both Steroidogenic factor 1 (SF1) and activated (phosphorylated) SF1 was 

examined. However, SF1 expression was not disrupted, suggesting that either SF1 is 

functionally compromised for some other reason, or alternative molecules should be 

investigated. Elucidation of the downstream kinases activated by MAP3K4 during sex 

determination was attempted, with particular focus on identifying a role for the p38 

MAP kinases (MAPKs). The mRNA expression pattern of the four different p38 

MAPKs was assessed and both p38α and p38δ were found to be strongly expressed in 

the developing XY gonad. Using a conditional knockout approach to avoid the early 

lethality of the constitutive p38α knockout, the function of p38α in Sf1-positive somatic 

cells was assessed. However, specific inactivation in these cells did not affect gonad 

development. Subsequent conditional inactivation of Map3k4 itself in these Sf1-positive 

cells also did not disrupt gonad development, suggesting that this pathway is either 

initiated in a different cell lineage or at an earlier stage than deletion driven by Sf1-Cre 

can disrupt. As part of an independent project to determine if p38α had a role in 

different aspects of sexual development, p38α was also inactivated in the Müllerian duct 

mesenchyme and gonadal somatic cells that expressed Amhr2-Cre. Müllerian duct 

regression in XY embryos, and gonad development in either XX or XY embryos, was 

not disrupted. However, fertility testing of XX females at 6 months of age revealed that 

they were extremely sub-fertile. The cause for this infertility has not yet been identified. 

Gene knockdown in organ culture was attempted to determine a role for multiple p38 

MAPKs in all cell types of the gonad. Functional redundancy amongst the different p38 

MAPKs could compensate for the loss of p38α as demonstrated by a recent publication 

detailing the effect of a double p38α/β knockout (del Barco Barrantes et al. 2011). 
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Unfortunately it was not possible to optimise a reliable and reproducible knockdown 

technique within the time I had remaining.  

Overall, this thesis has shown that the MAPK pathway is active in the XY gonad very 

early in development, before the activation of Sry. p38 MAPKs are a strong MAPK 

candidate in this pathway since they are activated at the time of sex determination, and 

the small-molecule inhibition of p38α/β in organ culture leads to XY sex reversal. The 

use of Sf1-Cre is inappropriate to study the function of the MAPK pathway in sex 

determination and the investigation of a Cre driver that is expressed earlier within the 

gonad is required.  

7.3. Potential mechanisms of MAP3K4-mediated regulation of sex 

determination from published in vitro data 

Evidence is accumulating for a positive relationship between MAP kinase signalling 

and Sry/Sox9 expression in other mouse developmental systems, including chondrocytes 

(Murakami et al. 2000; Tew and Hardingham 2006) and cultured keratinocytes (Gazel 

et al. 2008). In chondrocytes, SOX9 is a master regulator of differentiation; 

heterozygous mutations in SOX9 cause campomelic dysplasia, a severe dwarfism 

syndrome caused by cartilage abnormalities (Wright et al. 1995). Fibroblast growth 

factors (FGFs) are also important during differentiation in chondrocytes, and have been 

shown to upregulate Sox9 in this system (Murakami et al. 2000). FGFs signal through 

tyrosine kinase receptors, which are known to activate the extracellular signal-regulated 

kinase (ERK) family of the MAP kinase cascade (Schlessinger 2000; Lanner and 

Rossant 2010), and evidence that the MAP kinase cascade mediates the upregulation of 

Sox9 expression by FGF2 has been reported (Murakami et al. 2000). Due to the critical 

role of FGF signalling in testis-determination, mediated by FGF9 and FGFR2, it 
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remains a possibility that FGFs could employ the MAP3K4-activated cascade in the 

gonad to regulate testis-determination. However, support for this model is tempered by 

the fact that loss of Fgf9 does not disrupt expression of Sry (Colvin et al. 2001). 

Moreover, XY byg/byg gonads were observed to respond to exogenous FGF9 by up-

regulation of Sox9 (Bogani et al. 2009). These observations would seem to position 

MAP3K4 and FGF9 at different points of the testis-determining pathway. A link 

between the MAP kinase pathway and Sox9 was also reported in the gonad, but in this 

case the MAP kinase pathway mediated the activation of Sox9 by Vinexin γ, a 

scaffolding protein of the ERK family of MAP kinases (Matsuyama et al. 2005). 

However, the targeted disruption of the gene encoding Vinexin γ caused only slight 

down-regulation of Sox9 and did not disrupt sex determination.  

The interactions between MAP kinase signalling and Sox9 regulation described above 

have identified ERK1/2 as the relevant MAPK. However, p38 MAPKs have also been 

implicated in other relevant in vitro studies. p38 MAPK can target SRY expression in 

cultured human keratinocytes (Gazel et al. 2008), regulate IL-1β-induced SOX9 

stabilisation in human articular chondrocytes (Tew and Hardingham 2006), and regulate 

IL-1α-induced proliferation of cultured Sertoli cells (Petersen et al. 2005). The role of 

p38 MAPK is further supported by the observations that the MAP kinase pathway can 

also activate, by phosphorylation, some of the potential transcriptional regulators of Sry: 

SF1 and GATA4. ERK1/2 and p38 MAPK can regulate the binding of GATA4 to DNA 

in the heart (Tenhunen et al. 2004), while in the mouse prepubertal Sertoli cell line, 

SMAT1, p38 MAPK has been shown to specifically activate Gata4 expression (Lasala 

et al. 2011). In combination with the data from the double p38α/β knockout study, 

which showed that the transcriptional regulator properties of GATA4 were affected in 

the heart such that the activation of its target, Hand2, was impaired (del Barco Barrantes 
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et al. 2011), GATA4 therefore remains a very promising candidate as a mediator 

between the MAP3K4-activated MAP kinase pathway and Sry activation in the early 

gonadal ridge.  

Evidence for epigenomic functions of MAP3K4-mediated signalling has previously 

been reported. During embryonic development of the Map3k4
ki/ki

 mutant, Abell et al 

showed that placental disruptions also occurred, which was a result of FGF4-mediated 

inhibition of JNK and p38 activation in trophoblast stem cells (Abell et al. 2009). Due 

to these trophoblast defects, further work focusing on trophoblast stem cells isolated 

from Map3k4
ki/ki

 blastocysts (TS
KI4

) revealed a function for MAP3K4 in the 

establishment of epigenetic marks (Abell et al. 2011). TS
KI4

 cells underwent an 

epithelial-mesenchyme transition which was not observed in wild-type TS cells (TS
WT

). 

This loss of epithelial phenotype was attributed to the loss of acetylation on histones 

H2A and H2B. The histone acetyltransferase (HAT) CBP, and a closely related family 

member p300, were identified following examination of the MAP3K4 signalling 

network of genes whose targeted disruption resulted in a similar phenotype to those of 

Map3k4
ki/ki

 mutants. This suggested that the loss of H2A/H2B acetylation in TS
KI4

 cells 

may have been due to altered CBP or p300 activity. Activation of CBP and p300 by 

phosphorylation can be blocked by a JNK inhibitor, and JNK activity was shown to be 

reduced in TS
KI4

 cells (Abell et al. 2009). These data suggested that the loss of 

MAP3K4-activated kinase activity caused the inhibition of H2A/H2B acetylation 

through JNK-mediated signalling, which affected the properties of trophoblast stem 

cells (Abell et al. 2011). This implies that MAP3K4-mediated kinase signalling could 

affect epigenetic regulation of other target genes in different tissues.  



Chapter 7 | Discussion 186 

 

If one or more of the p38 MAPKs were indeed the target MAPK in MAP3K4-activated 

signalling in the gonad, it is possible that disruption of the ability of MAP3K4-mediated 

signalling to affect epigenetic regulation of target genes could result in impairment of 

the ability of GATA4 to bind to and transcriptionally activate Sry in the gonad, as has 

been postulated to be the case with GATA4 and its target, Hand2, in the heart (del 

Barco Barrantes et al. 2011). 

7.4. MAP kinase signalling and human DSDs 

The causes of many cases of human DSDs remain unknown. For example, it has been 

estimated that around 60-70% of cases of 46,XY gonadal dysgenesis  (GD) remain 

unexplained at the molecular level (Scherer 2002; Ostrer 2008). However, positional 

cloning studies in patients with 46,XY GD and complete (C) GD have led to the 

identification of several of the most significant sex-determining genes in mammals. For 

example, SRY, SOX9, SF1, WT1 and WNT4 were all identified in this way. Recently, 

mutations in MAP3K1 were also identified as a cause of 46,XY DSD (Pearlman et al. 

2010). The phenotypes observed were very variable and included both 46,XY GD and 

CGD. In addition, the regulation of the downstream MAPKs, p38 and ERK1/2, was 

found to be disrupted in mutant cell lines derived from these patients. In an effort to 

determine if Map3k1 also has a role in mammalian sex determination, we obtained mice 

carrying a null mutation of Map3k1 to assess the gonadal phenotype (Warr et al. 2011). 

Map3k1 was found to be expressed in the coelomic region of 11.5 dpc gonads, and in 

the mesonephric tubules and Wolffian duct epithelium. By 13.5 dpc, expression in the 

XY testis was restricted to the testis cords and was also observed in the mesonephric 

tubules, Müllerian duct, and Wolffian duct of both sexes. Map3k1-deficient mice were 

viable and fertile on a mixed genetic background; however, on the C57BL/6J 
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background homozygotes were non-viable and died by 14.5 dpc.  Assessment of the XY 

embryonic gonads at 13.5 dpc on this background revealed that normal testis 

determination occurred but the gonads were slightly longer in length, and, perhaps as a 

consequence, some germ cells in the poles were expressing the meiosis marker, Stra8. 

Therefore, the disruption to Map3k1-activated MAP kinase signalling does not overtly 

affect testis determination in the mouse despite the observed role for this gene in human 

testis determination. There are several explanations for this apparent discrepancy; these 

include evolutionarily diverged roles of MAP3Ks between humans and mice, or the 

possibility that the sex-reversing human MAP3K1 mutations are not simple null alleles, 

but may act as dominant negatives. However, what these findings do confirm is that 

there is a conserved role for MAP kinase signalling in sex determination in humans and 

mice.  

7.5. Future experiments 

7.5.1. Determining the cell lineage in which disrupted MAP3K4-

signalling causes XY gonadal sex reversal 

It is necessary to confirm the cell-type specificity of MAP kinase activity during testis 

determination before the full mechanism of action can be determined. The most 

conclusive way to do this is through conditional inactivation, targeted to a certain cell 

type. While this is what I had attempted in this project, it has become apparent that the 

Cre lines used were inappropriate for functional inactivation of the pathway. If it is 

indeed the case that Map3k4 (and downstream target gene) deletion needs to be driven 

earlier than the activities of Sf1-Cre allows, it is necessary to consider other Cre lines. 

Despite reports that endogenous Sf1 is expressed from between 9.0 and 9.5 dpc in the 

gonadal ridge (Ikeda et al. 1994), Sf1-Cre activity, via the activation of β-gal following 
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recombination of the floxed region in the R26R reporter line to activate LacZ 

expression, is not detected until 10.5 dpc (Bingham et al. 2006), with full gonadal 

expression not until 11.0 dpc. This difference in timing is likely due to the lag between 

expression of the Cre transgene and expression of the β-gal target protein explained in 

the Discussion of Chapter 5. In contrast, endogenous Wt1 is expressed from 9.0 dpc in 

the somatic cells of the gonadal ridge, and GFP-tagged Wt1-Cre
GFP

 expression has been 

detected from 9.5 dpc (Armstrong et al. 1993; Zhou et al. 2008). An inducible version 

of this Cre line is also available (Wt1-Cre
ERT2

). The inducible Wt1-Cre
ERT2

 was used to 

successfully delete Gata4
flox

 at 10.5 dpc, whilst Sf1-Cre excised Gata4
flox

 too late 

(Manuylov et al. 2011). The authors also noted that Sf1-Cre excision was inefficient in 

the coelomic epithelium of the gonad, although this was not important for the deletion 

of Gata4. Therefore, using either the inducible or non-inducible Wt1-Cre to delete 

Map3k4 in the early gonadal ridge might be sufficient to determine if the MAP kinase 

pathway is required in somatic cells. The use of an inducible, ubiquitously expressed 

Cre may also be useful to confirm the specific time by which Map3k4 must be deleted 

to affect testis determination.  

An alternative approach to determining the cell lineage in which MAP kinase activity is 

vital for sex determination involves assessing the cell-type specificity of potential 

activators of MAP3K4. MAP3K4 is maintained in an auto-inhibitory state and must be 

activated through the binding of upstream effectors to promote dimerisation, before it 

can in turn activate a MAP2K (Abell et al. 2007). Effectors that have been identified so 

far include TRAF4 (tumour necrosis factor receptor-associated factor 4), Axin and 

GADD45 (growth arrest and DNA damage-inducible 45) proteins. TRAF4 and Axin 

bind to the C-terminal kinase domain of MAP3K4, whereas GADD45 proteins bind to 

the N-terminal region (Miyake et al. 2007). The C-terminal kinase domain of MAP3K4 
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has also been shown to bind to a serine/threonine kinase GSK3β. GSK3β acts as an 

inhibitor to prevent the dimerisation and is also likely to have important roles during 

development (Abell et al. 2007). Identification of one of these activators in a specific 

cell lineage within the gonad during the initial stages of sex determination is likely to 

identify the site of activation of MAP3K4. 

7.5.2. Confirming a role for p38 MAPKs in testis determination 

As described above, there are many examples of the ability of p38 MAPKs to regulate 

known genes involved in sex determination, albeit in other tissues and organ systems. 

Therefore, a role for p38 MAPKs in testis determination still remains a possibility. 

Having ascertained that the Sf1-Cre line is not a suitable driver for conditional 

inactivation of MAPK components in the gonad, there are many other options for 

determining if p38α does indeed have a role in testis determination. The simplest 

method would be to obtain an epiblast-specific Cre line such as MORE-Cre to 

determine if p38α has a role by itself in testis development (Hui et al. 2007; Perdiguero 

et al. 2007). With the report of the double knockout of both p38α and p38β it might also 

be possible to collaborate with these authors to assess gonad development in the double 

knockout mutant embryos (del Barco Barrantes et al. 2011). In addition, identification 

of a suitable Cre driver to drive the deletion of Map3k4 and recapitulate the XY sex 

reversal phenotype of Map3k4-deficient embryos would enable the opportunity to 

observe the same cell-specific effects of p38α deletion, or the deletion of other MAP 

kinase pathway members.  

7.5.3. Alternative methods to achieve successful knockdowns 

As mentioned in the discussion in Chapter 6, gene knockdowns using organotypic 

cultures with siRNAs in postnatal ovaries have proved to be relatively successful (Park 
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et al. 2006). It would be interesting to see if a similar method could be optimised for the 

use with embryonic gonads. However, the limited reports on successful knockdown in 

embryonic gonads do suggest most available methods are unreliable. A very recent 

report has described the use of a new method using conditional RNA interference in 

transgenic mice (Premsrirut et al. 2011). The authors claim that they have identified a 

quick way of determining the function of many different genes whose knockdown can 

be controlled temporally, spatially and is reversible by the addition and removal of 

doxycycline. Briefly, an expression cassette has been designed to contain several 

elements that can be manipulated for use with any shRNA, such as a microRNA 

backbone in which any shRNA sequence can be introduced, a GFP reporter and target 

sites for the Flp/FRT recombinase system. This is then cloned into embryonic stem (ES) 

cells that carry a ‘homing’ cassette; using the site-specific Flp/FRT recombination, the 

shRNA transgene is inserted into the homing cassette so that it is under the control of a 

doxycycline (DOX)-inducible promoter. The cassette also includes a selectable marker 

that is expressed on correct insertion of the shRNA transgene. Mice are then generated 

from these ES cells following tetraploid embryo complementation, to remove the time 

needed to screen founder lines for germline transmission. The initiation of shRNA 

knockdown can then be induced by the treatment of mice with doxycycline either 

during development or postnatally. The authors suggest that this system could also be 

used to study the effects of multiple genes at the same time by the insertion of shRNA-

targeted alleles into ES cells rederived from transgenic animals. While this method 

would take longer than the attempted siRNA knockdown in organ culture, it is 

potentially more robust, and likely to be quicker than producing a double knockout line 

to address gene function. 
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7.5.4. Role of other MAPKs in gonad development 

Despite the strong associations between p38 MAPKs and sex-determining genes in 

other tissues, it is of course possible that in the gonad a completely different mechanism 

directed by a different MAPK is employed to regulate sex determination. Therefore, it 

would be extremely interesting to assess the expression profiles of other potential 

MAPKs during early gonad development. Some of the JNK MAPKs have been 

previously reported to be expressed in the testis, so it is possible that they could also be 

expressed in the embryonic gonads (Davis 2000).  

7.6. Summary 

This thesis has presented evidence for a role of MAP3K4 during early gonad 

development; its inactivation causes XY sex reversal due to Sry down-regulation, which 

disrupts cell proliferation and other cellular events associated with testis development. 

Further work has attempted to elucidate the exact mechanism of action of this 

MAP3K4-activated signalling pathway and to identify the downstream components by 

employing genetic methods. The studies suggest that the MAP kinase signalling 

pathway is active very early in the gonad and that components of this pathway must be 

inactivated prior to the upregulation of Sry at around 10.5 dpc to disrupt testis 

determination. Elucidating this mechanism will be important for increasing knowledge 

about the molecular events that constitute sex determination and thus improve 

understanding of human DSDs that occur as a result of mutations in these pathways.   
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