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Abstract 
 
SOX9 is indispensable for development and function of the mammalian testis. In humans, 

deleterious mutation to SOX9 can result in Disorders of Sex Development (DSD) in chromosomally 

XY individuals, resulting in a wide spectrum of phenotypes ranging from complete XY sex reversal 

to compromised fertility. In mice, Sox9 is both necessary and sufficient for testis formation since 

complete loss in XY gonads leads to ovarian development, while ectopic Sox9 expression in XX 

gonads leads to testis development. In the XY gonad SOX9 drives the Sertoli cell differentiation 

which in turn directs the differentiation and function of other testicular cell types. High-throughput 

sequencing of XY Sox9 mutant gonads together with Sox9 chromatin binding analyses indicate that 

Sox9 regulates thousands of genes in the developing testis. To date, only a handful of target genes 

have been characterised with functions pertaining to a limited number of Sertoli cell characteristics, 

suggesting that there are many more targets of SOX9 to be discovered. Identification of these factors 

will improve our understanding of the genes involved orchestrating sex determination and 

development. As such, discovery of SOX9 target genes will also reveal candidate genes possibly 

mutated in unsolved XY DSD. Therefore, this thesis aimed to identify and investigate the role of 

novel target genes of SOX9 during testis development. 

 

The exclusive use of mice as a model of testis development has limitations which are addressed in 

Chapters 2 and 3. Ablation of Sox9 immediately after sex determination (E13.5) in XY mice does not 

cause sex reversal, allowing testis development to continue. In Chapter 2, this approach has 

provided a model whereby transcriptomic analysis is able to identify alterations to Sox9 target gene 

expression in an intact Sertoli cell environment. When combined with mouse Sox9 chromatin 

immunoprecipitation, 37 direct target genes with a wide variety of putative functions have been 

identified. Chapter 3 describes an approach to evaluate Sertoli cell functions regulated by SOX9 

using the human Sertoli-like cell line, NT2/D1. Through a combination of cell culture methods, 

Xcelligence and transepithelial assays it is demonstrated that SOX9 controls cell proliferation, 

adhesion and polarity.  

 

Analysis of genes dysregulated in Sox9 knockout mouse testes identified a cytoskeletal scaffolding 

protein, Nedd9. Therefore, chapter 4 focussed on characterising the function of Nedd9 in the testis. 

Chromatin immunoprecipitation identified SOX9 binding to the proximal promoter of NEDD9 in 

NT2/D1 cells. Using the analytical approach developed in Chapter 3, NEDD9 was revealed to partly 

control Sertoli cell proliferation, a function also observed in mouse testes as Nedd9 knockout mice 

showed a 15% decrease in embryonic testis size. 

 

In summary, this thesis has identified a number of potential novel SOX9 target genes, from which 

NEDD9 was selected and functionally validated with the use of a human cell line. More broadly, 
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these approaches will allow multiple SOX9 target genes to be characterised and provide a stronger 

molecular basis to understand the mechanisms governing human testis development. Additionally, 

this information is essential to gain insights into the involvement of these genes in XY DSD. 
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1.1 Introduction 

The gonads have the unique ability to differentiate into two distinct organs during embryonic 

development, either the ovaries in females or the testis in males. Male and female gonads 

arise from the same tissue known as the bipotential gonad or urogenital ridge and  both organs 

produce gametes and sex hormones but otherwise are vastly different in both function and 

morphology (Brennan & Capel, 2004). Genetic mutations in pathways essential to the 

development of the gonad can severely perturb both formation and function of the gonad and 

can also result in sex reversal i.e. XY females and XX males (Ono & Harley, 2013).  

Sex determination refers to the mechanisms which determine if the gonads will develop as 

testes or ovaries and as a consequence, if the organism will develop as a male or female. It 

is an intricate process dictated by the genetic makeup of an individual, where many signalling 

molecules and pathways interlace to decide the sex of the gonads. The cascades of gene 

networks initiated at sex determination lead to the differentiation of sexually dimorphic cells 

which form the gonads and then the give rise to secondary sex characteristics which we 

associate with ‘maleness’ and ‘femaleness’ (Brennan & Capel, 2004). 

Despite the testis and ovary arising from the same structure, they are remarkably different as 

a consequence of their dramatically disparate development (Brennan & Capel, 2004). This 

review will focus on male of sex determination, and the role which the transcription factor 

SOX9 plays in regulating the development of the mammalian testis.  

1.2 Development of the Mammalian Testis 

The bipotential gonad or genital ridge, is the tissue which the testes and ovaries differentiate 

from. The genital ridge begins as narrow bands of proliferating cells; in mice this first appears 

around embryonic day 10 (E10) and in humans around gestational week 4 (Nef, Stevant, & 

Greenfield, 2019). Soon after this (E10.3) the primordial germ cells colonise the thickening 

genital ridge (Hu, Okumura, & Page, 2013; Molyneaux & Wylie, 2004; Richardson & Lehmann, 

2010). Primordial germ cells migrate to the gonads and intermix with the undifferentiated 

somatic cells, joining the cells in a tissue with otherwise no distinct structure (Ungewitter & 

Yao, 2013). Following their arrival, sex determination occurs, committing the bipotential gonad 

to the testicular or ovarian pathway (Ginsburg, Snow, & McLaren, 1990; McLaren, 2003). The 

cells commit to either the male fate or the female fate; the supporting cell precursors can 

develop as either Sertoli cells or granulosa cells, the steroidogenic cells can form either Leydig 

cells or Theca cells and the germ cells can proceed to develop in a fashion which will later 

equip them for spermatogenesis or oogenesis (Figure 1.1).   
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Figure 1.1 Illustration of the developing XX and XY gonad 

Cells of the testis and ovary share common lineage with the supporting cells (blue) 

differentiating into either granulosa or Sertoli cells and Steroidogenic cells (Theca or fetal 

Leydig cells) making up the Stroma/Interstitium. From E11.5 to E13.5 there is a dramatic 

change in the organisation of the gonad, dependent on the sex chromosomes present (XX or 

XY). Figure adapted from (Jameson, Natarajan, et al., 2012) 
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Sertoli Cell differentiation 

The differentiation of the supporting cell lineage or Sertoli cells in the male is the first event to 

occur in sex determination, initiated by the presence of the Y chromosome, and more 

specifically the presence of the sex determining gene SRY (Sex Determining Region of Y 

chromosome) (Koopman, Munsterberg, Capel, Vivian, & Lovell-Badge, 1990; Sinclair et al., 

1990). The role of SRY will be furthered explored in Section 1.4.   

The earliest known morphological event in the formation of the testis is a wave of Sertoli cell 

proliferation from E11.25-E13.5 in mice, a feature unique to the male gonad (Ungewitter & 

Yao, 2013). In this time the width of the XY gonad doubles every 24 hours. Without this 

proliferation, the Sertoli cells do not aggregate to form cords (Schmahl & Capel, 2003). In mice 

this proliferation begins in a critical window (E10.8-11.2), with the administration of proliferation 

inhibitors to XY gonads resulting in no cord formation and reduced expression of male markers 

(Schmahl & Capel, 2003). Administration of proliferation inhibitors after this critical window still 

leads to smaller gonads but does not inhibit testis formation (Schmahl & Capel, 2003). This 

critical window coincides with the onset of SRY expression and thus the initial sex 

determination event, emphasising the importance proliferation plays in the choice between the 

male and female fate in gonadal development.  

The Sertoli cells are responsible for coordinating testis morphogenesis. Following their 

differentiation they direct the partitioning of the gonad into two compartments; the testis cords 

and interstitial space (Figure 1.2) (Ungewitter & Yao, 2013)  

Compartmentalisation of the testis 

Testis cords are required to protect the spermatagonial stem cells, and to provide an immune 

privileged compartment for gametes to be generated in. The interstitial space houses Leydig 

cells which are required for producing testosterone, the steroid crucial to the virilisation of the 

internal and external male genitalia as well as the male specific vasculature which is essential 

for transporting testosterone around the organism (Figure1. 2). 

The compartmentalisation of the testis occurs in 3 distinct phases. Firstly, the interstitial cell 

population is established which will lie outside the testis cords. Secondly, the testis-specific  

vasculature is formed and lastly, a basal membrane forms to encapsulate the cords in an 

environment where spermatogenesis can later occur (Ungewitter & Yao, 2013). The interstitial 

cell population consists of Leydig cells, non-Leydig progenitors and blood endothelial cells. 

Two progenitor populations in the fetal testis give rise to these cells; the coelomic epithelium 

and cells in the gonad-mesonephoric boarder (DeFalco, Takahashi, & Capel, 2011). In mouse 

gonadogenesis, beginning at E10.5, the interstitial cells migrate into the developing testis. This 



Chapter 1 
 

5 
 

migration is critical to the formation of cords. When gonads are cultured without the 

mesonephros, or have a physical barrier separating the structures, cord formation does not 

proceed (Tilmann & Capel, 1999). Furthermore, XX gonads can be induced to organise into 

testis cords and express male-specific genes by culturing them with an XY gonad at their 

surface (Tilmann & Capel, 1999). This migration is facilitated in part by chemotactic signals 

produced by Sertoli cells, such as Neurotrophin 3 (NT3) and Platlet-Derived Growth Factors 

(PDGFs) (Brennan, Tilmann, & Capel, 2003; Cupp, Tessarollo, & Skinner, 2002; Cupp, 

Uzumcu, & Skinner, 2003; Gnessi et al., 1995).  
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Figure 1.2. Schematic of the Anatomy of the Developing Testis. (a)The bipotential gonad 

is colonised with germ cells (yellow) prior to sex determination. The Sertoli cells are the first 

somatic cells to differentiate, followed closely by the migration of blood endothelial cells (red) 

into the gonad to lay down the primitive vasculature. This leads to the differentiation of the 

fetal Leydig cells (blue) and peritubular myoid cells (brown). (b) Following sex determination, 

the testis is compartmentalised into testis cords surrounded by interstital space. The testis 

cords are comprised of Sertoli cells (green) encapsulating mitotically arrested germ cells 

(yellow) with an outer layer of peritubular myoid cells (brown) and extra cellular matrix for 

support. The interstitium consists of the steroidogenic fetal Leydig cells (blue), surrounded by 

mesenchyme and the blood vascular network (red). Figure adapted from (Svingen & 

Koopman, 2013) 
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The testis-specific vasculature is formed by endothelial cells migrating into the developing 

gonad from E12.0-E12.5 (Figure 1.3). Prior to E12.0, the gonads of both sexes contain a 

primitive vasculature structure, known as the mesonephric vascular plexus, within the 

mesonephros. The XY testis adopts a unique mechanism to establish vasculature where the 

mesonephric vascular plexus is disassembled, allowing the individual endothelial cells to 

migrate through the gonad before reassembling in the coelomic domain (Coveney, Cool, 

Oliver, & Capel, 2008). This migratory event gives rise to the main testicular artery, the 

coelomic vessel, as well as a microvascular network throughout the testis. This process is 

required for the formation of the testis cords (Combes et al., 2009; Cool, DeFalco, & Capel, 

2011). 

Even though testis cord formation is dependent on endothelial cell formation it is also an 

inherent property of Sertoli cells, as cell culture studies show that in the absence of other cell 

types Sertoli cells can aggregate to form cord-like structures(Hadley, Byers, Suarez-Quian, 

Kleinman, & Dym, 1985). However, Sertoli cells alone cannot form functional testis cords 

which protect and nourish the germ cells (Figure 1.2). In the wild type gonad, these cords 

encapsulate germ cells and are surrounded by peritubular myoid cells (PMC) which work with 

the Sertoli cells to deposit a basal lamina. The basal lamina deposition is critical to isolate the 

inner wall of the cord, later providing the right environment for the formation of sperm. The 

PMC’s are distinguishable by E13.5 and are in direct contact with Sertoli cells (Clark, Garland, 

& Russell, 2000). The differentiation of PMC’s is likely directed by Sertoli cells. Desert 

Hedgehog (DHH) is a factor secreted by Sertoli cells which binds to the Patched-1 (PTCH1) 

receptor on the surface of PMC’s (see section 1.4.2). XY mice with Dhh knocked out have 

abnormal PMC’s and lack the basal lamina, thereby exposing the germ cells to factors in the 

interstium and disrupting spermatogenesis (Clark et al., 2000; Pierucci-Alves, Clark, & 

Russell, 2001; Yao, Whoriskey, & Capel, 2002). However, XX mice overexpressing Dhh do 

not develop PMC’s indicating that while it is required for their function and the laying down of 

the basal lamina, it is not the driving factor behind their differentiation (Barsoum, Bingham, 

Parker, Jorgensen, & Yao, 2009).   
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Figure 1.3. Schematic of endothelial cell migration and testis cord formation. At E11.5 

there is minimal vascularisation of the gonad, but prominent vessel structure in mesonephros 

of both XY and XX gonads, the mesonephric vascular plexus. At E12.0 in XY gonads the 

mesonephric vascular plexus breaks down and endothelial cells migrate into the testis towards 

the opposite side, the coelomic domain. By E12.5 the coelomic vessel is clearly visible and 

the testis cords have formed between the tracks of the endothelial cells. Figure adapted from 

(Ungewitter & Yao, 2013)   
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Germ cells in testis development 

Germ cells are the precursor of sperm and oocytes, and therefore are crucial to fertility. They 

have the potential to differentiate to either gamete precursor, regardless of genetic sex 

(spermatagonia in the testis and oogonia in the ovary). Germ cells migrate to the gonads 

during the biopotential phase, and unlike the rest of the gonad, do not have their fate decided 

until E12.5, after the other cells of the gonad have begun to differentiate (Y. T. Lin & Capel, 

2015). The presence of germ cells in the gonad is not required for the development of the 

testis, as the gonad and the male phenotype develop normally in agametic conditions 

(Merchant-Larios & Centeno, 1981). This is in contrast to ovarian development, which requires 

germ cells within the gonad for development (Merchant-Larios & Centeno, 1981) . In the testis, 

germ cell development is arrested in the mitotic phase, as opposed to the ovary where the 

germ cells enter meiosis. Retinoic acid is a key factor controlling this process. Retinoic acid is 

produced in the mesonephros (XX and XY) which activates the expression of Stra8, a gene 

required to promote entry of germ cells into meiosis (Bowles et al., 2006; Koubova et al., 

2006). In the XY gonad, a Cytochrome P450 family member, Cyp26b1 is produced early by 

Sertoli cells to ensure the breakdown of retinoic acid and thus mitotic arrest (see Section 4.3.2) 

(H. Li, MacLean, Cameron, Clagett-Dame, & Petkovich, 2009). Other genetic mechanisms 

ensure that testicular germ cells will not enter spermatogenesis until puberty are now coming 

to light, as reviewed by Spiller and Bowles (2015) (Spiller & Bowles, 2015).  

1.3 Human Disorders of Sex Development 

Defects in sex determination and development cause Disorders of Sex Development (DSD). 

These are a broad spectrum of disorders that arise when chromosomal, gonadal or anatomical 

sex is atypical (Hughes, Houk, Ahmed, Lee, & Lawson Wilkins Pediatric Endocrine 

Society/European Society for Paediatric Endocrinology Consensus, 2006).Considering all 

congenital genital anomalies, the rate of these disorders is estimated to be as high as 1:200 

(Nordenvall, Frisen, Nordenstrom, Lichtenstein, & Nordenskjold, 2014). DSD can be classified 

according to karyotype: 46, XX DSD, 46, XY DSD and sex chromosomal DSD (aneuploidies). 

The most common of these aneuploidies is XXY-XXXXY causing Klinefelter syndrome and 

XO causing Turner syndrome(Matzuk & Lamb, 2008). 

46, XY DSDs are characterised by ambiguous or female external genitalia with a XY karyotype 

(Mendonca, Domenice, Arnhold, & Costa, 2009). The most common cause of 46, XY DSD is 

partial androgen insensitivity syndrome where the differences in sex development are a result 

of perturbation to androgen synthesis (Michala & Creighton, 2010). 46, XY testicular DSD 

refers to cases where patients have complete or partial gonadal dysgenesis, with a much rarer 

incidence of 1:10,000 births (Skakkebaek, Rajpert-De Meyts, & Main, 2001). Mutations to SRY 
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account for about 15% of 46, XY testicular DSD, and while many other genes (outlined in table 

1) are known to be causal of these conditions, genetic diagnosis remains elusive in 50% of 

cases (Eggers et al., 2016). Since many 46, XY DSD cases are due to errors in testis 

development, it is no surprise that many of the genes being discovered as causal are 

responsible for critical processes in the formation of the gonads (Barseghyan et al., 2018; 

Eggers et al., 2016).  
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Table 1. 46, XY DSD causative genes and associated phenotypes. 

Table adapted from (Ono & Harley, 2013) with additional information from (Bashamboo & 

McElreavey, 2015) and (Bagheri-Fam et al., 2015)  

Gene  Class of Protein Human Phenotype-Sex Organs Human Phenotype-Other 
Organs 

Mouse Phenotype 

ARX Transcription 
Factor 

Dysgenic testis  
No Mullerian structures 
Ambiguous external genitalia 

Lissencephaly 
Epilepsy 
Temperature Instability 

Arx-: Arrest of Leydig cell 
differentiation, abnormal 
neuronal migration 

ATRX Chromatin 
Remodelling 
Protein 

Dysgenic testis  
No Mullerian structures 
Varied external genitalia 

α-Thalassemia 
Mental Retardation 
Dysmorphic face 

Atrx-: embryonic lethal 
Sertoli cell specific Atrx-: 
small testes, 
discontinuous tubules 
(fetal period), delayed 
onset of 
spermatogenesis 

CBX2 Polycomb Protein Normal ovaries 
Mullerian structures present 
Female external genitalia 

Normal Cbx2-/-: sex reversal 

DHH Signalling Dysgenic testis 
Mullerian structures present 
Female external genitalia 

Minifascicular neuropathy Dhh-/-: abnormal 
peritubular tissue, 
severely restricted 
spermatogenesis and 
thin perineurial sheaths 

DMRT1 Transcription 
Factor 

Dysgenic testis or ovotestis 
Some have Mullerian structures 
present 
Varied external genitalia 

Facial abnormality 
Mental Retardation 
Microcephaly 

Dmrt1-/-: severely 
impaired testis 
development (postnatal) 

FGFR2 Transmembrane 
Catalytic Receptor 

Dysgenic testis with dysgerminoma 
Female external genitalia 
 

Craniofacial abnormalities 
Craniosynostosis 
Bracycephaly 
Elbow and Knee contractures 

Fgfr2C342Y/C342Y: Sex 
reversal of supporting 
cells, reduced number of 
Leydig cells 

FOG2 Transcription 
Factor 

Dysgenic testis or ovotestis 
Mullerian structures present 
Ambiguous genitalia 

Mutation without 46, XY DSD 
have cardio myopathy 

Fog2-/-: embryonic lethal 
but analysis before death 
indicated severe 
abnormalities of testis 
development 

GATA4 Transcription 
Factor 

Dysgenic testis 
No Mullerian Structures 
Ambigous/Male external genitalia 

Congenital heart disease Gata4-/-: embryonic 
lethal 
Gata4ki: severe 
abnormalities of testis 
development 

MAMLD1 Transcriptional  
Co-activator? 

Normal Function 
No Mullerian Structres 
Hypospadias 

Normal Normal 

MAP3K1 Kinase Dysgenic testis 
Some have Mullerian structures 
present 
Varied external genitalia 

Normal No gonadal phenotype 

NROB1 
(DAX1) 

Nuclear Receptor/ 
Transcription 
Factor 

Dysgenic testis or ovary 
Some have Mullerian structures 
present 
Varied external genitalia  

Cleft palate 
Mental retardation 

Transgenic model: 
delayed testicular 
development 

NR5A1 
(SF1) 

Nuclear Receptor/ 
Transcription 
Factor 

Dysgenic testis 
Some have Mullerian structures 
present 
Varied external genitalia 

Adrenal insufficiency NR5A1-/-: no gonads or 
adrenal glands 
NR5A1+/-: impaired 
adrenal response, small 
gonads 

SOX9 Transcription 
Factor 

Dysgenic testis or ovotestis 
Some have Mullerian structures 
present 
Female or ambiguous external genitalia 

Campomelic Dysplasia Sox9-/-: no urogenital 
tract or gonads 

SRY Transcription 
Factor 

Dysgenic testis or ovotestis 
Some have Mullerian structures 
present 
Female or ambiguous external genitalia 

Normal Sry-: Dysgenic testes, 
Mullerian ducts present 

WNT4 Signalling Molecule Dysgenic testis  
Mullerian structures present 
Ambiguous external genitalia 

Cleft lips and palate 
Tetralogy of Fallot 
Intrauterine growth retardation 
Microcephaly 
Mental Retardation 

Transgenic model: 
disruption of normal 
testicular vasculature and 
function but no sex 
reversal 

WT1 Transcription 
Factor 

Dysgenic testis or ovotestis 
Some have Mullerian structures 
present 
Female or ambiguous external genitalia 

Wilms tumour 
Renal abnormalities 
Gonadal tumours 

Wt1-/-: no urogenital tract 
or gonads 

WWOX Oxodoreductase Dysgenic testis or ovotestis 
No Mullerian structures  
Female external genitalia 

Normal Wwox-/-: Leydig cell 
hypoplasia, postnatal 
lethality, bone growth 
defects 
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Patients with DSD are often misdiagnosed and mismanaged due to the lack of genetic 

information associated with the development of the testis. The challenges faced by 

mismanaged patients include increased risk of gonadoblastoma, fertility issues, gender 

dysphoria and risks to psychosexual and psychosocial wellbeing (Bashamboo & McElreavey, 

2015; Lee et al., 2016). Even with proper diagnosis, they often require surgery and lifelong 

endocrine care (Michala & Creighton, 2010). Investigating the pathways that function during 

sex determination and gonadal development will allow better understanding of the 

mechanisms involved in normal reproductive development as well as how any defects may 

cause disorders of sex development, thereby improving outcomes for patients.  

1.4 The Genetic Control of Mammalian Sex Determination 

The genetic control of mammalian sex determination and gonadal cell differentiation is a tussle 

between pro-testis and pro-ovarian genes, where the presence of the Y chromosome tips the 

balance in favour of male cell fate (Berta et al., 1990). The induction of testis formation is 

initiated by a transcription factor encoded on the Y chromosome, SRY, without which, ovarian 

cell differentiation commences (Brennan & Capel, 2004). The expression of SRY triggers the 

activation of the SRY-related HMG box 9 (SOX9), another transcription factor, thereby 

initiating a genetic cascade that leads to the formation of the testis (Brennan & Capel, 2004).  

Genetic regulation in the bipotential gonad 

The first step in the development of the gonad is the establishment of the primordial structure, 

the bipotential gonad, which has the potential to develop into either testes or ovaries. The 

proper establishment and genetic patterning of the bipotential gonad is indispensable for 

future development. Thus, to investigate the processes involved in the development of the 

testis, first it is important to understand how the biopotential gonad regulated and what genes 

are essential to its patterning. Many genes have been identified as key players in the 

development of the bipotential gonad, including GATA4, NR5A1, WT1, LHX9 and EMX2 

(Figure 1.4) (Birk et al., 2000; Fujimoto et al., 2013; Hammes et al., 2001; Hu et al., 2013; 

Kreidberg et al., 1993; Luo, Ikeda, & Parker, 1994; N. Miyamoto, Yoshida, Kuratani, Matsuo, 

& Aizawa, 1997; Sadovsky et al., 1995). These genes are all critical for gonadal development, 

and without which gonads are not present in both sexes. What follows is a brief description of 

how these genes contributes to the formation of the bipotential gonad 

  GATA4 

GATA4 is a member of the highly conserved GATA family, which is characterised by its 2 zinc 

finger domains. These domains are crucial for binding DNA and activating gene expression 

as well as for binding to other transcription cofactors. Gata4 is the earliest known transcription 
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factor to define the bipotential gonad, with expression present by E10 in the coelomic epithelial 

cells of mice (Hu et al., 2013). Subsequently, Gata4 marks the developing somatic cell 

lineages of the gonad (Sertoli cells in testes and granulosa cells in ovaries) (Viger, Mertineit, 

Trasler, & Nemer, 1998). Mice with Gata4 knocked out completely die before genital ridge 

formation due to its essential role in the development of multiple organ systems thus, to 

investigate its role in the bipotential gonad Gata4 had to be conditionally deleted after E8.75 

(Hu et al., 2013). These mice die by E11.5, the time of sex determination, however they exhibit 

no signs of initiation of gonad formation showing that Gata4 plays a very early role in 

gonadogenesis (Hu et al., 2013). This study demonstrated that Gata4 also controls the 

expression of two other genes critical the formation of the gonad which are expressed in 

gonadal progenitors, Nr5a1 and Lhx9, whose role will be discussed later in this section (Hu et 

al., 2013). After sex determination, Gata4 expression persists in the testes but is markedly 

reduced in the ovaries indicative of a later role in testicular development and function (Viger 

et al., 1998).   

In humans, mutation to GATA4 is commonly associated with congenital heart defects 

(OMIM:600576). While over 120 variants have been described in association with cardiac 

defects, only a small handful of studies report mutations which lead to 46, XY Disorders of 

Sex Development (DSD) (Eggers et al., 2016; Harrison et al., 2014; Lourenco et al., 2011; 

Martinez de LaPiscina et al., 2018; White et al., 2011). The phenotype of these patients ranges 

from micro penis through to complete gonadal dysgenesis. Interestingly, many of the 

mutations leading to DSD are located in the N-terminal zinc finger domain which is responsible 

for DNA binding and cofactor interaction (Martinez de LaPiscina et al., 2018). Further 

mutations have been found in the regulatory regions, both upstream and downstream of 

GATA4 indicating the likely disruption of gonadal regulatory elements (Harrison et al., 2014; 

White et al., 2011). The role of GATA4 beyond the bipotential gonad will be further discussed 

later in this review.  

  WT1 

WT1 encodes a zinc finger DNA-binding protein, also WT1, which is inactivated in some 

Wilms’ tumours and has important roles in gonad development. It is required for the formation 

of the bipotential gonad in both males and females (Kreidberg et al., 1993). Human mutation 

to WT1 cause a range of conditions including Frasier syndrome (OMIM:136680), WAGR 

(Wilms tumour, aniridia, genitourinary abnormalities, mental retardation) (OMIM:194072) and 

Denys-Drash Syndrome (DDS) (OMIM:194080) where the defining phenotypes include 

urogenital abnormalities. These range from cryptorchidism and hypospadias in WAGR to sex 

reversal and gonadal dysgenesis, eventually leading to gonadoblastoma in DDS and Frasier 
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syndromes (Frasier, Bashore, & Mosier, 1964; Haning, Chesney, Moorthy, & Gilbert, 1985; 

Kinberg, Angle, & Wilson, 1987; Klamt et al., 1998; Pelletier et al., 1991; Riccardi, Sujansky, 

Smith, & Francke, 1978). Complete ablation of WT1 results in embryonic lethality and the 

failure of kidney and gonad development due to apoptosis of the primordial mesonephric 

structure (Kreidberg et al., 1993).    

 

While there are 24 isoforms of WT1, the two major isoforms are the result of variable splicing 

at exon 9, coding for the insertion of a lysine, threonine and serine (KTS) between the third 

and fourth zinc finger resulting in the variants WT1+KTS and WT1-KTS. While partly 

redundant, each of these isoforms performs distinct roles in the development of the embryonic 

gonad. Disruption of the balance between these isoforms perturbs the development of the 

male gonad (Hammes et al., 2001; Wilhelm & Englert, 2002). Ablation studies have identified 

WT1-KTS as the variant responsible for the survival of the primordial gonad, as knockout mice 

have increased apoptosis. Importantly, this variant is also responsible for activating the 

expression of NR5A1, the gene encoding SF1 (the role of which is discussed later in this 

section) (Wilhelm & Englert, 2002).  
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Figure 1.4. Gene regulatory networks which drive the development of the testis and 

ovary. Genes that have been shown to play a role in gonad development, sex determination 

and differentiation. Arrows do not necessarily imply direct regulation. The testis and ovary 

develop from the bipotential gonad, depending on the presence of SRY and activation of sex 

specific gene cascades. Genes from one pathway can repress gene expression in the other 

as indicated in red. Other genes refers to direct target genes of SOX9 both characterised and 

yet to be discovered which have a role in gonad development. Figure adapted from (Croft, 

Ayers, Sinclair, & Ohnesorg, 2016) 
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  NR5A1 

The gene NR5A1 encodes an orphan nuclear receptor, Steroidogenic factor 1, or SF1. SF1 is 

essential for the regulation of the development and function of the endocrine system, including 

the urogenital ridge and the adrenal glands. It is critical for the survival of the bipotential gonad, 

male sex determination and for the maintenance of the male factors in the gonad after sex 

determination (Wilhelm & Englert, 2002). In the biopotential gonad, Nr5a1 is expressed from 

E9.5, under the regulation of Wt1 and Lhx9 (Wilhelm & Englert, 2002). Mice lacking Nr5a1 

develop biopotential gonads which subsequently completely deteriorate through apoptosis, 

leaving the mice to be born without gonads or adrenal glands (Luo et al., 1994). In humans, 

heterozygous mutation to NR5A1 presents through a wide variety of clinical symptoms 

including adrenal failure, primary ovarian insufficiency and 46,XY Disorders of Sex 

Development (DSD) ranging from hypospadias to complete gonadal dysgenesis 

(OMIM:184757) (Achermann, Ito, Ito, Hindmarsh, & Jameson, 1999; Allali et al., 2011; Kohler 

et al., 2008; L. Lin et al., 2007). In contrast, haploinsufficiency in mice leads to delayed 

expression of steroidogenic genes which recovers by birth, suggesting the possible action of 

compensatory pathways or less dependence on SF1 than in humans (Park et al., 2005). 

  LHX9 

Lim homeobox 9 (LHX9) encodes a transcription factor which is expressed in the early genital 

ridge, under the control of GATA4 (Birk et al., 2000; Hu et al., 2013). LHX9 is responsible for 

proliferation of the bipotential gonad, as well as activating the expression of Nr5a1 (Birk et al., 

2000) (Wilhelm & Englert, 2002).  In mutant mice the gonad ceases growth at E11.5 resulting 

in a complete gonadal regression by E13.5 (Birk et al., 2000). As a result, all Lhx9 mutant mice 

are born with female genitalia and with no gonads, regardless of the presence or absence of 

a Y chromosome (Birk et al., 2000).  To date, mutations causing have not been found in human 

patients despite its high level of conservation with mouse Lhx9 (Ottolenghi et al., 2001). The 

role of human LHX9, and potential redundant genes needs to be further investigated to draw 

conclusions about the importance of its role.    

  EMX2 

Empty spiracles homeobox 2, or EMX2, encodes another transcription factor which is essential 

for the developing neural system in vertebrates (Kastury et al., 1994; Matsuo et al., 1997). 

Emx2 is expressed in the coelomic epithelium and the mesonephros of both sexes from E10. 

Strong expression is maintained in the female gonad, but it fades in the male at E13.5, 

indicative of an early role in gonad development. Supporting this, mutant Emx2 mice 

completely fail to develop kidneys, ureters, gonads and genital tracts (N. Miyamoto et al., 

1997). Similar to Lhx9, Wt1, and Nr5a1 mutants the Emx2 mutant mice have an impaired 
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thickening of the coelomic epithelium before E12, suggesting a critical role In early cell 

proliferation or differentiation of the coelomic epithelium (N. Miyamoto et al., 1997; Svingen & 

Koopman, 2007). Mutation to EMX2 in humans has not yet been identified as causative of 

DSD yet. As homeobox transcription factors are abundant throughout development, it is 

possible that there are redundant genes in the human, able to compensate for any loss of 

function.  

SRY in the developing testis 

SRY was discovered as the testis determining factor in both humans and mice in 1990 and is 

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

(Gubbay et al., 1990; Sinclair et al., 1990). In fact, SRY is the sex determining gene in most 

mammals, with the exception of monotremes (Wallis et al., 2007). SRY is defined by its high 

mobility group (HMG)-box which binds DNA at (A/T)ACAA(T/A) sequences. This binding 

introduces a 60-85° bend to the DNA, allowing SRY to modify the chromatin and regulate the 

transcription of its target genes (Harley & Goodfellow, 1994).  

The majority of our understanding of SRY and its role in sex determination has come from 

studies in mice. In the embryonic mouse, Sry expression begins at day 10.5 (E10.5) in the 

somatic cells, peaking at E11.5 (Koopman et al., 1990). Sry is sufficient for the differentiation 

of the male somatic lineage, Sertoli cells, and thus the differentiation of the testis. This was 

highlighted in 1991 where Koopman et al., introduced Sry to XX embryos, resulting in testicular 

development despite the absence of a Y chromosome(Koopman, Gubbay, Vivian, Goodfellow, 

& Lovell-Badge, 1991). Chimeric mouse studies have demonstrated a threshold for Sry 

expression where gonads containing 35-40% of XY somatic cells directed the formation of a 

testis whereas gonads with fewer than 10% of XY somatic cells developed as 

ovaries(Burgoyne, Buehr, & McLaren, 1988).  

The timing of initiation of Sry expression is crucial to proper testis development. In naturally 

occurring sex reversed mouse strains, delays in the onset and the peak level of Sry expression 

of 6-10 hours is enough to cause the XY gonad to develop as an ovary(Bullejos & Koopman, 

2005). Transgenic mouse studies confirm this naturally occurring phenomenon. In mice where 

Sry expression is under the control of a heat shock promoter and thus can be induced at a 

range of experimental time points, delays of 6-hours also resulted in ovarian development 

dominating(Hiramatsu et al., 2009).  Given the critical window for the induction of Sry 

expression, it is not surprising that Sry knockout mice develop ovaries and subsequently as 

females(Kato et al., 2013). The critical boundary of this window to ensure male development 

ensues is likely defined by the need to prevent female pathways activating.  
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Unlike the timing of initiation of Sry expression, the duration seems to have less importance 

as it varies among species. In mice, Sry expression peaks at E11.5 and declines to 

undetectable levels after E12.5 (Hacker, Capel, Goodfellow, & Lovell-Badge, 1995; Koopman 

et al., 1990). Similarly, in human the pattern of SRY expression also declines after reaching a 

peak at the time of sex determination (Carnegie Stage 17-23) however unlike in the mouse it 

does not completely disappear (Del Valle et al., 2017; Hanley et al., 2000). Sry expression is 

also maintained in the goat (Montazer-Torbati et al., 2010). 

SRY targets SOX9, upregulating its expression to ensure the male fate (Sekido & Lovell-

Badge, 2008). SOX9 is arguably the key player in male sex development. Sox9 expression is 

upregulated immediately after Sry however unlike Sry, Sox9 expression persists in the mouse 

gonad beyond E12.5 (Kent, Wheatley, Andrews, Sinclair, & Koopman, 1996; Morais da Silva 

et al., 1996). The role and regulation of SOX9 in the developing testis will be further explored 

later in this review. While other genes, such as Cbln4, have been defined as targets of Sry 

their role in testis development requires further clarification (Bradford, Hiramatsu, et al., 2009).  

The spatio-temporal expression of Sry in mice is somewhat unusual. Expression begins at the 

centre of the developing gonad and extends to the poles over several hours(Bullejos & 

Koopman, 2001). This dynamic wave of expression has a significant impact on testis 

development, as Sox9 subsequently follows the same pattern leaving the poles more 

vulnerable to XY sex reversal (Bagheri-Fam et al., 2008; Bullejos & Koopman, 2001; Wilhelm 

et al., 2007). Thus, when ovotestes are formed it is likely that the ovarian cells will be seen at 

the poles while the testicular tissues are in the centre. Multiple testicular factors critically 

ensure the proper spatio-temporal expression and action of SRY, these include SF1, CBX2, 

WT1, Insulin-like growth factor signalling, GATA4/FOG2, MAP kinase signalling and 

GADD45γ (Figure 1.4). By understanding how these genes influence SRY expression we can 

begin to piece together the complex puzzle that is the sex determination of the male gonad.   

SF1 

SF1 can bind to the promoter of SRY and partly increase its expression (de Santa Barbara et 

al., 2001). Mutation to a putative binding site in the proximal SRY promoter abolished this 

activity (de Santa Barbara et al., 2001).. Studies on the porcine proximal promoter of SRY 

have also identified SF1 as an important regulator of SRY activity (Pilon et al., 2003). Aside 

from its role in the regulation of SRY, SF1 plays a crucial role in cooperating with SRY to 

upregulate the expression of its key target gene, SOX9 (Croft et al., 2018; Gonen et al., 2018; 

Sekido & Lovell-Badge, 2008). This role will be explored later in this review.  

CBX2 
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CBX2 encodes a polycomb group transcription factor which regulates gene expression by 

modifying histones to mediate gene silencing. Mutation to CBX2 in both humans and mice 

leads to 46, XY sex reversal accompanied by a dramatic decrease in Sry transcripts 

(OMIM:602770) (Biason-Lauber, Konrad, Meyer, DeBeaufort, & Schoenle, 2009; Katoh-Fukui 

et al., 2012; Katoh-Fukui et al., 1998). Even when the male phenotype is restored by forcing 

Sry expression in the absence of Cbx2 the testes are still hypoplastic, indicative of a role in 

proliferation too (Katoh-Fukui et al., 2012). A recent study addressed the changes to histone 

marks in Cbx2 knockout mice and revealed that many of the genes with a loss of repression 

were part of the (pro-female) Wnt4 pathway. Unsurprisingly, the male phenotype was restored 

when Wnt4 was simultaneously knocked out with Cbx2 suggesting that the stabilisation of the 

male fate requires repression of the female pathway to ensure there is no block to Sry 

expression (Garcia-Moreno et al., 2019).  

WT1 

Aside from its critical role in the establishment of the bipotential gonad, WT1 also plays a 

critical role in the regulation of SRY expression. The WT1 +KTS variant is primarily involved 

in the male sex determination pathway by activating the expression of Sry. The absence or 

mutation of this variant leads to reduced Sry levels and consequently, reduced Sox9 (Bradford, 

Wilhelm, et al., 2009; Hammes et al., 2001). 

WT1 and GATA4 transcriptionally cooperate to activate SRY expression in the mouse, human 

and pig SRY proximal promoter (Y. Miyamoto, Taniguchi, Hamel, Silversides, & Viger, 2008). 

Unsurprisingly, the WT1 +KTS variant had almost double the synergistic action compared to 

the -KTS variant (Y. Miyamoto et al., 2008).  

Insulin-like growth factor signalling 

The insulin-like growth factors are critical for sex determination and testicular function as loss 

of all three insulin receptor genes (Insulin receptor (Insr), Insulin like growth factor 1 receptor 

(Igfr1) and Insulin receptor-related receptor (Insrr)) causes male to female sex reversal in mice 

(Nef et al., 2003). XY gonads with all three receptors missing had dramatically reduced Sry 

and Sox9 levels and consequentially expressed female markers, indicating a critical role for 

insulin signalling in male sex determination (Nef et al., 2003). Furthermore, GADD45γ 

expression was also reduced in these mutant mice, the role of which will be discussed later in 

this review (Nef et al., 2003; Pitetti et al., 2013). Interestingly, both the XY and XX gonads 

displayed a reduction in size also indicating that insulin signalling contributes to proliferation 

in the gonad (Nef et al., 2003). This reduction in size stems from both a reduction in Sertoli 

cell proliferation as well as a reduction in Leydig cell proliferation (Neirijnck et al., 2018). 

Specific ablation of Insr and Igfr1 from Sertoli cells only displayed a reduced testis weight of 
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72% in adult mice, and similarly when both genes were ablated specifically from Leydig cells 

a reduction of 85% was observed (Neirijnck et al., 2018). Interestingly though, the fetal Leydig 

cell population was unaffected by the loss of Leydig Insr and Igfr1 thus signifying that Sertoli 

cell insulin signalling which drive male differentiation (Neirijnck et al., 2018).  

GATA4/FOG2 

In addition to its role in the establishment of the bipotential gonad, GATA4 is also required for 

testis differentiation. Mutation to the domain which interacts with a binding partner, FOG2, or 

complete loss of FOG2 results in significantly reduced SRY levels and subsequently failure of 

Sertoli cell differentiation leading to sex reversal (Bouma, Washburn, Albrecht, & Eicher, 2007; 

Tevosian et al., 2002). Mutation to FOG2 in humans can also lead to 46, XY sex reversal and 

similar to GATA4 mutation (explored earlier in this review), is also associated with cardiac 

anomalies (OMIM:603693) (Bashamboo et al., 2014).    

Many GATA binding sites can be identified in the SRY proximal promoter. Phosphorylation of 

GATA4 via the Map kinase signalling cascade enhances its DNA binding ability and increases 

expression of transcripts which it regulates (Figure 1.5) (Warr et al., 2012). The Map kinase 

signalling pathway is further discussed below. As mentioned above, GATA4 also synergises 

with WT1 at the SRY proximal promoter to activate SRY expression thus deeming it a critical 

component of the SRY regulatory pathway (Y. Miyamoto et al., 2008). Interestingly, when 

GATA4 is transfected into cells without WT1, it does not activate the human promoter, only 

the mouse and pig (Y. Miyamoto et al., 2008). Furthermore, mutation to the WT1 binding site 

but not the GATA sites abolishes SRY activation on the mouse promoter suggesting it is the 

direct interaction of WT1 with the promoter which is needed to initiate SRY expression (Y. 

Miyamoto et al., 2008).  
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Figure 1.5. MAP kinase signalling cascade in the developing testis. GADD45γ activates 

MAP3K4 in pre-Sertoli cells, in mice around E10.5. Through a MAP2K, MAP3K4 

phosphorylates p38, thus activating it (indicated by a circled P). Either directly or indirectly, 

p38 activates GATA4 by phosphorylation which in turn acts upon the SRY promoter to induce 

expression. Figure adapted from (Warr et al., 2012).  
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MAP kinase signalling 

The mitogen-activated protein (MAP) kinase signalling pathway is required for Sry regulation 

and testis development in both mice and in humans. Targeted mutation to kinases at all levels 

of the canonical three-tier Map kinase signalling cascade (Map3k, Map2k, Mapk) lead to male 

to female sex reversal (Bogani et al., 2009; Warr et al., 2012; Warr, Siggers, Carre, Wells, & 

Greenfield, 2016). Mutation to Map3k4 and p38 Mapk in mice results in reduced 

phosphorylation of Gata4, which directly regulates Sry expression, therefore leading to a 

reduction in Sry levels and disrupted testis development (Figure 1.5).  

In humans, mutation to MAP3K1 has been associated with a 46, XY sex reversal in a number 

of patients (OMIM: 600982) where the mutations directly affect the ability of MAP3K1 to 

phosphorylate its downstream targets p38, MAPK1 and MAPK3 (Granados et al., 2017; 

Pearlman et al., 2010). Surprisingly though, mutation to Map3k1 in mice elicits only minor 

abnormalities in gonadal development such as an increase in gonadal length, highlighting the 

limitations of relying on mouse models to investigate sex determination (Warr et al., 2016).  

GADD45γ 

GADD45γ is a member of the Growth Arrest and DNA Damage response proteins which are 

implicated in DNA repair and active DNA demethylation, as well the activation of MAP kinase 

signalling (Figure 1.5). Mutation to Gadd45γ in XY mice causes a range of gonadal 

phenotypes from infertility, to gonadal dysgenesis, to complete sex reversal depending on 

genetic background (Johnen et al., 2013). These phenotypes have been attributed to a delay 

and failure of Sry expression to reach threshold levels necessary to initiate male differentiation 

(Johnen et al., 2013). In these mutants p38 MAP kinase signalling is impaired, presumably 

resulting in a reduction of GATA4 phosphorylation which causes the reduction of Sry 

expression (Gierl, Gruhn, von Seggern, Maltry, & Niehrs, 2012; Johnen et al., 2013). 

Transgenic overexpression of Map3k4 in Gadd45γ deficient embryos rescues the sex reversal 

phenotype reiterating the importance of this signal transduction pathway to regulating Sry 

levels. Gadd45γ possibly provides the link between insulin signalling and Sry expression as 

knocking out all three insulin receptors in mice also reduces Gadd45γ (Larney, Bailey, & 

Koopman, 2014; Nef et al., 2003; Pitetti et al., 2013).  Human mutations to GADD45γ leading 

to sex reversal are yet to be reported however as with the MAP kinase genes, it is possible 

that a related protein plays a more prominent role in human testis development.  

SOX9 in the developing testis 

SOX9 is arguably the most critical gene in male sex determination. As the only key target of 

SRY, it stands atop of the male sex determining pathway. It initiates and regulates a wide 
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variety of processes in Sertoli cells essential to the differentiation of the male gonad. It was 

discovered as the gene mutated in Campomelic Dysplasia (CD) and Autosomal Sex Reversal 

(SRA), a semi-lethal, skeletal malformation syndrome affecting multiple organ systems 

including the gonads, as two thirds of XY patients are sex reversed (OMIM:114290) (Wagner 

et al., 1994).  

Similar to SRY, SOX9 is a member of the SOX family and thus contains the signature HMG 

box but unlike SRY is a member of the SOXE family, along with SOX8 and SOX10 (Bowles, 

Schepers, & Koopman, 2000). Three exons encode the 509 amino acid protein which contains 

4 domains; the highly conserved HMG box, a dimerization domain and two transactivation 

domains (Figure 1.6). While the HMG box of all SOX proteins recognises and binds the 

consensus sequence, AACAAT, SOX9 optimally binds AGAACAATGG-the core sequence 

flanked by 5’AG and 3’GG nucleotides (Mertin, McDowall, & Harley, 1999). SRY and the other 

SOX proteins do not have affinity for these flanking nucleotides, suggesting a mechanism for 

how the SOX proteins achieve specificity (Mertin et al., 1999).  

Another feature unique to the SOXE proteins in the 40 amino acid dimerization domain (Figure 

1.6). This domain mediates dimerization by binding to the HMG box of other SOXE proteins 

in a co-operative manner to form both homo- and hetero- dimers (Huang, Jankowski, Cheah, 

Prabhakar, & Jauch, 2015). This dimerization exclusively occurs between SOXE transcription 

factors (Huang et al., 2015). Dimerization of SOX9 is required for chondrogenesis, but not for 

Sertoli cell function so it is unsurprising that human mutations in the dimer domain of SOX9 

result in CD without SRA as the Sertoli cell function of SOX9 is retained (Bernard et al., 2003). 

This points to a mechanism whereby SOX9 is able to act in a tissue specific manner, regulating 

different target genes. Two transactivation domains are needed for maximal transcriptional 

activation activity of SOX9 (McDowall et al., 1999) (Figure 1.6). These are a proline, serine 

and glutamine (PQS) rich region at the C-terminus and a proline, glutamine alanine (PQA) rich 

region (McDowall et al., 1999). Mutations in these regions result in CD and SRA (McDowall et 

al., 1999; Sudbeck, Schmitz, Baeuerle, & Scherer, 1996). 
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Figure 1.6. SOX9 protein structure. SOX9 consists of a single chain of 509 amino acids. 

The Dimerisation domain (DIM, blue) immediately precedes the HMG box (green). Further 

towards the C-terminus of the protein protein are the proline, glutamine, alanine rich region 

(PQA, orange) and the proline, glutamine serine rich region (PQS, yellow) which are required 

for transactivation. Post-translational modifications are made at the highlighted residues which 

target SOX9 protein for either sumoylation or ubiquitination. Figure adapted from (Symon & 

Harley, 2017).  
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In humans, loss of one functional allele of SOX9, comparable to a 50% reduction in SOX9 

levels, results in a loss of Sertoli cell function and thus sex reversal (G. J. Kim et al., 2015; 

Wagner et al., 1994). This differs in mice where gonadal development proceeds normally with 

50% of wild type levels (Barrionuevo et al., 2006). It is not until the mRNA levels decrease to 

23% that phenotypic indications of sex reversal are first seen (Gonen, Quinn, O'Neill, 

Koopman, & Lovell-Badge, 2017). As complete ablation of Sox9 is embryonic lethal at E11.5, 

before testis development has proceeded, conditional knockouts have been used to 

investigate its role in testicular development (Barrionuevo et al., 2006; Gonen et al., 2017).  

When Sox9 is removed before sex determination in the primordial gonad, such as with 

Cytokeratin-Cre (Ck19-Cre), XY mice develop ovaries and show complete sex reversal thus 

reiterating its central role in sex determination and testis development (Barrionuevo et al., 

2006). Sox9 has also been ablated in Sertoli cells after sex determination using Amh-Cre, 

where Sox9 protein is detected at E12.5 but is mostly lost by E13.5 (Figure 1.7, a) 

(Barrionuevo et al., 2009). Normal testis development proceeds and the male mice are fertile 

until 5 months of age indicating that Sox9 also plays a crucial role in the maintenance of testis 

function (Figure 1.7, b) (Barrionuevo et al., 2009). When these mice are crossed to a Sox8 

null background, ovary-specific markers are detected in embryonic testes and Sertoli cell 

junction integrity is lost in embryonic testes which results in complete primary infertility 

(Barrionuevo et al., 2009; Georg, Barrionuevo, Wiech, & Scherer, 2012). 
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Figure 1.7. Amh-Cre Sox9flox/flox testes (a) Immunoistochemistry of wildtype (i) and Sox9 

knockout (ii) testes at E13.5 showing that Sox9 (brown staining) is almost completely lost from 

the testes by E13.5, with only a few cells expressing Sox9 (ii, black arrows). A cord devoid of 

Sox9 positive cells has been outlined with a black dotted line. Scale bars represent 10µm (b) 

Hematoxylin and eosin stain of control (v and vi) and Sox9 knockout (vii and viii) gonads at 3 

months and 5 months after birth. In the Sox9 knockout testes the tubules are normal and 

contain sperm at 3 months (vii) but by 5 months are devoid of sperm. Scale bars represent 

50µm. Figures adapted from (Barrionuevo et al., 2009)  
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Gain of function models have also reinforced the indispensable role of Sox9 in testis 

development. Driving Sox9 over expression in the gonads of XX mice induces testis formation, 

as does the chance insertion of a transgene (Odd sex) in the regulatory region of Sox9 which 

induces inappropriate expression in the gonad (Bishop et al., 2000; Qin et al., 2004; Vidal, 

Chaboissier, de Rooij, & Schedl, 2001). Crossing these Odd sex mice to XY mice with ablated 

Sry resulted in completely normal testis development and normal fertility, reiterating that Sox9 

is both necessary and sufficient for testis development (Qin & Bishop, 2005).  Conversely, 

ovarian development requires the repression of Sox9, by factors such as Wnt4, Rspo1 and 

Foxl2 (Y. Kim et al., 2006; Maatouk et al., 2008; Schmidt et al., 2004). Repression of Sox9 

must be maintained throughout life to prevent the trans-differentiation of granulosa cells into 

Sertoli cells, which will eventually lead to the rest of the gonad developing a male phenotype 

(Lindeman et al., 2015; Schmidt et al., 2004; Uhlenhaut et al., 2009; Zhao, Svingen, Ng, & 

Koopman, 2015).  

To better understand the critical role that SOX9 plays in the development of the testis, it is 

vital to explore both its regulation and action in a testis-specific context. 

1.4.1 Regulation of SOX9 in the developing testis 

In humans, SOX9 is located on chromosome 17 and in mice is located on chromosome 11. In 

both species, SOX9 expression increases in the male gonad following the onset of SRY 

transcription, reaching a maximum by Carnegie stage 18-21 in humans and E11.5 in mice 

(Hanley et al., 2000; Jameson, Natarajan, et al., 2012). SOX9 is located in a vast region 

lacking other protein coding genes, 2.5Mb in humans and 2.2Mb in mice (Symon & Harley, 

2017). This gene ‘desert’  contains numerous regulatory elements, allowing expression to be 

tightly controlled in many different tissues at various times throughout development and 

adulthood (Symon & Harley, 2017).  

Mutations in the regulatory region of SOX9 cause CD, or isolated aspects of the CD syndrome 

such as craniofacial malformations called Pierre Robin Syndrome (Gordon et al., 2009). The 

position of the breakpoint on the chromosome can dictate the phenotype associated with the 

disease. For example, Pierre Robin Syndrome is a feature of CD but can also occur in isolation 

when chromosomal breakpoints are greater than 1Mb upstream of the SOX9 transcription 

start site (Benko et al., 2009; Gordon et al., 2014). Transgenic reporter studies have also 

demonstrated how distinct enhancers control tissue-specific expression of SOX9 however the 

search for testis-specific enhancers has been difficult as the human counterparts of mouse 

enhancers are not always conserved (Symon & Harley, 2017).  

In 2008, the first testis-specific enhancer of Sox9 was reported by Sekido and Lovell-Badge 

(Sekido & Lovell-Badge, 2008). This was discovered using a bacterial artificial chromosome 
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carrying a 120kb fragment which encompassed Sox9 and some of its regulatory region, both 

up and downstream of the transcription start site along with a lacZ reporter gene. Mice 

expressing this construct mimicked features of Sox9 expression in the testis including onset 

of gonadal expression at E10.5, increasing at E11.5 and then becoming restricted to the testis 

by E12.5 (Sekido & Lovell-Badge, 2008). Fragmentation of the construct narrowed down the 

regulatory region to a 3.2kb element, located -13 to -10kb upstream of the Sox9 transcription 

start site, termed TES (Testis-specific Enhancer of Sox9). Within TES, a 1.4kb element was 

defined which recapitulates Sertoli cell Sox9 activity and named TESCO (TES Core) (Sekido 

& Lovell-Badge, 2008). Furthermore, Chromatin Immunoprecipitation (ChIP) experiments 

demonstrated that both Sry and Sf1 bind to TES in vivo at E11.5 in the testis and Sox9 binds 

to TES at E12.5 (Y. Li, Zheng, & Lau, 2014; Sekido & Lovell-Badge, 2008). This suggests a 

feed-forward regulatory loop whereby Sf1 initiates transcription in both gonads, Sry 

upregulates transcription in the male gonad and when a critical threshold is reached, Sox9 

acts to maintain its own expression (Sekido & Lovell-Badge, 2008).  

TES has also been implicated in the repression of Sox9 in the ovary through multiple 

mechanisms. Firstly, the WNT4 signalling pathway, specifically β-catenin, disrupts Sf1 binding 

to TES thereby inhibiting Sox9 expression and the differentiation of Sertoli cells (Bernard et 

al., 2012). Similarly, overexpression of Dax1, an orphan nuclear receptor, also inhibits Sox9 

expression by competing with Sf1 to bind to TES (Ludbrook et al., 2012). In humans, 

duplications of DAX1 causes male to female sex reversal in XY patients (OMIM:300473). ChIP 

on ovaries has also demonstrated that both pro-female factors, Esr1 (Estrogen Receptor 1) 

and Foxl2 (a forkhead domain transcription factor) bind to TES in vivo suggesting repression 

to allow the differentiation of granulosa cells (Jakob & Lovell-Badge, 2011; Uhlenhaut et al., 

2009). Conditional knockout of Foxl2 from adult ovaries leads to reprogramming of the somatic 

cell lineage to Sertoli cells following the onset of Sox9 expression (Uhlenhaut et al., 2009). 

Interestingly though, complete ablation of Foxl2 from mice ovaries does not result in XX sex 

reversal suggesting that its key role at TES is to maintain Sox9 repression (Schmidt et al., 

2004; Uda et al., 2004). In support of this later role, in humans mutation to FOXL2 results in 

BPES (Blepharophimosis/ptosis/epicanthus inversus syndrome) which is associated with 

premature ovarian failure caused by an absence of functional granulosa cells leading to oocyte 

atresia (OMIM:110100) (Schmidt et al., 2004; Uda et al., 2004).   

Despite these properties supporting TES as an important regulator of SOX9 in the developing 

testis, ablation of TES/TESCO does not cause XY sex reversal or even disrupted testis 

development (Gonen et al., 2017). However deletion of TES/TESCO did reduce Sox9 mRNA 

to 44% of wildtype, indicating that while it makes a major contribution to Sox9 expression it 

does not act alone (Gonen et al., 2017). Furthermore, in transgenic mice, the human TES 
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sequence has no testis-specific enhancer activity and despite a large number of idiopathic 

human XY gonadal dysgenesis cases being investigated mutations to TES have not been 

identified, indicating that there must be additional enhancers controlling SOX9 in testis 

development (Sekido & Lovell-Badge, 2013). 

It was over ten years before more enhancers governing SOX9 expression in the developing 

testis were discovered. Published in 2018, Gonen et al., utilised assays which marked open 

chromatin in Sertoli cells at E13.5, combined with ChIPseq for a marker of active enhancers 

(H3K27Ac) to identify 33 potential sites in mice (Gonen et al., 2018; Maatouk et al., 2017). 

Using transgenic mice to identify enhancer activity, this was narrowed down to 4 enhancers 

termed Enh13, Enh14, Enh32 and Enh8 (Figure 1.8) (Gonen et al., 2018). The strongest 

expression was observed in Enh13, and unexpectedly Enh8 was strongly expressed in the 

ovary but not testis at E13.5. Intriguingly, Enh8 displays much more ‘open’ chromatin in 

granulosa cells than in Sertoli cells warranting further investigation of the role of the enhancer.  

Homozygous deletion of Enh13 revealed that it is critical for sex determination, as XY mice 

developed ovaries (Gonen et al., 2018). Sox9 transcript levels were depleted to that of XX 

control gonads (Gonen et al., 2018). ChIP assays revealed that Sry strongly binds to Enh13 

at E11.5, as does Sox9 at E13.5, signifying that Enh13 is involved and critical for both the 

initiation and maintenance of Sox9 expression in the developing testis (Gonen et al., 2018).  

Unlike TES, Enh13 is highly conserved between humans and mice and actually maps to the 

distal 5’ end of a 32.5kb region termed XYSR, located upstream of SOX9 in humans which 

has been found deleted in multiple cases of XY DSD (Figure 1.8) (Gonen et al., 2018; G. J. 

Kim et al., 2015). Strongly supporting this, a simultaneous study found that deleting the mouse 

equivalent of XYSR results in male-to-female sex reversal (Ogawa et al., 2018). Using 

CRISPR/Cas9 and analysing sequence conservation, this 32.5kb was refined to 783bp which 

fully contains the 557bp Enh13 (Ogawa et al., 2018).  
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Figure 1.8. Enhancers involved in regulating Sox9 in the developing mouse testis. 

Several gonadal enhancers have been identified so far. TES was the first enhancer discovered 

and is located 13kb upstream of Sox9. Three other enhancers; Enh13, Enh14 and Enh32 have 

recently been characterised. Enh13 is located within the human XY SR region (green 

shading). No mouse enhancers have been detected within the human Rev Sex region (orange 

shading). Enh8 has ovarian expression and may serve as a repressor. The sizes and locations 

of the enhancers are indicated above or below each enhancer. Figure adapted from (Gonen 

& Lovell-Badge, 2019) 
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Due to the high sequence conservation at Enh13, and DSD patients with deletions 

encompassing the homologous region (XY SR) it was assumed highly likely to play similar 

active role in human SOX9 regulation (Gonen et al., 2018). This evidence soon followed, with 

Croft and colleagues identifying the homologous enhancer to Enh13 in humans by analysing 

XX testicular patients with micro duplications in the regulatory region of SOX9 (Croft et al., 

2018). This analysis led them to a 1514bp enhancer they termed Sex Reversal Enhancer-A 

(eSR-A), which fully encompasses the homologous region of Enh13. Interestingly, luciferase 

assay showed that eSR-A is activated by SOX9+SF1, but not SRY+SF1 suggesting that unlike 

Enh13 in the mouse it is required for maintenance but not for initiation of SOX9 expression 

(Croft et al., 2018). However, as duplication of the region containing eSR-A in XX causes 

female-to-male sex reversal it is probable that it does play an early role in the development of 

the testis (Croft et al., 2018). 

Croft et al., identified two more novel human enhancers of testicular SOX9 activity termed 

enhancer Alternate Long-Distance Initiator (eALDI) and Sex Reversal Enhancer-B (eSR-B) 

(Croft et al., 2018). Luciferase assays demonstrated that it is likely that eALDI acts in the 

initiation of SOX9 expression in human as it is significantly activated by SRY+SF1 and the 

addition of FOXL2 markedly reduced this expression (Croft et al., 2018). Furthermore, deletion 

of the orthologous region in the mouse did reduce Sox9 levels by over 50% very early in testis 

development, but not enough to cause sex reversal suggesting that at least in the mouse, this 

enhancer is not the sole initiator (Croft et al., 2018). Sex Reversal Enhancer-B is likely involved 

in upregulation and maintenance, similar to eSR-A, as it is responsive to SOX9+SF1 in 

luciferase assay. Mouse mutation studies however showed no change in Sox9 transcription, 

indicating that eSR-B is a human-specific enhancer (Croft et al., 2018). Interestingly, luciferase 

assay also demonstrated that eSR-A, eSR-B and eALDI synergise to double their relative 

activities when activated with SOX9+SF1, suggesting that the enhancers have a combined 

role in the autoregulation of SOX9 expression (Croft et al., 2018). Understanding the higher-

order chromatin structure of the gene desert encompassing SOX9 will provide much more 

information regarding its complex regulation in the developing testis.  

1.4.2 SOX9 role in the developing testis 

SOX9 is a versatile regulator of cell fate commitment. It acts in a tissue-specific manner to 

modulate key cellular processes through the regulation of the expression of target genes. In 

hair follicle stem cells SOX9 is required for the maintenance of stem-ness, whereas in bone 

SOX9 is required for the differentiation of chondrocytes (Adam et al., 2015; Kadaja et al., 2014; 

Ohba, He, Hojo, & McMahon, 2015). Expression and chromatin immunoprecipitation analyses 

in bone have shown that SOX9 upregulates thousands of genes coding for extra-cellular 
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specific proteins in the chondrocytes, essential to their bone-specific function (Ohba et al., 

2015). Likewise, in the atrioventricular canal cells of the heart, SOX9 modulates the 

expression of key transcription factors required for the development of the heart valves 

(Garside et al., 2015). Thus, it is likely that in the developing testis, SOX9 is activating the 

transcription of many genes required for the differentiation and function of Sertoli cells. 

Key to the versatility of SOX9, and its ability to modulate the transcription of different genes in 

different tissues are its interactions with binding partners (Symon & Harley, 2017). The SOX9 

DNA binding sequence is not specific enough to discriminate between target genes and non-

target genes, meaning that co-factors are extremely important for varying its tissue-specific 

action (Lefebvre, Dumitriu, Penzo-Mendez, Han, & Pallavi, 2007). It is these binding partners 

that allow one set of genes to be regulated in the testis, while another is regulated in the bone 

and another in hair follicle stem cells (Adam et al., 2015). For example, in the bone SOX9 

binding to the promoter of a key extra cellular matrix protein, COL2A1, is critically stabilised 

by the adjacent binding of SOX5 and SOX6 (Kamachi, Uchikawa, & Kondoh, 2000). However, 

in neurogenesis SOX5 and SOX6 compete with SOX9 for binding sites, thus interfering with 

its function and act as repressors (Stolt et al., 2006). In the developing testis, SOX9 binding 

has a signature known as the “Sertoli Cell Signature” (SCS) where SOX9 binds in organised 

clusters with GATA4 and DMRT1, two other transcription factors required for Sertoli cell 

differentiation (Rahmoun et al., 2017).  

In the mouse testis Sox9 acts primarily as a transcriptional activator, binding to the promoters 

of pro-testis genes among others with roles yet to be discerned (Rahmoun et al., 2017). 

Interestingly, evidence is emerging that Sox9 may also be able to directly repress pro-female 

genes in the developing testis such as Wnt4 and Foxl2, further cementing its role as a highly 

versatile transcription factor (Rahmoun et al., 2017). Chromatin immunoprecipitation in 

embryonic mouse and bovine testes at E13.5 uncovered 4293 regions bound in the developing 

mammalian testis, 3849 of which were annotated in close proximity to genes (Rahmoun et al., 

2017). Gene ontology term enrichment analysis showed that the male sex determination 

pathway, along with other genetic pathways which contribute to gonadal development and 

function (FGF, Hedgehog and WNT signalling) were significantly enriched in these bound 

genes (Rahmoun et al., 2017). Furthermore, most genes already implicated in sex 

determination and gonad differentiation were bound by SOX9 in both mouse and bovine testes 

including Amh, Dhh, Fgf9 and Foxl2. Many of these binding regions were orthologous, hinting 

to a highly conserved sex determination and differentiation mechanism across mammalian 

species (Rahmoun et al., 2017).  
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A major challenge in investigating Sox9 action in the testis has been the limitations of available 

mouse models. As discussed earlier in this review, the development of Sox9 knockout models 

has only recently begun to provide clues regarding the intricate role of testicular target gene 

regulation. The first Sox9 heterozygous mutant mice were reported in 2001 where the mice 

displayed skeletal malformations, similar to CD, but lacked any gonadal phenotypes which 

later would be explained by Sox9 not being depleted below threshold levels (Bi et al., 2001; 

Gonen et al., 2017). This highlighted a major difference between humans and mice in sex 

determination where in humans, loss of one SOX9 allele is enough to cause gonadal 

dysgenesis. These mice died shortly after birth, preventing the establishment of a founder 

population (Bi et al., 2001). In 2006 lethality of Sox9 ablation was circumvented by using the 

Cre/loxP to conditionally inactivate both Sox9 alleles in the primordial gonad where the Cre 

recombinase was under the control of the Ck19 promoter (Barrionuevo et al., 2006). This 

showed for the first time that XY sex reversal can be achieved with complete loss of Sox9 in 

mouse gonads (Barrionuevo et al., 2006). These results also provided evidence that Sox9, 

not Sry, is repressing the female pathway, as the initiation of ovarian markers occurred even 

in the presence of Sry. A major drawback of these gonads however was that they did not 

specifically highlight Sox9 action as the transcriptional profiles of the gonads resembled that 

of a wild type ovary. In 2009 Sox9 was knocked out in intact testes using Amh-Cre which 

removes Sox9 after sex determination meaning that morphologically the gonads are still testes 

with intact Sertoli cells (Barrionuevo et al., 2009). This suggests that Sox9 has critical roles at 

both sex determination and later in maintenance of testis function. With the advent of next 

generation sequencing combined with these models we can now analyse Sox9 action at a 

genome-wide and cellular level.  

Transcriptional profiling of Amh-Cre Sox9flox/flox mice at E13.5, the point where Sox9 is lost in 

Sertoli cells (Figure 1.7), revealed that 240 genes were downregulated compared to wild type 

testes, and thus would normally be positively regulated by Sox9 in the developing testis 

(Rahmoun et al., 2017). Of these 240 genes, 40% were bound by Sox9 in ChIPseq analysis 

showing that Sox9 positively, and directly regulates the transcription of many target genes in 

the developing testis. It is possible that some of these genes are crucial to testis development. 

Thirty-seven of these bound and positively regulated genes had expression levels in XY 

mutant testes which were an intermediate level between XY and XX wildtype testes. This 

suggests that Sox9 is not the sole regulator of these genes as they are still partially active. 

Among these genes are Amh, Sox10 and Dhh, each of which have known roles in sexual 

differentiation. Given that Sox9 binds with Dmrt1 and Gata4 in the developing testis, it is likely 

that they too are contributing to the regulation of expression of key sex determining genes. 

Interestingly, 107 genes were upregulated in the knockout suggesting a repressive action by 
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Sox9, however only 22% of these were bound by Sox9 suggesting that in the testis Sox9 is 

more likely to directly activate than repress genes (Rahmoun et al., 2017).  

Regulation of RNA splicing is also emerging as a role of Sox9 in the developing testis. In 

chondrocytes SOX9 directly regulates splicing of COL2A1, an extra-cellular matrix protein, via 

a direct interaction with the splicing protein p54nrb (Hata et al., 2008). Sex-specific splicing is a 

critical sex determination mechanism in Drosophila but until recently had not yet been 

implicated in mammalian sex determination (Salz, 2011).  Transcriptional profiling of Amh-Cre 

Sox9flox/flox mice also revealed that Sox9 is involved in sex-specific RNA splicing in the 

developing testis (Rahmoun et al., 2017). In XY mutant testes, RNA processing was 

significantly affected in 154 genes. Along with influencing the production of sex-specific protein 

isoforms, intron retention may be a powerful mechanism to regulate protein activity without 

altering transcription. For example, in XY mutant testes and XX wildtype ovaries, Gadd45γ 

retains its second intron which disrupts the open reading frame and leads to a truncated 52 

amino acid protein, as opposed to the 159 amino acid protein found in XY wildtype testes 

(Rahmoun et al., 2017). Furthermore, there is no difference in Gadd45γ expression between 

XX and XY wildtype testes suggesting that Sox9 is regulating its sex-specific activity by other 

mechanisms. Given that Sox9 protein does not seem to splice RNA itself, this poses the 

question as to how Sox9 regulates splicing. The simplest description would be that Sox9 

regulates the transcription of a known splicing factor. However, given that Sox9 binds 70/154 

differentially spliced genes and 28% of these are bound at the exon/intron boundaries involved 

in the splicing events, it is possible that Sox9 recruits or regulates binding of the splicing 

machinery to the target genes (Rahmoun et al., 2017). The possibility that Sox9 can bind to 

pre-mRNA can also not yet be ruled out. 

High throughput analysis of the transcriptome and Sox9 protein binding in the developing testis 

has identified many genes as Sox9 targets, some with essential testicular roles but most with 

testicular function yet to be discerned. A wide variety of testicular development and function 

is regulated by SOX9 via its handful of target genes identified so far. The most crucial of these 

include AMH, FGF9/FGFR2, PGDS/PGD2, CYP26B1, ETV5, SOX8/SOX10, GDNF and 

PADI2.   

 AMH 

Anti Müllerian hormone (AMH, also known as Müllerian inhibiting substance, Mis) was the first 

target of testicular SOX9 characterised, and the only target to be proven both in vitro and in 

vivo (Arango, Lovell-Badge, & Behringer, 1999). Amh is first expressed in mouse gonads at 

E12.0, immediately following the onset of Sox9 expression and is excreted exclusively by 

Sertoli cells in the testis. It is responsible for the degeneration of the internal female genitalia 
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(Müllerian ducts), but not gonadal development (Brennan & Capel, 2004). Mutation to AMH in 

humans causes Persistent Müllerian duct syndrome, a condition resulting in bilateral 

cryptorchidism in otherwise normal virilized males as well as the development of an infantile 

uterus and fallopian tubes (OMIM:600957) (Knebelmann et al., 1991). Sox9 and Sf1 cooperate 

to appropriately increase Amh levels in the testis, but it is Sox9 alone that is required for the 

initiation of expression (Arango et al., 1999). Mutagenesis of the Sox9 binding site in the Amh 

promoter completely abolishes transcription, leading to pseudohermaphrodism, similar to the 

phenotype observed in humans (Arango et al., 1999). Furthermore, Sox9 ChIP assays have 

shown that binding to this site is enriched (Y. Li et al., 2014; Rahmoun et al., 2017; Sekido & 

Lovell-Badge, 2008). While Amh mutation in mice causes no gonadal perturbations, it has 

long been suspected to have a redundant function in inducing mesonephric cell migration as 

it is able to induce cell migration in vitro and testis cord formation in XX gonads (Ross, Tilman, 

Yao, MacLaughlin, & Capel, 2003).  

 FGF9/FGFR2 

Fibroblast Growth Factor (FGF) signalling is ubiquitous throughout mammalian embryonic 

development, regulating cell differentiation and migration as well as organ morphogenesis 

(Cool & Capel, 2009). Fgf9 is the key Fgf in mouse gonad development which is secreted by 

Sertoli cells. It is expressed in both the XY and XX gonad prior to sex determination and after 

the onset of Sox9 expression is upregulated in the XY gonad and lost in the XX gonad (Y. Kim 

et al., 2006).  

In mice, Fgf9 ablation from testes results in predominantly female gonadal development, with 

variable gonadal phenotypes ranging from testicular hypoplasia through to completely sex 

reversed (Colvin, Green, Schmahl, Capel, & Ornitz, 2001). In these Fgf9 knockout gonads, 

Sox9 expression is lost without affecting Sry expression indicating that Fgf9 is able to regulate 

Sox9 independently of its classic Sry regulation (Colvin et al., 2001). Furthermore, ectopic 

application of Fgf9 in XX mice induces Sox9 expression demonstrating that Sox9 and Fgf9 

positively regulate each other in a feedforward loop (Y. Kim et al., 2006).  

A critical component of Fgf9 action in the testis is its antagonism of the female pathway through 

Wnt4. In Fgf9 knockout gonads, Wnt4 is upregulated and similarly when Wnt4 is ablated from 

the female gonad, Fgf9 and Sox9 are upregulated (Colvin et al., 2001; Y. Kim et al., 2006). 

Wnt4 is also upregulated when Sox9 is deleted from the gonad during sex determination, 

probably due to a loss of Fgf9 (Barrionuevo et al., 2006). As Wnt4 can repress Sox9 activation, 

it is unsurprising that deletion of Wnt4 can rescue the male to female sex reversal seen in Fgf9 

knockout gonads (Jameson, Lin, & Capel, 2012). Interestingly though, Sox9 ablation after sex 

determination does not affect Fgf9 indicating that whilst Sox9 is required for the upregulation 
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of Fgf9 expression, it is not the sole regulator afterwards. Aside from its cell-autonomous role 

in promoting the male pathway, Fgf9 also plays a crucial role in regulating the fate of germ 

cells, by directly acting on germ cells to inhibit meiosis (Bowles et al., 2010). In humans 

mutation to FGF9 causes skeletal malformations, namely craniosynostosis and multiple 

synostoses (OMIM: 600921) (Rodriguez-Zabala et al., 2017). Despite significant research into 

Fgf9 action in the developing testis leading to a well-established mechanism of action in the 

mouse, human variants leading to DSD are yet to be discovered, highlighting the possibility of 

stronger redundant pathways acting in human gonadal development.  

FGFR2 is the receptor for FGF9 signalling in the testis. It is first expressed in coelomic 

epithelial cells of the primordial gonad of both sexes but localises to the nuclei of pre-Sertoli 

cells in the XY gonad at E11.0 (Schmahl, Kim, Colvin, Ornitz, & Capel, 2004). FGFR2 has 

important roles in proliferation and differentiation of Sertoli cells (Bagheri-Fam et al., 2008; Y. 

Kim et al., 2007). As the key receptor for Fgf9, it is unsurprising that XY Fgfr2 mutant mice are 

also partially to completely sex reversed similar to the Fgf9 mutant mice (Bagheri-Fam et al., 

2008). Similarly, when crossed to Wnt4 knockout mice, the sex reversal phenotype caused 

Fgfr2 deletion is also rescued (Jameson, Lin, et al., 2012). Fgfr2 has 2 isoforms prevalent in 

mice gonads, Fgfr2b and Fgfr2b each with distinct ligand binding affinities and expression 

patterns and therefore distinct functions. It is Fgfr2c that is the dominant isoform in Sertoli cells 

and thus unsurprising that mutation can cause gonadal dysgenesis in both mice and humans 

(Bagheri-Fam et al., 2017; Bagheri-Fam et al., 2015; Y. Kim et al., 2007). Interestingly, Fgfr2c 

is required to repress another pro-female pathway, via Foxl2 and simultaneous deletion of 

Foxl2 partially rescues the sex reversal phenotype caused by Fgfr2c deletion (Bagheri-Fam 

et al., 2017). Evidence is now emerging that Sox9 may directly regulate the switch between 

these two isoforms in the testis by regulating splicing (Rahmoun et al., 2017).  

 PGD2/PGDS 

Like FGF signalling, prostaglandin signalling is also regulated by SOX9 and is involved in a 

positive feedforward loop whereby it amplifies SOX9 expression (Moniot et al., 2009).  

prostaglandin H2 is converted to prostaglandin D2 (PGD2) by Prostaglandin D2 synthase 

(PGDS) in Sertoli cells. PGD2 acts as an autocrine factor, promoting the nuclear translocation 

of SOX9 by enhancing its ability to bind to the nuclear transport protein Importin β (Malki et 

al., 2005). Sox9 binds to the Pgds promoter in mice to promote the production of Pgd2, thus 

increasing the nuclear transport of Sox9 which directly maintains its own expression (Moniot 

et al., 2009; Wilhelm et al., 2007). Testis development proceeds normally, after a delay in 

Sertoli cell differentiation in Pgds knockout gonads however they present with cryptorchidism 

after the testes fail to descend in both heterozygous and homozygous mutants (Philibert et al., 
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2013). To date, human cryptorchid patients have not been identified with PGD2/PGDS 

mutations, possibly explained by the existence of multiple mechanisms acting to reinforce 

SOX9 expression and ensure thresholds are met to repress the female pathway and promote 

testis development (Philibert et al., 2013).    

 CYP26B1 

Cytochrome P450 26b1 (CYP26B1) is an enzyme which acts to degrade retinoic acid (RA), 

originally produced in the mesonephros adjacent to the gonad in both sexes (Bowles et al., 

2006). Cyp26b1 is present in the bipotential gonad in both sexes but after sex determination 

becomes specific to the male somatic gonad cells (Bowles et al., 2006; Kashimada et al., 

2011). In the developing ovary RA acts on germ cells, causing them to initiate meiosis and 

enter oogenesis. As meiosis is halted in the developing testis, so that germ cells can later 

enter spermatogenesis, CYP26B1 is required to break down any RA present during embryonic 

development (Bowles et al., 2006). In mice with Cyp26b1 knocked out, the germ cells of the 

testis prematurely enter meiosis leading to mild ovotestis development and more importantly, 

impaired steroidogenesis leading to feminisation of the reproductive tract (Bowles et al., 2018). 

Sox9 and Sf1 act upstream of Cyp26b1, demonstrated by in vitro models and through a 

decrease of Cyp26b1 when Sox9 is ablated in mice models (Kashimada et al., 2011). 

Furthermore, high throughput studies have identified Sox9 binding to the Cyp26b1 promoter 

thus validating it as a direct target gene (Y. Li et al., 2014; Rahmoun et al., 2017). In Foxl2 

knockout ovaries, Cyp26b1 expression increases by 20-fold suggesting that in the ovary Foxl2 

may also work to ensure the repression of Cyp26b1 so that germ cells enter oogenesis 

(Kashimada et al., 2011). To date, human mutations to CYP26B1 have not been found to lead 

to gonadal dysgenesis although it is intriguing to note that they are associated with skeletal 

and craniofacial anomalies, as can be seen in CD (OMIM: 605207) (Laue et al., 2011).   

 ETV5 

Ets variant factor 5 (ETV5) is a transcription factor which is strongly expressed in the cords of 

the developing testis, namely the Sertoli cells and germ cells as well as the Leydig cells outside 

the testis cords (Alankarage et al., 2016). Etv5 knockout mice lose the ability to self-renew 

and maintain spermatoagonial stem cells, which leads to unblocked spermatogenic 

differentiation and therefore a gradual depletion of germ cells and a Sertoli-cell only syndrome 

(C. Chen et al., 2005). Etv5 maintains the spermatoagonial stem cell niche by regulating the 

expression of genes essential to the blood-testis barrier (Morrow et al., 2009). It also regulates 

chemokine signalling between Sertoli cells and germ cells, and Gdnf/Ret signalling which 

activates pathways essential for spermatoagonial self-renewal (Simon et al., 2010; Tyagi et 

al., 2009). In humans, a variant in ETV5 (+48845G>T) is associated with a higher risk of non-
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obstructive azoospermia and Sertoli cell only phenotype (O'Bryan et al., 2012). ETV5 is 

undoubtedly an important factor in mammalian reproduction.  

Loss of Sox9 from the developing XY gonad results in a loss of Etv5 by 71%, to levels similar 

to the ovary (Alankarage et al., 2016). In cell culture using the human Sertoli-like line, NT2/D1 

cells, loss of SOX9 transcripts also results in a decrease in ETV5. Similarly, an increase of 

SOX9 expression also results in an increase in ETV5. In this Sertoli-like cell line, SOX9 bound 

to both the proximal promoter and intron 1 of ETV5 (Alankarage et al., 2016). ChIP 

experiments in mice at E12.5 and E13.5 however have not detected Sox9 binding to the Etv5 

promoter or intron 1 suggesting that it may not directly regulate Etv5 until later in development 

(Y. Li et al., 2014; Rahmoun et al., 2017).  

 SOX8/SOX10 

The SOXE family of transcription factors has 3 members with near identical DNA binding HMG 

domains; SOX9, SOX8 and SOX10 (Barrionuevo & Scherer, 2010). Following the onset of 

Sox9 expression, Sox8 and Sox10 are expressed in Sertoli cells, although at lower levels than 

Sox9 itself (Polanco, Wilhelm, Davidson, Knight, & Koopman, 2010; Schepers, Wilson, 

Wilhelm, & Koopman, 2003). Loss of Sox9 in mice leads to the downregulation of both Sox8 

and Sox10 in the embryonic testis, suggesting that they are both downstream of Sox9 

(Chaboissier et al., 2004; Rahmoun et al., 2017). It is worth noting however that neither Sox8 

or Sox10 expression is completely abolished with the loss of Sox9, therefore suggesting that 

they are regulated by other factors in the testis too (Rahmoun et al., 2017).  

In the absence of Sox8 in mice the testes develop normally but progressively develop infertility 

at 5 months due to spermatogenic failure (O'Bryan et al., 2008; Sock, Schmidt, Hermanns-

Borgmeyer, Bosl, & Wegner, 2001). Additionally, as previously discussed, perturbation to 

embryonic testis development is not seen until both Sox8 and Sox9 are deleted after sex 

determination suggesting that the key function of Sox8 is to compensate for Sox9 loss 

(Barrionuevo et al., 2009; Barrionuevo & Scherer, 2010). Indeed, Sox8 is able to 

synergistically bind with Sf1 to activate the Amh promoter, and with the loss of Sox8, Amh 

expression is reduced (Barrionuevo et al., 2009; Schepers et al., 2003). This points to a 

redundant relationship between SOX9 and SOX8, where SOX9 is functionally dominant but 

in its absence, SOX8 can compensate for many of its roles. Human mutations to SOX8 leading 

to DSD have not been detected so far, suggesting that this compensatory mechanism may be 

intact in humans. However, as loss of only one copy of SOX9 in humans is enough to cause 

XY sex reversal, the compensatory ability of SOX8 may not be as robust. 

Due to the high conservation between the SOXE proteins, it was hypothesised that SOX10 is 

also part of a compensatory mechanism in the developing testis. Presumably due to the 
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functional redundancy with Sox9 and Sox8, deletion of Sox10 in mice is unable to perturb 

testis development (Britsch et al., 2001; Peirano & Wegner, 2000). However, ectopic 

expression of Sox10 in the developing XX gonad can cause sex reversal, indicating that it is 

capable of inducing the male pathway in the absence of Sry, Sox9 and Sox8 (Polanco et al., 

2010). Furthermore, in humans duplication of the chromosomal region containing SOX10 

(22q13) has been found in 46, XX DSD suggesting that SOX10 overexpression may also be 

capable of directing male development in humans too (Seeherunvong et al., 2004). 

 DHH 

Desert Hedgehog (DHH) belongs to the Hedgehog family of morphogens which play important 

roles in the patterning and growth of organs (Cool & Capel, 2009). Dhh is expressed only in 

Sertoli cells of the developing testis and can first be detected at E11.5. In the embryonic testis, 

Dhh signalling is transduced by the Patched 1 (Ptch1) receptor, found on the surface of Leydig 

cells and peritubular myoid cells. In Dhh knockout mice, the Leydig cells and peritubular myoid 

cells fail to properly differentiate resulting in compromised testis cord structure and 

steroidogenesis, leading to male infertility (Clark et al., 2000; Yao et al., 2002). Similarly, 

ectopic expression of Dhh in ovaries can induce Leydig cell differentiation virilization of the 

female reproductive system (Barsoum et al., 2009). Furthermore, humans with mutations to 

DHH have similar defects to the knockout mice, causing phenotypes ranging from partial 

gonadal dysgenesis to complete sex reversal (OMIM: 605423) (Canto, Soderlund, Reyes, & 

Mendez, 2004; Das, Sanghavi, Gawde, Idicula-Thomas, & Vasudevan, 2011; Umehara et al., 

2000). Thus, DHH is indisputably important to the development of the male gonad and 

virilization of the reproductive system.  

In Amh-Cre Sox9flox/flox gonads, Dhh expression is decreased by 2.5-fold, although not to levels 

as low as the female suggesting that other factors may also regulate its expression (Rahmoun 

et al., 2017). Indeed, in Wt1 knockout mice Dhh is downregulated suggesting a possible 

regulatory connection however as Sox9 expression is also controlled by Wt1 this connection 

may be indirect and through Sox9 (M. Chen et al., 2014; Gao et al., 2006). ChIP experiments 

have detected Sox9 binding to the promoter of Dhh at both E12.5 and E13.5 further verifying 

it as a key regulator of Dhh in the developing testis (Y. Li et al., 2014; Rahmoun et al., 2017) 

GDNF 

Glial cell-line derived neurotrophic factor (GDNF) is a growth factor produced by Sertoli cells 

which regulates the cell fate decision of spermatogonia, most importantly the decision to 

maintain self-renewal (Meng et al., 2000). Even the loss of one allele results in the depletion 

of the germ cells and overexpression of Gdnf causes an accumulation of undifferentiated 

spermatoagonia in the testis (Meng et al., 2000). When Sox9 is knocked out after sex 



Chapter 1 
 

40 
 

determination using the Amh-Cre Sox9flox/flox, Gdnf expression is significantly reduced 

(Barrionuevo et al., 2009) Furthermore, in the Sox8/Sox9 double knockout Gdnf expression 

loss is further exacerbated (Barrionuevo et al., 2009). This may contribute to the progressive 

infertility phenotype seen in both Sox9 knockout models. High throughput ChIP screens have 

identified both Sry and Sox9 as binding to the promoter of Gdnf indicating that it may also 

have a role early in sex determination and gonadal development (Y. Li et al., 2014; Rahmoun 

et al., 2017). Further studies are needed to discern what this role could be. To date, no 

mutations causing DSD in humans have been discovered in GDNF.  

 PADI2 

Peptidyl arginine deiminase 2 (PADI2) is an enzyme which can change the charge of its target 

proteins by converting the amino acid arginine to citrulline (Ishigami et al., 2002). One such 

target protein is histone H3, suggesting that PADI2 can mediate gene regulation through 

epigenetic mechanisms (Zhang et al., 2012). Padi2 is expressed soon after Sox9 in the Sertoli 

cells and is barely expressed in the ovary throughout embryonic development. Sox9 positively 

controls Padi2 expression by binding through intron 1 and in Amh-Cre Sox9flox/flox mice, Padi2 

expression is markedly decreased (Rahmoun et al., 2017; Tsuji-Hosokawa et al., 2018). In 

vitro data also suggests that the female factor Foxl2 is able to repress Padi2 transcription 

(Tsuji-Hosokawa et al., 2018). However, Padi2 deficient mice have no disruptions to gonadal 

development and no alteration to histone H3 citrullination thus its gonadal role remains to be 

discerned (Tsuji-Hosokawa et al., 2018).  

 Others 

Other genes have been placed downstream of Sox9 in the developing testis including Vnn1, 

Gstm6 and Cbln4 due to their Sertoli cell expression patterns or in vitro data however direct 

connections are yet to be made (Beverdam et al., 2009; Bradford, Hiramatsu, et al., 2009; 

Wilson, Jeyasuria, Parker, & Koopman, 2005). Furthermore, testicular functions are yet to be 

elucidated. This may prove difficult due to redundant mechanisms being active in vivo 

warranting the need for a model where Sertoli cell function can be investigated.  

Does SOX9 regulate undiscovered target genes during testis development? 

This review aimed to contextualise the function of SOX9 in the developing testis. SOX9 is 

indispensable to the development of the testis in mammals, where loss or mutation can result 

in gonadal phenotypes ranging from complete sex reversal to fertility defects. Moreover, 

ectopic expression of SOX9 in the XX gonad leads to initiation of the male pathway, even in 

the absence of the male sex determining factor, SRY. Therefore, SOX9 is both necessary and 

sufficient for the development and function of the testis.  
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High-throughput chromatin and transcriptomic studies have revealed that it is possible SOX9 

is regulating the expression of thousands of genes in the developing testis, and importantly is 

modulating pathways vital to the development and function of the male gonad. Of the target 

genes investigated so far, many remain dispensable to testis development suggesting that 

SOX9 divides the labour between its target genes and may regulate multiple redundant 

pathways. 

This suggests that SOX9 regulates a number of undiscovered target genes which have a role 

in testis development. As such these SOX9 transcriptional targets also represent candidate 

genes which may be mutated in cases of unsolved XY DSD. 

1.5 Thesis outline  

I hypothesise that SOX9 regulates a number of undiscovered target genes which play an 

important role in testis development. Therefore, the aim of the studies conducted in this thesis 

was to investigate novel target genes of SOX9 during testis development.  

Modelling SOX9 function in Sertoli cells has been challenging until now. Complete ablation of 

Sox9 before sex determination in mice causes complete XY sex reversal, where the gonad 

develops as an ovary, thereby precluding an investigation of Sox9 targets in a Sertoli cell 

environment (Barrionuevo et al., 2006; Lavery et al., 2011). Similarly, in humans a 

heterozygous loss of function is associated with XY sex reversal. While this highlights the 

necessity of Sox9 for testis development, it does not provide insight into which pathways and 

genes are directly controlled by Sox9. In contrast, ablation of Sox9 immediately after the 

developmental stage of sex determination in XY mice does not switch fate of the gonad, 

allowing Sertoli cell development to continue (Barrionuevo et al., 2009). As such, this approach 

has provided an elegant model whereby transcriptomic analysis in appropriately-staged fetal 

testicular tissue is able to identify subtle alterations to SOX9 target genes expression 

(Barrionuevo et al., 2009; Rahmoun et al., 2017). When combined with Sox9 chromatin 

immunoprecipitation, direct target genes under the control of Sox9 can be identified. Chapter 

2 uses this mouse model to identify candidate SOX9 target genes.  

Another challenge emerging in gonad development research is the limitation of using mice 

exclusively as a model. Firstly, functional redundancies within gene family members and via 

alternative pathways can mean that genetic ablation often results in no obvious phenotypic 

consequence (Barbaric, Miller, & Dear, 2007). Secondly, differences in the gene thresholds 

and genetic robustness between humans and mice are becoming more obvious. For example, 

testicular SOX9 function only needs to decrease by 50% in humans for XY sex reversal to 

occur, whereas in mice this threshold is 77% (Gonen et al., 2017). Therefore, investigation of 

the testicular function of many genes warrants a sensitive human model. Chapter 3 describes 
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a model and analytical approach for investigating Sertoli cell SOX9 function using the human 

cell line, N-Tera2cl.D1.  

By E11.5 in mice, at the onset of sex determination, previously published transcriptomic 

analysis in fetal mouse gonads has identified 580 genes with higher expression in Sertoli cells 

relative to the female equivalent granulosa cells (Jameson, Natarajan, et al., 2012). By E13.5 

this number has increased to 1494. However, the testicular function of many of these genes 

has not been elucidated. A preliminary analysis of genes dysregulated in Amh-Cre Sox9flox/flox 

gonads identified a cytoskeletal scaffolding protein-coding gene, Nedd9, as being regulated 

by Sox9 in E13.5 Sertoli cells. Chapter 4 investigates a SOX9 target gene, NEDD9, using the 

analytical approach developed in Chapter 3 to define its testicular and Sertoli cell functions.  
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2.1 Introduction 

Sex determination is a defining biological event in mammals where the gonads will differentiate 

into either testes or ovaries. The fate of the gonad will dictate which hormones are secreted 

and thus the secondary sex characteristics which develop. For example, androgens and 

insulin-like hormone 3 are required for testicular descent (Nation, Balic, Southwell, Newgreen, 

& Hutson, 2009). In mammals sex determination is governed by the presence of the Y 

chromosome, and thus the male sex determining gene, SRY (Sinclair et al., 1990). While it is 

clear that the gonads alone are not responsible for all sex differences, given their dominant 

influence over the key sex defining traits, the focus of the field has been understanding the 

factors that initiate and influence the differentiation of the gonad as a testis or ovary (Capel, 

2017). Despite this effort, the mechanisms of sex determination and gonad development 

remain poorly defined. As up to 50% of Disorder of Sex Development (DSD) cases are without 

a clinical molecular diagnosis, it is clear that this process employs multiple pathways and 

requires intricate co-operation of many genes (Eggers et al., 2016; Leon, Reyes, & Harley, 

2019). DSD encompasses a broad spectrum of conditions with overlapping phenotypes which 

creates complexities for clinical management including assessing the risk of tumour 

development, fertility prediction, and psychosocial aspects. By improving our understanding 

of the genes and pathways involved in sex determination and differentiation, it is hoped that 

the diagnosis rate will improve, enabling better clinical understanding and management.   

Expression array technology (e.g. microarray, ChIP-on-Chip) and Next-generation sequencing 

(e.g. RNAseq, ChIPseq) has allowed the generation of large quantities of data that explore 

the intricacies and differences between testicular and ovarian cells during early 

gonadogenesis. By analysing the differences between the transcript profiles of male and 

female cells, differentially expressed genes have emerged as potential directors of gonad 

development. For example, a microarray in 2006 which compared Sertoli cell gene expression 

at E10.5 (shortly after Sry transcription begins) and at E11.5 (shortly after Sox9 transcription 

begins) identified 266 genes which were upregulated after Sox9 initiation (Beverdam & 

Koopman, 2006). Among these was Gstm6 (Glutathione S-transferase, mu6) which was 

upregulated nearly 40-fold at E11.5. Gstm6 was further investigated and later shown to be a 

target gene of Sox9 in testis development that likely functions in modulating the exposure of 

testicular tissue to toxicants (Beverdam et al., 2009). Many other transcriptome analyses on 

wild type gonads have been published that serve as valuable resources to understanding the 

genes and pathways required for sex determination (Cory, Boyer, Pilon, Lussier, & Silversides, 

2007; Del Valle et al., 2017; Jameson et al., 2012; Nef et al., 2005; Small, Shima, Uzumcu, 

Skinner, & Griswold, 2005; Stevant & Nef, 2018). 
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SOX9 is arguably the most important gene in the development of the testis as it is both 

necessary and sufficient for male gonadogenesis (see Chapter 1, section 4.3 for an in-depth 

review). It’s required both during sex determination and in regulating the development and 

function of the testis (F. Barrionuevo et al., 2009; Jakob & Lovell-Badge, 2011). Transcriptomic 

analyses have identified hundreds of genes as being both positively and negatively regulated 

after the onset of Sox9 expression and ChIP studies have identified thousands of potential 

direct targets (Beverdam & Koopman, 2006; Jameson et al., 2012; Li, Zheng, & Lau, 2014). 

Thus, SOX9 is likely to divide its labour among many genes and pathways in the developing 

testis. Better understanding the target genes of SOX9 in the mammalian testis will improve 

understanding of the genes involved in the development of the testis.  

In humans, heterozygous mutation to SOX9 affects the development of the skeletal system, 

causing a condition called Campomelic Dysplasia (CD) (Foster et al., 1994; Wagner et al., 

1994). The most prominent feature of CD is bowing of the long bones, along with other defects 

in cartilage formation and is associated with male-to-female sex reversal in two thirds of cases. 

Generation of Sox9 mutant mice, and thus investigating its role in the testis, has been 

problematic. Homozygous Sox9 mutant embryos die at E11.5, before the development of the 

testis. In 2001 the first Sox9 heterozygous mutant mouse was reported which phenocopies 

most of the skeletal CD malformations but without the sex reversal, highlighting that the 

gonads in humans are more sensitive to SOX9 gene dosage in humans than in mice (Bi et al., 

2001; Gonen, Quinn, O'Neill, Koopman, & Lovell-Badge, 2017). These mice died perinatally, 

preventing the establishment of a founder population. The lethality of Sox9 ablation was 

circumvented in 2006 using Cre/loxP under the control of the Ck19 promoter to inactivate both 

copies of Sox9 in the primordial gonad (F. Barrionuevo et al., 2006). This confirmed for the 

first time that XY sex reversal is caused by a loss of Sox9 function in the testis. A major 

limitation of these mice however was that the gonads were completely sex reversed and 

resembled a wild-type ovary. It consequentially did not specifically highlight the action of Sox9 

in Sertoli cells (F. Barrionuevo et al., 2006).   

In 2009 Sox9 was knocked out in intact testes after sex determination using Cre under the 

control of the Amh promoter (Amh-Cre Sox9flox/flox). This removes Sox9 after sex determination 

and by E13.5 these mice express no Sox9 protein (F. Barrionuevo et al., 2009; Barseghyan 

et al., 2018). Morphologically, the gonads of these male mice are still testes with intact Sertoli 

cells, despite the loss of Sox9. Gonad development continues as normal until the mice reach 

5 months of age where they progressively become infertile (F. Barrionuevo et al., 2009). This 

provides a system whereby Sox9 action can be investigated at a genetic and cellular level in 

the developing testis.  
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This chapter details a bioinformatic approach used to discover novel targets of Sox9 in 

mammalian sex determination. The Amh-Cre Sox9flox/flox model is a powerful model to identify 

Sox9 target genes. High throughput sequencing of the transcripts (RNAseq) in XY wild type 

(XY WT) vs XY knockout (XY KO) gonads has revealed genes which are responsive to the 

loss of Sox9. In addition, Sox9 ChIPseq in the mouse testis at E13.5, combined with the Sox9 

ChIPseq in the bovine testis at the equivalent developmental stage (E90), has revealed genes 

which are bound by Sox9. This data is now published in (Rahmoun et al., 2017). By combining 

these datasets 37 genes, both bound and positively regulated by Sox9 in the developing testis, 

have been identified. Four of these genes are already validated sex determination genes, 

leaving 33 putative target genes. 

2.2 Methods 

Amh-Cre Sox9flox/flox mice- Experiments on mice were carried out in strict adherence with the 

recommendations in the Australian code of practice for the care and use of animals for 

scientific purposes from the National Health and Medical Research Council. All procedures 

involving mice were approved by the MMCB animal ethics committee, Monash Medical 

Centre, Australia. Embryos from timed matings were firstly anaesthetised in ice-cold PBS 

before being euthanised by decapitation. Embryos were then fixed overnight in 4% PFA at 

4°C, then washed in 1x PBS. Embryos were processed and embedded into paraffin by the 

Monash University Histology Platform. Sections were cut by microtome at 5μm and mounted 

onto slides 

Immunofluorescence, gonads- Paraffin slides were baked at 60°C (30 minutes), 

deparaffinized in xylene, hydrated in 100% ethanol, and distilled in H2O and PBS. Antigen 

retrieval was performed by microwaving slides on high in 10 mM sodium citrate (pH = 6.0) for 

20 min. Slides were then washed in 1x PBS. Sections were then blocked for 30 minutes with 

either 5% normal donkey serum and incubated overnight at 4°C with the following primary 

antibodies: anti-Sox9 (1:200), and anti-Laminin antibody (1:100) (for details see Appendix 1). 

Sections were then washed three times in 1x PBS with 0.1% Tween 20 and incubated with 

the fluorescent-conjugated secondary antibodies; donkey anti-rabbit Alexa Fluor 488 (1:1000), 

for 30 minutes at room temperature. Sections were washed in 1x PBS with 0.1% Tween 20, 

then incubated in 0.1% Sudan Black in 70% EtOH for 5 minutes to quench background 

autofluorescence. Sections were washed again 1x PBS with 0.1% Tween 20, counterstained 

using DAPI, and then washed again in 1x PBS before being mounted using Dako Fluorescent 

Mounting Medium. Sections were imaged using fluorescence microscopy (Olympus Corp). 

This procedure and data has been published in (Barseghyan et al., 2018). 

Bioinformatic analysis: 
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Amh-Cre;Sox9flox/flox embryonic gonad RNA-seq- RNAseq was performed by Dr Rowena 

Lavery at the Hudson Institute of Medical Research as described in (Rahmoun et al., 2017). 

In brief, E13.5 gonads were separated from the mesonephros and total RNA was isolated 

using the RNeasy Kit (QIAGEN GmbH, D-40725 Germany). Embryos were genotyped and 

the RNA from six gonads were pooled into either XY wildtype (XY WT), XX wildtype (XX WT) 

and XY Amh-Cre Sox9floxflox (XY KO). This was repeated in three biological replicates. To 

analyse the RNA gonads libraries were generated using the NuGEN Mondrian Technology 

and SPIA amplification methodology, and data was processed and aligned to the mouse 

genome (Ensembl version 38.77). To eliminate composition biases, the Trimmed Mean of M-

values (TMM) method was used for normalization between the samples (Robinson & Oshlack, 

2010).  The adjusted p-value of 0.05 was used to assess which genes were differentially 

expressed between XY and XY KO. Graphs of gene expression were made and statistical 

tests carried out using GraphPad Prism. 

SOX9 mouse and bovine embryonic testis ChIP-seq- SOX9 ChIP-seq was performed by Dr. 

Francis Poulat from the Institute of Human Genetics in Montpellier, France on XY E13.5 

mouse and E90 bovine testes, as described in (Rahmoun et al., 2017). The tissue was fixed 

in PBS/1% formaldehyde before rabbit polyclonal anti-SOX9 IgG antibody bound to 

Dynamagnetic beads (Life technologies) were used for immunoprecipitation (IP) of sonicated 

chromatin (Gasca et al., 2002). Six independent IPs were pooled into 2 samples (3 

IPs/sample) and were used for the construction of libraries. ChIPseq reads were aligned to 

mm9 or Bostau6. Peaks were called using the MACS software and peaks with an FDR<0.05 

were kept for analysis (Y. Zhang et al., 2008). Peaks were assigned to the neighbouring genes 

using the PAVIS annotation tool (http://manticore.niehs.nih.gov/pavis2/) All bostau6 

coordinates were converted to mm9 using UCSC Liftover (https://genome.ucsc.edu/cgi-

bin/hgLiftOver) before analysis. Further details of these methods are described in (Rahmoun 

et al., 2017). For each species, nearest transcription start sites to peaks has been detailed 

along with the chromosomal location of the peak mapped to the mouse genome (Ensembl 

version 38.77) and the distance of the peak to the nearest transcription start site. The location 

of Sox9-bound peaks was converted and mapped to the human using UCSC Liftover and 

subsequently viewed using the Encyclopedia of DNA Elements (ENCODE) Ensembl Genome 

Browser. Pathway analysis was performed using the MetaCore™ GeneGo software to map 

genes to a global database of known networks (https://portal.genego.com/). The top 50 

enriched (p<0.05) pathway networks were analysed from genes associated to the mouse and 

bovine SOX9 ChIP-seq peaks. 

Analysis of datasets and selection of candidate SOX9 target genes- Intersection of datasets 

was performed using Venny (https://bioinfogp.cnb.csic.es/tools/venny/) and compared to the 

http://manticore.niehs.nih.gov/pavis2/
https://genome.ucsc.edu/cgi-bin/hgLiftOver
https://genome.ucsc.edu/cgi-bin/hgLiftOver
https://bioinfogp.cnb.csic.es/tools/venny/
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published dataset detailing gene expression profiles in key cell types of the gonad using 

microarray (Jameson et al., 2012). This microarray dataset is also available at the 

GenitoUrinary Development Molecular Anatomy Project (GUDMAP). Gene ontology for 

statistical over representation of biological processes was performed using PANTHER (Mi, 

Muruganujan, & Thomas, 2013). ChIPseq peaks were converted from the mouse assembly 

(NCBI37/mm9) to the human (GRCh37/hg19) using UCSC Liftover 

(https://genome.ucsc.edu/cgi-bin/hgLiftOver) and files were created which contain the human 

peak co-ordinates (bed files). These files were uploaded to Ensembl and UCSC for 

visualisation and analysis. Statistical analysis of ChIPseq data was completed using 

GraphPad Prism. 

2.3 Results 

Sox9 RNA and protein expression in XY KO gonads at E13.5 

In the XY KO (Amh-Cre Sox9flox/flox) gonads, Cre is under the control of the Amh promoter. 

Amh is a well-characterised, direct target of Sox9 in the developing testis which reaches its 

peak expression by E12.5 (Jameson et al., 2012). Activation of Cre results in excision of the 

Sox9 in Sertoli cells only, which results in 85% loss of Sox9 RNA, to levels comparable to XX 

WT (Figure 2.1 a). There is also a loss of protein by E13.5 as seen by immunofluorescence 

(Figure 2.1 b), thus validating these mice as an appropriate model (F. Barrionuevo et al., 

2009). 

  

https://genome.ucsc.edu/cgi-bin/hgLiftOver
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Figure 2.1. Sox9 RNA and protein in XY KO gonads at E13.5. (a) RNAseq data for Sox9 in 

XY WT versus XY KO and XX WT gonads. Sox9 RNA is significantly reduced to levels similar 

to XX WT in the XY KO. RNAseq data is expressed as TMM (Trimmed Mean of M values) and 

is representative of n=3 with six pooled E13.5 gonads per sample. Error bars represent SEM. 

**P<0.01 (one-way ANOVA followed by Tukey’s multiple comparisons test). Ns, not significant. 

(b) Immunofluorescence of the wild-type and Sox9 knockout gonad at E13.5. Sox9 protein is 

lost from the testicular cords (white arrows) in the Amh-Cre Sox9floxflox mice yet the testicular 

cords remain intact, as shown by the laminin stain. Sox9/Laminin is shown in green, and nuclei 

stained with DAPI are shown in blue (adapted from (Barseghyan et al., 2018)) 
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Pathway Analysis of Sox9 knockout gonads 

At E13.5, the removal of Sox9 from mouse Sertoli cells results in the significant dysregulation 

of the expression of 269 genes between XY KO and XY WT (dysregulation ≥ 1.5 fold, adjusted 

P value <0.05). Of these genes, 186 (69%) were downregulated in the XY KO compared to 

XY WT. This suggests that SOX9 acts predominantly as a transcriptional activator in the 

embryonic testis (Figure 2.2). Hence forth these genes will now be referred to as ‘Sox9 

activated’ genes, giving reference to their regulation in XY WT testes. Conversely, the 83 

genes upregulated in the XY KO compared to XY WT will be referred to as ‘Sox9 repressed’ 

genes. Analysis of biological pathways in ‘Sox9 activated’ genes shows that genes involved 

in tube morphogenesis, epithelial cell differentiation, single-organism transport and organ 

development were significantly over-represented (Figure 2.2). In contrast, biological pathways 

over-represented in the ‘Sox9 repressed’ group were related to cardiac function, inviting future 

analyses to determine whether or not gene repression is a critical function by Sox9 in the 

developing testis.  
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Figure 2.2. Pathway analysis of the differentially expressed genes between XY KO and 

XY WT. Pathway analysis was completed using PANTHER where gene lists were probed for 

over-expressed pathways and arranged by biological function with experimental evidence.(Mi 

et al., 2013).  
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Analysis of differentially regulated genes and cell type specific transcriptomes  

As Sertoli cells direct the differentiation of the male gonad, it is likely that Sox9 is also indirectly 

regulating the expression of genes in other cell types via its direct target genes. The only cell 

type in the developing gonad to express Sox9 is the Sertoli cells so therefore direct 

transcriptional targets must also be expressed in Sertoli cells. RNAseq has been carried out 

on the whole gonad meaning that genes in the other cell types of the testis which are indirectly 

responsive to the loss of Sox9 will also be captured in this analysis. 

 

To examine the effect that Sox9 is having on each of the cell types in the gonad, the  269 

dysregulated genes were compared to a gene expression microarray dataset on sorted cells 

from the XX and XY gonad (Jameson et al., 2012). This analysis profiled gene expression in 

each of the key cell types in the male and female gonad. Subsequently, genes have been 

separated into groups based on ‘enriched’ expression in a gonadal cell type and sex. This 

provides a powerful model to identify genes with cell-type specific roles in gonad development. 

A limitation of this data is that the profiling has been completed using microarray (Affymetrix 

Mouse Genome 430 2.0 arrays), which provides a targeted expression analysis of over 39,000 

genes (Jameson et al., 2012). However, as microarray has a relatively narrow dynamic range, 

genes with low expression are filtered out with background noise signal. In this microarray, 

the elimination of genes for which no expression information available in multiple cell types 

meant that over 25,000 genes were excluded and therefore only has data for 12,015 genes 

(Jameson et al., 2012). Of the 269 genes dysregulated in the RNAseq, information about the 

expression of 191 (71%) is captured in this dataset. This accounts for 148 of the ‘Sox9 

activated’ genes and 43 of the ‘Sox9 repressed’ genes. For the purpose of this project, the 

analysis has been carried out excluding the genes not in the microarray. Therefore, the 

remainder of this chapter has further analysed 148 ‘Sox9 activated’ genes and 43 ‘Sox9 

repressed’ genes.  

 

An unbiased statistical approach was taken to ascertain if these Sox9 regulated genes were 

enriched in any cell types of the male or female gonads by Chi-square test. As Sox9 is a 

transcription factor it was unsurprising to find that 97 genes activated by Sox9 were enriched 

in the XY Sertoli cells (p<0.0001) (Figure 2.3). Furthermore, 10 ‘Sox9 repressed’ genes are 

enriched in granulosa cells (p<0.0001). As granulosa and Sertoli cells differentiate from the 

same progenitor population this is unsurprising but invites the question of what their function 

may be in the female gonad (Chen et al., 2017). Four genes activated by Sox9 were enriched 

in XY Leydig cells, and three in germ cells demonstrating a potential paracrine action of Sox9, 
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yet these populations were not over-represented (ns). Detailed gene lists are provided in 

Appendix 2.   
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Figure 2.3. Transcriptional profiling of microarray-informative genes differentially 

expressed between the XY KO vs XY WT at E13.5. The top panel (left and right) shows 

genes activated by SOX9 in the male and female gonadal cells. The bottom panel (left and 

right) shows genes repressed by SOX9 in the male and female gonadal cells. Significance in 

gene overlap was tested with Chi-square, ****P<0.0001 
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Sox9 ChIPseq analysis 

To identify direct transcriptional targets of Sox9 in the gonad, ChIP-seq on chromatin isolated 

from embryonic mouse and bovine gonads was performed by Dr Francis Poulat (now 

published in (Rahmoun et al., 2017)). 6430 peaks were identified in the mouse and 10604 in 

the bovine gonad. In both species Sox9 binding was most concentrated near the transcription 

start site (TSS) of genes (Figure 2.4, top panel left and right). In fact, very few peaks are found 

more than 200,000bp from transcription start sites. It is worth noting however, that Sox9 

binding was identified as far away as 2,241,493bp 5’of a TSS in the mouse genome and 

2,242,319bp of a TSS in the bovine genome. In the mouse genome, the median of the peaks 

was 183bp 3’ of the transcription start site (+183) and in the bovine this was 143bp 3’ (+143). 

In both species 50% of the peaks were located within a region which represents less than 

0.001% of the genome (-500 to 500bp of TSS) (McLean et al., 2010) (Figure 2.4, bottom panel 

left and right). In the mouse 50% of the peaks are found -85bp to 377bp of TSS and in the 

bovine this was between -139bp to 406bp of TSS.  

The genes bound in the mouse and bovine were intersected to identify genes which have 

conserved roles in mammalian sex determination and improve the signal to noise ratio. There 

were 4082 genes in common to both species (47% of bovine and 71% of mouse). Among 

these common genes were Sox9, Amh and Fgf9, all of which are known targets of Sox9 

protein, thus validating this ChIPseq as an approach to identify Sox9 target genes with roles 

in sex determination and testis development.  

Pathway analysis of the genes bound by Sox9 in the mouse and bovine testes revealed that 

the male sex differentiation pathway was enriched (p=3.811x10-6 ), as expected (Table 2.1). 

Other pathways enriched are also known to be involved in male sex determination and gonad 

function such as Fgf signalling, Hedgehog signalling and Wnt signalling. This analysis may 

also point to Sertoli cell functions which Sox9 controls, including cell cycle regulation and 

adhesion.   
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Figure 2.4. Histogram demonstrating frequency of ChIPpeaks relative to the 

transcription start site (TSS). Histograms represent the entire data set separated into 50bp 

bins (top panel, left and right). The Y axis represents the number of peaks (frequency) at each 

distance from TSS. The bottom panel, left and right, details the frequency of peaks found 

within 500bp of the TSS, separated in 20bp bins. This represents less than 0.001% of the 

genome   
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Table 2.1. Top 25 pathways enriched in Mouse and Bovine Sox9 ChIPseq peak 

associated genes.  

  



Chapter 2 
 

58 
 

Identification and characterisation of candidate novel Sox9 target genes 

To create a list of candidate target genes for analysis, the 148 Sox9 activated (RNAseq) and 

4082 Sox9 bound (ChIP-seq) datasets were intersected to give a list of 59 genes that are 

bound and activated by Sox9 (see Appendix 2). As Sox9 carries out predominantly cell 

autonomous effects in the testis (Figure 2.3), this list of 59 genes was then intersected with 

the 491 Sertoli cell enriched genes defined in the microarray study (Jameson et al., 2012) This 

approach left 37 genes, 4 of which have already been confirmed as Sox9 target genes known 

to be involved in testis development (Sox10, Sox9, Amh, Dhh) thus validating the robustness 

of this filtering pipeline. A graphical summary of this workflow is presented in Figure 2.5. As 

demonstrated in Figure 2.6, these genes all represent a cohort which are most highly 

expressed in Sertoli cells relative to the other cell types of the testis and compared to 

granulosa cells. Majority of these genes increase in expression after peak Sox9 expression is 

reached and follow a similar expression pattern to the known Sox9 target genes, Sox10, Amh 

and Dhh. The exception to this is Nudt19 and Gpr37, both of which maintain a high expression 

from E11.5 to E12.5, indicating Sox9 may be maintaining their expression rather than initiating 

it. Both of these genes are targets of Sry at E11.5 according to ChIP-on-ChIP data (Li et al., 

2014).  
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Figure 2.5. Graphical representation of the workflow leading to the identification of 

novel candidate target genes. ‘Sox9 activated’ genes refers to the 148 genes downregulated 

in the XY KO RNAseq. ‘Sox9 bound’ genes refers to the 4082 genes identified in both bovine 

and mouse Sox9 ChIPseq. The 59 genes in common were then filtered through a dataset 

identifying 491 genes as enriched in Sertoli cells at E13.5 (Jameson et al., 2012). This led to 

the identification of 37 Sox9 target genes, 4 of which have already been characterised leaving 

33 novel candidate genes.    
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Figure 2.6. Expression profiles in cell types of the developing gonad of the 37 putative 

target genes. Profiles have been made using data from (Jameson et al., 2012), where 

expression profiles of cells of the developing gonad have been profiled at E11.5, E12.5 and 

E13.5. Solid lines represent male gonadal cells while dotted represent female gonadal cells. 

Blue represents supporting cells of the gonad, as detailed in the key in the top right panel. In 

males these are the Sertoli cells and in female, granulosa cells. The top row of graphs 

represents the targets of Sox9 which have already been characterised.   
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Further probing of each of the candidate target genes with the XY KO RNAseq revealed that 

21/37 (57%) of the candidate genes were downregulated to levels similar to in XX WT gonads 

(Table 2.2, grey shading). These genes included Sox10, Msi1 and Mybl1 (Figure 2.7, a). The 

remaining 16 genes (43%) had expression levels intermediate of XY WT and XX WT gonads, 

indicative of other factors being involved in their regulation in the testis (Table 2.2, no shading). 

These included Amh, Dhh and Serpine2 (Figure 2.7, b). Each of the genes were further 

evaluated using published literature to characterise their known function and roles in heritable 

disease phenotypes. This is summarised in Table 2.2. Of the 33 uncharacterised Sox9 target 

genes, 7 have characterised mutants/knockdown models with fertility defects (Serpine2, 

Mybl1, Entpd5, Msi1, Atp1a1, Gpr37 and Tyro3). For 16 of these genes, fertility has not been 

reported on due to a variety of reasons including knockout mutants/models not existing and 

embryonic lethality.  
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Table 2.2. Summary of gene function and associated phentoypes of 37 candidate Sox9 

target genes. Grey shading represents target genes with XY KO expression reduced to levels 

similar to XX. OMIM ID refers to the identification number on the Online Mendelian Inheritance 

in Man database. N/A refers to not analysed or reported. No refers to a negative result.  

 

 



Chapter 2 
 

63 
 

Table 2.2. continued 

  

Table references: Sox10: (Herbarth et al., 1998; Inoue et al., 2004; Pingault et al., 2013; Pingault et al., 1998; Southard-Smith, Kos, & Pavan, 1998) Sox9: (Bi et al., 2001; 

Cox, Willatt, Homfray, & Woods, 2011; Foster et al., 1994; Gonen et al., 2017; Vidal, Chaboissier, de Rooij, & Schedl, 2001; Wagner et al., 1994) Amh: (Arango, Lovell-

Badge, & Behringer, 1999; Carre-Eusebe et al., 1992; Mishina et al., 1996) Dhh: (Bitgood, Shen, & McMahon, 1996; Canto, Soderlund, Reyes, & Mendez, 2004; Umehara 

et al., 2000)Serpine2: (Luthi et al., 1997; Murer et al., 2001; Zhu et al., 2007) Sh3gl2: (Milosevic et al., 2011) Tmem117: (Tamaki et al., 2017)  Dtna: (Ichida et al., 2001) 

(Wang et al., 2007) Trpc3: (Fogel, Hanson, & Becker, 2015; Rodriguez-Santiago, Mendoza-Torres, Jimenez-Bremont, & Lopez-Revilla, 2007) Spint2: (Heinz-Erian et al., 

2009; Mitchell et al., 2001) Mapk4: (Rousseau et al., 2010) Smtnl2: (Gordon et al., 2013) Slco3a1: (Pan et al., 2018; Wei et al., 2014) Rtn4rl1: (Dickendesher et al., 2012) 

Rnd2: (Heng et al., 2008) Efhd2: (Brachs et al., 2014; Purohit et al., 2014) Tmcc3: (Sohn et al., 2016) Tox: (Wilkinson et al., 2002) Mybl1: (Bolcun-Filas et al., 2011; Toscani 

et al., 1997) Abtb2: (Roy & Pahan, 2013) Limk1: (Duan et al., 2018; Meng et al., 2002) Entpd5: (Fang et al., 2010; Read et al., 2009) Ctsl: (Maehr et al., 2005; Stypmann 

et al., 2002; Timmons, Rigby, & Poirier, 2002) Msi1: (Chavali et al., 2017; ErLin et al., 2015; Sakakibara et al., 2002) Slc7a5: (Baronas, Yang, Morales, Sipione, & Kurata, 

2018; Tarlungeanu et al., 2016) Glt25d1: (Geister et al., 2019; Miyatake et al., 2018; Ye et al., 2018) Ankrd13a: (Kun-Rodrigues et al., 2015; Tanno, Yamaguchi, Goto, 

Ishido, & Komada, 2012) Tacc1: (Ghayad et al., 2009) Ttyh3: (Suzuki & Mizuno, 2004) Tmem185b: (Haitina, Fredriksson, Foord, Schioth, & Gloriam, 2009) Nudt19: (Shumar 

et al., 2018) Dsp: (Herbert Pratt et al., 2015; Norgett et al., 2000; Vasioukhin, Bowers, Bauer, Degenstein, & Fuchs, 2001) Atp1a1: (James et al., 1999; Lassuthova et al., 

2018; Rajamanickam, Kastelic, & Thundathil, 2017; Schlingmann et al., 2018) Gpr37: (Fujita-Jimbo et al., 2012; La Sala et al., 2015; Marazziti et al., 2004) Tyro3: (Chan et 

al., 2016; Q. Lu et al., 1999; Q. Lu & Lemke, 2001) Arhgef10: (Boora et al., 2015; D. H. Lu et al., 2017; D. H. Lu et al., 2018) Gas7: (Chao, Hung, & Chao, 2013; Huang, 

Chang, Su, Chao, & Lin-Chao, 2012; Z. Zhang et al., 2016)  
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Figure 2.7. Representative histograms of candidate target gene RNA in gonads. 

Candidate target genes can be separated into two groups according to relative expression in 

XY KO versus XX WT. (a) Genes which are expressed at levels similar to XX WT. This 

represents 21/37 of the candidate genes. (b) Genes which are expressed at levels 

intermediate to XYWT and XX WT. This represents 16/37 of the candidate genes. RNAseq 

data is expressed as TMM (Trimmed Mean of M values) and is representative of n=3 with six 

pooled E13.5 gonads per sample. Error bars represent SEM. *P<0.05, **P<0.01 ***P<0.001, 

****P<0.0001 (Unpaired Student’s t-test). Ns, not significant. 
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2.4 Discussion 

In males, Sertoli cells drive the differentiation of the other cell types of the testis but in the 

absence of SOX9 they do not differentiate, resulting in female development even if SRY is 

present. To date, investigation of the role of Sox9 in Sertoli cells has been difficult as Sox9 

null mice die at the onset of testis formation (E11.5), and testis development proceeds as 

normal in heterozygous mutants so conditional knockouts have been used to investigate its 

testicular role (F. Barrionuevo et al., 2006; F. Barrionuevo et al., 2009). The first example of 

mice lacking testicular Sox9 are the Cytokeratin 19-Cre/Sox9 flox mice where Sox9 was 

conditionally inactivated in the primordial gonad. Sox9 null embryonic XY gonads were 

completely sex reversed, and developed into ovaries, which again makes investigation of the 

testicular role of Sox9 difficult as Sertoli cells do not differentiate (F. Barrionuevo et al., 2006).  

The Amh-Cre;Sox9flox/flox mice are therefore a powerful model to investigate the effect of Sox9 

in Sertoli cells (F. Barrionuevo et al., 2009). In this model Sertoli cells differentiate normally 

and Sox9 protein is detected at E12.5 but only a few Sertoli cells remain Sox9-positive by 

E13.5. Testis development in these mice is normal, however they develop sterility at 5-6 

months of age indicating that Sox9 plays important roles in both the differentiation of the testis 

and the maintenance of testis function. RNAseq performed on these mice at E13.5 has been 

used to investigate which genes are immediately responsive to the loss of Sox9 and therefore 

are likely targeted by Sox9 during the development of the testis. 269 genes were found to be 

significantly dysregulated at E13.5 in the testis, 186 (69%) of which were down regulated in 

the knockout compared to the wildtype testis. Pathway analysis revealed that these down 

regulated, or in the wild type context, ‘Sox9 activated’ genes are involved in tube 

morphogenesis and organ development, a process incredibly important for the development 

of a functional testis (Combes et al., 2009). If these genes are important in the formation of 

the testis, they may be genes which are mutated in Disorders of Sex Development (DSD). 

Identification of the role which these ‘Sox9 activated’ genes play in testicular morphogenesis 

could therefore be important for diagnosing and managing these disorders. 

As Sox9 is a transcription factor found only in Sertoli cells, it is unsurprising that many of the 

affected by its loss are also Sertoli cell enriched genes. Intersecting the 269 dysregulated 

genes with a dataset profiles which gene expression in key cell types of both male and female 

gonads revealed that the Sox9 responsive genes are significantly enriched in Sertoli cells 

(Jameson et al., 2012). This not only indicates that Sox9 plays largely a cell-autonomous role 

but it also highlights the power and sensitivity of this conditional Sox9 knockout model as even 

though the RNAseq was performed on whole gonads and thus included all cell types of the 

gonad, the genes detected which were responsive to the loss of Sox9 and were largely Sertoli 



Chapter 2 
 

66 
 

cell specific. Four ‘Sox9 activated’ genes were enriched in Leydig cells and three were 

enriched in male Germ cells, albeit this enrichment was not statistically over-represented 

indicating that cell non-autonomous action is not a major function of Sox9 in the developing 

testis (see Appendix 2 for more details). However, this indirect action should not be discounted 

simply based on statistics and invites the investigation of the importance of these few genes 

which are dysregulated. Interestingly, three of these Leydig cell genes are involved in 

hedgehog signalling; Ptch1, Hhip and Sostdc1. Ptch1 has a well-established role in sex 

determination. As a key ligand for Dhh on the Leydig cells, it conveys signals between the 

Sertoli and Leydig cells and is required for Leydig cell differentiation (Yao, Whoriskey, & Capel, 

2002). Loss of Dhh also results in loss of Ptch1 protein (Bitgood et al., 1996). Given that Dhh 

is a Sox9 target gene, it is likely that Sox9 is influencing Ptch1 expression via hedgehog 

signalling. The precise role of Hhip in the developing testis is unclear so far, but its cellular 

function has been well established as a negative regulator of hedgehog signalling (Chuang & 

McMahon, 1999; Olsen, Hsu, Glienke, Rubanyi, & Brooks, 2004). Hhip modulates the signals 

received by cells expressing Patched receptors by sequestering excess hedgehog proteins. 

Sostdc1 also is a downstream target of hedgehog signalling, which may be required to prevent 

premature initiation of spermatogenesis as its downregulation is required at puberty for 

spermatogenic onset (Cho et al., 2011; Hammond, Brookes, & Dixon, 2018; Pradhan, 

Bhattacharya, Sarkar, & Majumdar, 2019). Thus, this reinforces that Sox9 is a key regulator 

of Hedgehog signalling in the developing testis. 

To identify if Sox9 regulated genes are direct targets of Sox9 in the gonad, this RNAseq 

dataset was combined with Sox9 ChIPseq. The ChIPseq was performed in both the mouse 

and bovine as the testicular necessity of Sox9 is conserved among mammals. Thousands of 

genes were identified as bound by Sox9 in both the mouse (6430) and bovine (10604) models. 

Importantly, even when these datasets were combined (4082 genes in common), pathway 

analysis revealed that multiple pathways involved in the development and function of the male 

gonad were enriched. Other pathways enriched in this analysis may also point to Sertoli cell 

functions which Sox9 controls. This may begin to reveal how Sox9 divides its labour among 

target genes to drive key Sertoi cell processes. This analysis revealed the enrichment of 

multiple pathways controlling cell cycle and cell adhesion, both critical Sertoli cell functions 

(Lin, Barske, DeFalco, & Capel, 2017; Schmahl & Capel, 2003).   

In mouse and bovine Sox9 ChIPseq datasets, 50% of the ChIPseq peaks were found in a 

region which represents less than 0.001% of the genome (-500-+500bp from the transcription 

start site) (McLean et al., 2010). This suggests that in the testis, Sox9 is largely acting at 

proximal promoters. This is not dissimilar to in mouse chondrocytes where 24.6% of peaks 

were within 500bp of the transcription start site(Ohba, He, Hojo, & McMahon, 2015). It is 
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important to note that in this dataset, 27656 Sox9 ChIP peaks were identified, reinforcing that 

the role and action of Sox9 in Sertoli cells and chondrocytes is very different (Bernard et al., 

2003).  

When the ChIPseq (4082 genes) and RNAseq (148 Sox9 activated genes) were intersected, 

59 genes were identified as being both Sox9 bound and responsive (40% of the ‘Sox9 

activated’ genes). Given that there are over 4000 genes identified as being ‘bound’ by Sox9 

in the testis, the huge disparity between the number of genes bound and responsive indicates 

that there may be important genes which are not being downregulated in the knockout, 

pointing to compensatory or redundant mechanisms. The lack of phenotypic abnormality in 

the embryonic gonads also suggests this. When the Amh-Cre;Sox9flox/flox mice are crossed 

onto a Sox8 null background, inactivation of Sox9 after sex determination leads to a more 

severe phenotype, whereby the Sertoli cells are reprogrammed into their female counterpart, 

granulosa cells (F. J. Barrionuevo et al., 2016). This shows that Sox8, a closely related Sox 

protein, can compensate for the loss of Sox9, indicative of redundancy between these two 

proteins. Thus, when both are present, they may also work together to regulate genes critical 

in testis development. Therefore, it may be useful in the future to repeat the RNAseq with this 

Sox9/Sox8 knockout model.  

A short-list of 37 Sox9 target genes which may be involved in DSD was created by combining 

the ChIPseq, RNAseq and the list of Sertoli cell enriched genes published in Jameson et al., 

(Jameson et al., 2012). This approach identified 4 characterised Sox9 target genes, validating 

the approach, and 33 novel targets which warrant further investigation. Comparison of the 

expression level of these 37 genes between the XY KO and XX WT allowed their classification 

into two groups. The first group of 21 genes represents genes which are similarly expressed 

between XY KO and XX WT gonads. While some of these genes showed very little to no 

expression in the XX gonad (such as Sox10), some were still expressed, like Msi and Mybl1 

indicating that in both sexes there are other gonadal regulators of expression. The second 

group of 16 genes represents genes whose expression was intermediate between XY WT and 

XX WT. This suggests that these genes are still partially active, even without Sox9, and thus 

are likely regulated by additional factors in the developing testis. In Sertoli cells, Sox9 often 

binds to chromatin with Dmrt1 and Gata4, a phenomenon dubbed the SCS (Sertoli Cell 

Signature) (Rahmoun et al., 2017). In (Rahmoun et al., 2017) a third group of genes was 

identified with XY KO expression lower than the XX WT gonads when the RNAseq was 

analysed. This pattern was not observed among the 37 target genes identified here suggesting 

that by combining the RNAseq and ChIPseq we may be identifying genes involved in Sertoli 

cell specific functions (Jameson et al., 2012; Rahmoun et al., 2017). 
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Of the 33 uncharacterised Sox9 target genes, seven had characterised knockout/knockdown 

models with fertility defects. Given that Sox9 regulates fertility in the postnatal testis it is not 

surprising that some of the putative targets have roles in spermatogenesis (F. Barrionuevo et 

al., 2009). Of these, most had not been investigated for their role in testis development but 

their role in spermatogenesis has been characterised which raises the question of whether 

these genes are also involved in the development of the testis. Many of the 33 genes have 

undefined roles in the testis with reproductive potential not yet reported. Furthermore, the 

robustness of the reproductive potential of the mouse testis should not be overlooked, 

especially given that Sox9 in mice must be reduced below 23% of the expression of wild type 

to cause sex reversal (Gonen et al., 2017). This is opposed to the loss of only one allele (50%) 

in the human. As such loss of an important testicular development gene can be tolerated by 

the mouse testis and the report of the ‘fertile’ status may in fact be missing more subtle gonadal 

phenotypes. For example, the Gpr37 mice are fertile by definition but have reduced testis 

weight (by about 15%), reduced epididymal sperm and reduced sperm motility (La Sala et al., 

2015). Further inspection of the testes revealed that Gpr37 is a modulator of Dhh signalling 

as well as Sertoli cell maturation and proliferation. This emphasises the importance of 

investigating each of these 33 uncharacterised genes as potential DSD genes in the human. 
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3.1 Introduction 

Among its most crucial functions as a key regulator of testis development, SOX9 drives the 

differentiation of Sertoli cells from the somatic cell population of the primitive gonad during 

embryogenesis. In turn, SOX9 activity within Sertoli cells plays a vital role in the differentiation 

of several other testicular cell lineages and morphogenesis of the testis. Following the 

upregulation of SOX9, Sertoli cells coalesce around germ cells and become encompassed by 

peritubular myoid cells to form the cords, which are then surrounded by steroidogenic Leydig 

cells (Svingen & Koopman, 2013). The morphogenesis of the testis requires Sertoli cells to 

proliferate before they migrate to surround primordial germ cells, gain polarity and form 

testicular cords (Barrionuevo, Burgos, & Jimenez, 2011; Hutchison et al., 2008). Ablation of 

Sox9 from the developing mouse testis before sex determination results in complete sex 

reversal and thus, directly or indirectly Sox9 is required for Sertoli cells to perform their critical 

functions (Barrionuevo et al., 2006).  

 

While elegant mouse (and other organism) models have been useful in studying the function 

of critical sex determination genes based using knockout/transgenic approaches, limitations 

of using these models exclusively are emerging. Firstly, functional redundancy within SOX 

gene family members or genetic buffering (alternative pathways exist for the same functional 

outcome in an organism) can result in no phenotypic consequence (Barbaric, Miller, & Dear, 

2007). As fertility is indispensable to the survival of a species, it is likely that there are many 

genes and pathways within the developing gonad that have acquired redundant functions to 

preserve reproductive function. Secondly, it is likely many genes contribute small, but 

beneficial effects toward testicular development (Barbaric et al., 2007). When considered at 

the level of an individual, these genes may provide marginal fitness improvement but at the 

level of a population provide significant selective advantage (Thatcher, Shaw, & Dickinson, 

1998).  This means that analysis of single gene mouse knockouts may not reveal anything 

obvious (Barbaric et al., 2007). Moreover, when inherent stochastic variability between 

individual mice is considered, finding subtle testicular phenotypes can become even more 

difficult. Differences of gene expression thresholds and genetic robustness between humans 

and mice are becoming apparent as more mice models are analysed (Bashamboo & 

McElreavey, 2016; Gonen, Quinn, O'Neill, Koopman, & Lovell-Badge, 2017).  

 

With relevance to the mouse testis, Sox9 transcript levels are required to decrease to 23% of 

that of wildtype before XY sex reversal is seen. In contrast, loss of only one copy (~50% 

function) in the human results the same XY sex reversal phenotype, reinforcing the need to 

consider gene dosage thresholds even when no obvious phenotype is observed in mice 
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(Gonen et al., 2017). Therefore, understanding the cellular functions of genes requires models 

that can complement mouse knockout approaches, and possibly reveal redundancies. This is 

needed to ensure proper analysis of variants of unknown significance and consequences of 

gene mutation thus providing an overarching view regarding the physiological relevance of 

mutation.  

 

In this study, in vitro assay has been designed to model molecular mechanisms regulated by 

human SOX9 in developing human Sertoli cells. N-Tera2cl.D1 (NT2/D1) cells are a well-

characterised human Sertoli-like cell line which expresses SOX9 and 30 other tested testis-

determining genes (Knower et al., 2007). Originating from an embryonic human testicular 

carcinoma, but like urogenital XX and XY somatic cells, these cells have retained multipotency 

which presents challenges in avoiding undesirable cell (i.e. neuronal) lineage differentiation. 

In addition, a major limitation of the use of this line has been the well-characterised low rate 

of transfection (20%). As such, it has been speculated that negative results when using 

transfected NT2/D1 cells may be a reflection of this this limitation (Bernard, Sim, Knower, 

Vilain, & Harley, 2008). Therefore, the first aim of this study was to improve transfection 

efficiency to ensure sensitivity of the assays. Following this enhancement, NT2/D1 cells either 

overexpressing SOX9 with an expression plasmid or SOX9 knocked down with siRNA, human 

Sertoli cell functions were investigated  to establish whether SOX9 plays a significant role in 

controlling proliferation, adhesion and the establishment of polarity of these cells. 

 

3.2 Methods 

Cell culture and transient transfection - NT2/D1 cells were cultured in DMEM/F12 + GlutaMAX 

medium supplemented with 10% Fetal Bovine Serum and Antibiotic-Antimycotic (growth 

medium) in an atmosphere of 5% carbon dioxide at 37°C. All experiments repeated at least 3 

times. Cells were seeded in a 6-well plate at a density of 3.6x105 cells per well. After 24 hours, 

all media was removed, and transfection reagents were added to the cells with 1ml of OPTI-

MEM starve media. Following a 5-hour incubation, 500µl of transfection media was removed 

from each well and replaced with 2ml of growth medium. For over-expression analysis, cells 

were transfected using X-tremeGENE 9 with a total of 1µg of pcDNA3-SOX9 (‘SOX9’) or the 

stoichiometrically equivalent amount of pcDNA3 control (‘Control’) expression plasmids in a 

3:1 ratio with pEF-GFP in order to maximise selection for SOX9 transfected cells during 

fluorescent activated cell sorting (FACS). For knockdown analyses, cells were transfected with 

100nM siSOX9 (‘SiSOX9’) or control siRNA (‘Control’) using Lipofectamine 2000 according to 

the manufacturer’s instructions. Total RNA was extracted after 48 hours using TRI Reagent® 

following the manufacturer’s procedure for a cell monolayer. 
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Quantitative RT-PCR (qRT-PCR)- 1µg of total RNA was reverse transcribed into cDNA using 

QuantiTect Reverse Transcription kit as per the manufacturer’s instructions. 1 in 4 dilution of 

the cDNA product was PCR amplified using the QuantiTect SYBR® green Lightcycler RT-

PCR kit. Real time quantitation of mRNA levels was conducted using the 7900HT Fast Real-

Time PCR System (ThermoFisher Scientific). Primer sequences used are detailed in Appendix 

1. Gene expression was normalized to RPS29 levels using the delta-delta CT method. 

Statistical analysis has been performed using Graphpad Prism V7  

 

Western Blot – Total cell protein was isolated post-transfection with radioimmunoprecipitation 

assay (RIPA) buffer, or for nuclear extractions using NE-PER kit (Pierce Biotechnology, 

Rockford USA), as per the manufacturer’s instructions from whole cell populations. 5µg of 

protein was run on a 12% acrylamide gel in Towbins running buffer. After transfer to a PVDF 

membrane using Towbin’s transfer buffer, the membrane was blocked with 5% skim milk 

powder in TBS-T for 1 hour. Primary antibody (Rabbit anti-SOX9 1:2000, Mouse anti-NEDD9 

1:5000, TBP 1:5000 or Mouse anti-β-Tubulin 1:5000) was applied overnight at 4°C. The 

membrane was washed in TBS-T and then incubated in secondary (Donkey anti-Mouse 

1:5000 or Goat anti-Rabbit 1:5000) for 1 hour at room temperature. The membranes were 

again washed in TBS-T and then imaged using ECL kit on a BioRad Chemidoc™. Image 

quantification has been performed using ImageJ software and statistical analysis has been 

performed using Graphpad Prism V7. Relative pixel densities of bands (with background 

subtracted) have been measured using the ‘measurement’ tool and values graphed have been 

normalized to the loading control. 

 

Xcelligence – Real time adhesion, proliferation and migration assays were conducted using 

the Xcelligence system (ACEA) where cell number is calculated via electrical impedance 

across an electrode. The more cells attached to, or that pass through the gold electrode, the 

higher the electrical impedance measurement. 42 hours following transfection, NT2/D1 cells 

growth medium was replaced with starve (0% fetal calf serum) medium for 6 hours. For 

adhesion/proliferation assays, cells were seeded in proliferation assay plates (E-plates; John 

Morris Scientific) at a density of 1x104 cells per well with 5% fetal calf serum. Readings were 

taken on the Xcelligence machine every 15 seconds for the first 5 hours to measure adhesion 

followed by every 15 minutes for the next 43 hours. Analysis of adhesion encompassed 0-5 

hours’ time points. Analysis of proliferation encompassed 12-48 hour time points. For 

migration assays, 10% fetal calf serum was added in the lower well of migration assay plates 

as a chemoattractant (E-plates; John Morris Scientific) and cells were seeded in the upper 

well at a density of 2x104 with 1% fetal calf serum. Readings were taken every 15 minutes for 
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48 hours. Analysis encompassed 5-48 hours. All treatments were performed in quadruplicate 

to a total of three biological replicates. All data are expressed as rates of change.  

 

Transepithelial Electrical Resistance (TEER) Assays – NT2/D1 cells were seeded at a density 

of 1x105 onto polyester bicameral chambers (12mm, 0.3µm pore; Sigma) 24 hours post 

transfection. Cells were allowed to attach overnight in 10% fetal calf serum before being 

washed with PBS and media replaced with 0.5% fetal calf serum. Cells were then incubated 

for a further 6 hours. Cells were then equilibrated on a warming plate set to 37 degrees within 

the culture hood for 30 minutes before TEER measurement. Following readings at 48 hours 

post transfection, cells were fixed for 7 minutes in 4% PFA for immunofluorescent analysis. 

These experiments were repeated at least 3 times. Results are reported as Ω.cm2. 

 

Immunofluorescence, NT2/D1 cells – Membranes from TEER assays were carefully cut from 

inserts and placed, cells facing upwards in cell culture plate with wells just larger than the 

membrane. Or, cells were cultured on a UV sterilized coverslip within a 6-well plate. Both 

membranes and coverslips were fixed in 4% PFA for 7 minutes before being washed in PBS. 

After washing with PBS, were blocked with 5% Donkey Serum in 1x PBS with 0.1% Tween 20 

for 1 hour. The block was removed and replaced with primary antibodies (Phospo-Histone H3 

1:300, Laminin 1:200, N-Cadherin 1:25) and incubated for 2 hours at 37 degrees. Primary was 

washed off with 1x PBS with 0.1% Tween 20 and the membranes were incubated with the 

fluorescent-conjugated secondary antibody, (donkey anti-goat Alexa Fluor 594 1:1000 and 

donkey anti-rabbit Alexa Fluor 488 1:1000) for 1 hour at room temperature. Sections were 

washed in 1x PBS with 0.1% Tween 20, counterstained using DAPI, and then washed in 1x 

PBS and mounted using Dako Fluorescent Mounting Medium. Sections were imaged using 

fluorescence microscopy (Olympus Corp). 

 

3.3 Results 

Optimising NT2/D1 transfection: effect of starvation and cell density 

In order to optimise the of transfection efficiency in NT2/D1 cells was, cell culture conditions 

were modified when transfecting 1µg of GFP expression plasmid, then assessed by FACS 

after 48 hours. Transfection efficiency was increased by 10% from approximately 20% to 30% 

when cells were transfected at a higher density (3.6 x105) than previously (2x105) (Figure 

3.1a) (P<0.01). Higher seeding density value was chosen based on an estimate of 70% 

confluency at the time of transfection (Nikcevic, Kovacevic-Grujicic, & Stevanovic, 2003) The 

addition of a starvation step for 5 hours following transfection further increased this rate to 

approximately 40% (Figure 3.1a and 3.1b) (P<0.05). Starvations exceeding 6 hours resulted 
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in decreased cell viability and under 3 hours did not affect transfection rates (data not shown). 

Increasing the concentration of transfected plasmid did not improve transfection efficiency, as 

over 1.5ug decreased cell viability (data not shown).   
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Figure 3.1. Transfection efficiency of NT2/D1 cells; effect of seeding density and 

starvation. (a) Increasing seed density and the addition of a 5-hour starvation at the time of 

transfection increased the transfection efficiency by 24% when NT2/D1 cells were transfected 

with 1ug of pEF-GFP plasmid and analysed by FACS after 48 hours. Circles show individual 

experiments with seeding density of 2.0x105, squares show seeding density of 3.6x105 snf 

triangles show seeding density of 3.6x105 plus starvation (b) Representation of the output 

generated by FACS with gating when transfection protocol is optimised. Pink shows GFP 

negative cells and blue shows GFP positive cells. Efficiencies are reported as percentage of 

the parent population and each test value graphed individually, with bars representing means 

and standard deviations.  P-values are calculated using one-way ANOVA with Tukey’s post 

hoc test, where the asterisks indicates significance: *<0.05, ***<0.001. 
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Effect of over and under expression of SOX9 in NT2/D1 cells on expression of target 

genes 

In order to analyse the effects of SOX9 alterations in NT2/D1 cells, cells were transfected with 

either SOX9 expression plasmid to increase expression or SOX9 siRNA to knockdown 

expression. QRT-PCR analysis of NT2/D1 cells transfected with the SOX9-over expression 

plasmid showed that when compared to empty vector, gene expression of endogenous SOX9 

itself was significantly increased by 35%, consistent with autoregulation (Gonen et al., 2017, 

Croft et al., 2018) (Figure 3.2 a, left). Western Blot analysis of whole cell extracts confirmed 

this result with an average 30% increase observed (Figure 3.2 a, middle and right). In whole 

cell extracts of empty vector transfected control NT2/D1 cells, the SOX9 protein levels are 

very low and making detection by Western Blot analysis difficult (Figure 3.2 a, middle). As the 

whole cell extract contains both the membrane-bound and cytoplasmic fractions of protein as 

well as the nuclear fraction it is possible that the increase in protein may reflect more protein 

being present outside of the nucleus and thus would have little physiological relevance as 

SOX9 action is as a transcription factor. Immunofluorescence confirmed the pattern of protein 

localisation is not altered and thus can be relevant to altering gene expression (Figure 3.2 b). 

SOX9 was knocked down in NT2/D1 cells using a siRNA and scrambled control, previously 

validated and used to test SOX9 cellular function (Alankarage et al., 2016, McDonald et al., 

2012). In contrast, transcriptional analysis of SOX9 knockdown cells showed that transcript 

SOX9 transcript levels were downregulated by 46% compared to the control transfected cells 

(Figure 3.2 c, left). To improve SOX9 protein detection in the knockdown model, the Western 

blot was sensitised the enrich for SOX9 by analysing nuclear extracts. Again, Western blot of 

nuclear extracts confirmed this result with an average of 48% decrease in SOX9 protein 

(Figure 3.2 c, middle and right). To investigate whether altered SOX9 expression in NT2/D1 

cells had functional consequences to SOX9-target gene expression, mRNA levels of the well 

characterised target, AMH were assayed (Arango, Lovell-Badge, & Behringer, 1999). In 

NT2/D1 cells transfected with SOX9-over expression plasmid, AMH was up-regulated by 2-

fold (Figure 3.2 d, left). In SOX9 knockdown-treated cells however, AMH levels were reduced 

by 37% (Figure 3.2 d right). Together, these results confirm that NT2/D1 cells model events 

in Sertoli cells such as SOX9 regulation of AMH, and thus serves as a valuable in vitro model 

to investigate biological responses due to altered SOX9 expression in human Sertoli cells.  
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Figure 3.2. Manipulation of SOX9 mRNA levels in NT2/D1 cells alters SOX9 Sertoli cell 

target gene expression (a) Left; Histogram of endogenous SOX9 gene expression data from 

qRT-PCR in NT2/D1 cells over expressing SOX9 (SOX9). Middle; Western blot analysis of 

SOX9 protein levels (60kDa) using whole cell extracts. β-Tubulin was used as a loading control 

(50kDa) (representative of n=3). Right; Histogram of Western Blot results (b) 

Immunofluorescence on NT2/D1 cells. SOX9 is in green and DAPI in blue. Scale bar 

represents 50µm. Dotted square on imaged depicts the area in zoom image Left; Control 

NT2/D1 cells, Right; SOX9 over expressing NT2/D1 cells (c) Left; Histogram of endogenous 

SOX9 gene expression data from qRT-PCR in NT2/D1 cells with SOX9 knocked down 

(SiSOX9). Middle; Western blot analysis using nuclear extracts of SOX9 protein levels 

(60kDa). TBP was used as a loading control (38kDa) (representative of n=3). Right; Histogram 

of Western blot results (d) Left; Histogram of AMH expression data from qRT-PCR in NT2/D1 

cells over expressing SOX9 (SOX9) and Right; NT2/D1 cells with SOX9 knocked down 

(SiSOX9) All values were determined from at least 3 individual tests. Means are graphed with 

error bars representing standard deviation. P-values were calculated using a one-sided 

Student’s T-test where the asterisk indicates significance: **<0.01, ***<0.001.  
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Analysis of the role SOX9 in adhesion, proliferation and the migration of NT2/D1 cells 

Given that testis cord formation and maintenance requires adhesion of Sertoli cells both 

between themselves and with germ cells during testis development, we hypothesised that 

SOX9 would influence this process in NT2/D1 cells (Reviewed in (Mruk & Cheng, 2004)). To 

investigate this, Xcelligence assays were performed on SOX9 knockdown and control NT2/D1 

cells. To test adhesion, electrical impedance resulting from the adhesion of cells to the 

electrode was measured for 5 hours (Figure 3.3 a, left, blue shading). Cells with reduced 

SOX9 expression showed a significantly reduced rate of adhesion (P<0.05) compared to 

control (Figure 3.3 a, middle). Proliferation is also required by embryonic Sertoli cells, to 

elongate the testis cords and create a nourishing environment for germ cells, with the number 

of Sertoli cells directly influencing sperm production potential in adult life (Reviewed in 

(Sharpe, McKinnell, Kivlin, & Fisher, 2003)). The same assay revealed the effect of SOX9 on 

proliferation in NT2/D1 cells. Following the initial adhesion period, the rate of cell proliferation 

was measured. Here, electrical impedance increased as there were more cells present on the 

electrode correlating to a relative increase in cell number (Figure 3.3 a, left, unshaded). The 

rate of proliferation also significantly decreased compared to control (P<0.05) (Figure 3.3 a, 

right). Immunofluorescence to detect phospho-Histone H3 (PH3), a marker of proliferating 

cells, confirmed this result as more proliferating cells (red) are observed in the control than the 

SOX9 knockdown NT2/D1 cells (Figure 3.3 b) 

 

To organise into cords, Sertoli cells must migrate to encompass the germ cells (Nel-Themaat 

et al., 2011). Migration was therefore also investigated using Xcelligence assay. In this assay, 

electrical impedance is measured as cells move across an electrode towards an area of high 

chemical attraction (Figure 3.3 c, left). When SOX9 expression was reduced, there was no 

change in rate of migration of NT2/D1 cells compared to control (Figure 3.3 c, right). 
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Figure 3.3. SOX9 controls adhesion and proliferation in Xcelligence assays. (a) Left; A 

representation of the output from the Xcelligence system measuring adhesion (blue shading) 

followed by proliferation (white background) of SOX9 knockdown (grey) and control NT2/D1 

cells (black). Middle; Histogram showing the rate of change of cell index of adhesion with 

control and SOX9 knockdown NT2/D1 cells (SiSOX9) and, Right; Histogram showing the rate 

of change of cell index of proliferation. (b) Immunofluoresence for a proliferation marker, 

Phospho-histone H3 (red, white arrows) on control and SOX9 knockdown NT2/D1 cells 

(SiSOX9). Nuclei are stained with DAPI (blue). Scale bars represent 500µm (c) Left; A 

representation of the output from the Xcelligence system measuring migration of SOX9 

knockdown (grey) and control NT2/D1 cells (black). Right; Histogram showing the rate of 

change of cell index of migration with control and SOX9 knockdown NT2/D1 cells (SiSOX9) 

Electrical impedance was measured and reported as cell index for all Xcelligence tests. 

Histograms were made using rate of change (slope). Values were determined from 3 individual 

tests. Means are graphed with error bars representing standard deviation. P-values were 

calculated using one-sided Student’s T-test where the asterisk indicates significance: *<0.05  
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Analysis of the role SOX9 in transepithelial resistance in NT2/D1 cells 

By embryonic day 13 (E13) in mice, the testis cords have been defined, and are beginning to 

increase in length. This also marks the stage when Sertoli cells gain polarity and acquire an 

epithelial-like morphology where nuclei move closer to the basal lamina(Nel-Themaat et al., 

2011). To test if SOX9 controls the establishment of polarity in NT2/D1 cells, transepithelial 

electrical resistance assays were used. This measures the permeability of a monolayer of 

cells, indicating the integrity of junctions between cells (Pattabiraman, Epstein, & Rao, 2013; 

Srinivasan et al., 2015). As junctions are essential components in the formation of polarity, 

this assay can be used to indicate both cell adhesion and polarity. To investigate if there is 

any change in transepithelial resistance, SOX9 knockdown and control cells were seeded in 

a 12mm well inserts and assayed after 24 hours. SOX9 knockdown resulted in significantly 

reduced transepithelial resistance compared to control (P<0.01) (Figure 3.4a). Immediately 

after resistance readings were taken, the inserts were fixed and immunofluorescence was 

carried out to investigate the possible contribution of two markers of Sertoli cell polarity in the 

developing testis, Laminin and N-Cadherin. Laminin showed weaker expression, while N-

Cadherin expression was lost (Figure 3.4b).  
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Figure 3.4. SOX9 controls transepithelial resistance in NT2/D1 cells. (a) Histogram of 

transepithelial resistance measurements comparing control and SOX9 knockdown (SiSOX9) 

cells. Measurements were only made at 24 hours post seeding. Values were determined from 

3 individual tests. Means are graphed with error bars representing standard deviation. P-

values were calculated using a one-sided Student’s T-test where the asterisk indicates 

significance: **<0.01. (b) Immunofluorescence on inserts fixed immediately after resistance 

was assayed for two polarity proteins expressed in Sertoli cells, Laminin (red) and N-Cadherin 

(green). Nuclei are stained with DAPI (blue). Scale bars represent 500µm.  
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3.4 Discussion 

Regulation of gene transcription by SOX9 in the developing gonad is essential for testis 

development. By increasing the transfection efficiency of NT2/D1 cells, this study has 

established an in vitro model to demonstrate that SOX9 controls analagous cell functions to 

those of Sertoli cells in the developing testis. Previous studies using NT2/D1 cells as a model 

for human Sertoli cells have largely focussed on genetic regulation (Alankarage et al., 2016; 

de Santa Barbara, Moniot, Poulat, & Berta, 2000; Moniot et al., 2009; Rahmoun et al., 2017). 

However, this study shows that NT2/D1 cells can also be used to model Sertoli cellular 

behaviour and can thus be used in investigations of cellular function in the developing testis.   

 

The low transfection rates of NT2/D1 cells have been a continual limitation for their use, and 

therefore serum starvation was considered a possible method to improve these rates. In many 

different cell culture approaches, serum starvation is a useful tool to synchronize the cell cycle, 

reduce cellular activities to basal levels and to induce quiescence. As a complement to 

transfection, serum starvation greatly increases efficiency in the pluripotent line, human 

embryonic stem cells (Liu, Zhang, & Peng, 2016; Wallenstein, Barminko, Schloss, & Yarmush, 

2010). The addition of the serum starvation does not alter gene expression but if starved too 

long, cells will decrease in viability (Wallenstein et al., 2010). The transfection efficiency is 

thought to increase with starvation as the cells become synchronised in cell cycle, arresting 

the G0/G1 phase and thus many protocols have much longer starvation periods than has been 

applied here to ensure homogeneity (Migita et al., 2011; Wallenstein et al., 2010). A dramatic 

decrease in viability was observed if starvation was applied for longer than 6 hours in NT2/D1 

cells. Therefore, cell cycle synchronisation by chemical methods, (and not starvation) may 

further improve this transfection rate. This would also allow the flexibility to arrest cells in 

different cell cycle phases, which may be more suitable when dealing with other cell lines. For 

example, Chinese hamster ovarian (CHO) cells transfect best after being arrested in S phase 

(Grosjean, Batard, Jordan, & Wurm, 2002).. Serum starvation may also aid in the movement 

of lipofectamine through the cell membrane and to the perinuclear region, which can take up 

to 4 hours (Cardarelli et al., 2016). The presence of serum can decrease the efficiency of how 

the lipoplexes form and while many transfection protocols take this into account with a short 

serum-free incubation, introduction of serum before the DNA has reached its cellular target 

may interrupt this process.  

 

Despite an improved transfection rate, SOX9 overexpression only led to a 35% increase in 

SOX9 protein levels in NT2/D1 cells. However, this increase was effective enough to increase 

the expression of the well characterised SOX9 target gene, AMH (Arango et al., 1999). It is 
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worth noting however that this increase in detected transcripts by RNAseq and qRT-PCR 

compares with a previous, less sensitive, microarray-based report where endogenous SOX9 

levels did not reach a threshold of 1.25-fold increase when NT2/D1 cells were transfected with 

SOX9 expression plasmid (Ludbrook et al., 2016). Even with only a mild increase, this report 

found gene expression changes to 2626 genes, including known sex determining and testis 

function genes reiterating the potent potential of SOX9. Conversely, the siRNA-induced a 

decrease in SOX9 expression of 47% which resulted in the decrease of AMH expression. 

While this model does not necessarily show whether the control by SOX9 is direct, 

responsiveness of gene expression to the alterations in SOX9 levels will indicate if the chosen 

target gene is in a pathway regulated by SOX9 in a Sertoli cell environment.  The SOX9 

knockdown model has important biological relevance, because in humans, a reduction of 

SOX9 levels by about 50%, caused by heterozygous SOX9 mutation, is sufficiently severe to 

prevent testis development and cause XY sex reversal (Wagner et al., 1994). However, our 

model no sex reversal when probed by immunofluorescence for expression with the female 

transcription factor, FOXL2, in a preliminary analysis (data not shown, Abcam ab5096). This 

suggests that by decreasing SOX9 in an intact, human Sertoli cell environment this model 

could be used to investigate Sertoli cell function but not to the point of trans-differentiation into 

granulosa-like cells. 

 

We find that proliferation and adhesion are both controlled by SOX9 in NT2/D1 cells. To date, 

proliferation in embryonic Sertoli cells has largely been attributed to the growth factor, FGF9. 

In mice, Fgf9 is downstream of Sox9 and plays a critical role in repressing the female pathway 

as well as proliferation via its receptor Fgfr2c (Kim et al., 2007; Schmahl, Kim, Colvin, Ornitz, 

& Capel, 2004; Willerton, Smith, Russell, & Mackay, 2004). Fgf9 acts early in the mouse testis 

to induce Sertoli cell proliferation, with defects appearing before cord formation in XY FGF9 

homozygote knockout mice (Schmahl et al., 2004). Heterozygous mutation to FGF9 in 

humans’ results in bone malformations, however no patients have yet been detected with XY 

sex reversal begging the question of whether FGF9 controls Sertoli cell proliferation in humans 

(Rodriguez-Zabala et al., 2017). Therefore, it is highly likely that there are more factors 

controlling proliferation in human Sertoli cells to be discovered. Further to this, the molecular 

connection between FGF9 and SOX9 is yet to be identified. The NT2/D1 model presented 

here provides a system where FGF9 control of proliferation in human cells can be investigated 

and the relationship between SOX9 and FGF9 can be probed, as understanding not only the 

genes involved in testis development but their regulation provides key diagnostic information 

for Disorders of Sex Development (Gonen et al., 2018).  
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Paracrine regulators of Sertoli cells, such as Activin A , Insulin-like growth factor and FSH, are 

also critical for embryonic Sertoli cell proliferation (Allan et al., 2004; Froment et al., 2007; 

Meehan, Schlatt, O'Bryan, de Kretser, & Loveland, 2000; Nicholls et al., 2012). Despite this 

observation, Sertoli cells isolated from both human and mice testes will still proliferate in the 

absence of other cell types (Nicholls et al., 2012). Given that Sertoli cells have multiple non-

autonomous proliferation mechanisms, it is possible that there are more cell autonomous 

mechanisms. Our model suggests these mechanisms are under the control of SOX9.  

 

Cell adhesion and cell polarity are intimately related, as adhesion molecules often define the 

barriers that are required for polarity. Knockdown of SOX9 in NT2/D1 cells suggests that SOX9 

controls both. Adhesion of Sertoli cells to each other, and to germ cells has been closely 

investigated in the adult testis but not in the embryonic testis. The blood-testis barrier formed 

by tight junctions between Sertoli cells does not develop until puberty in mammals (Stanton, 

2016). When mutated or ablated from mice, many of the central proteins that form these 

junctions do not apparently perturb testis development but still result in infertility, due to their 

postnatal role (Furuse, 2009). Despite having no reported role in embryonic development, 

these proteins, such as Cldn11, are still highly expressed in the developing mouse testis (Gow 

et al., 1999). In our model the decrease of SOX9 results in a loss of N-Cadherin expression 

(encoded for by CDH2) and reduced laminin expression. The function of adherens junctions, 

which precedes the development of tight junctions, are yet to be investigated in the embryonic 

testis because total ablation of Cdh1 and Cdh2, critical components of the adherens junctions 

in XY mice, is embryonic lethal soon after implantation (Larue, Ohsugi, Hirchenhain, & Kemler, 

1994). Ablation of Sox9 and the closely related Sox8 from the embryonic testis causes both 

the decrease in expression of adherens molecules and a disruption in basal lamina expression 

(Barrionuevo et al., 2009; Georg, Barrionuevo, Wiech, & Scherer, 2012). Thus, our model 

provides a system to investigate both adhesion and polarity in human Sertoli cells. As SOX9 

regulates this pathway, finding important components can come from investigating the genes 

downstream of SOX9.   

 

Migration is another critical function of Sertoli cells in the developing testis. Our NT2/D1 model 

suggests that SOX9 does not play a role in regulating Sertoli cell migration, however this result 

may reflect limitations of this model. Firstly, Sox8 reinforces Sox9 expression during the 

development of the embryonic testis. In XY mice, Sox8 is dispensable for testis development, 

however in the absence of Sox9 it can compensate for the loss of gene regulation and 

somewhat maintain the developmental potential of the embryonic testis (Barrionuevo et al., 

2009; Sock, Schmidt, Hermanns-Borgmeyer, Bosl, & Wegner, 2001). It is not until Sox9 is 

ablated from Sertoli cells on a Sox8 null background that disruption to cell junctions, and 
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upregulation of female markers was seen in the double knockout XY mice. This redundant 

mechanism is also at play in the human, and given SOX8 is expressed in NT2/D1 cells is 

highly likely to affect NT2/D1 model as well (Knower et al., 2007; Portnoi et al., 2018). Another 

important consideration of this model is that the degree of knockdown may not be sufficient to 

disrupt critical functions. As these cells do still migrate, it is possible that this process is still 

under the control of SOX9. Exacerbating the loss of SOX9 in this model may induce more 

severe phenotypes.   

 

In conclusion, we have developed a model the investigate the role of SOX9 in Sertoli cells 

during testis development, specifically proliferation, migration, adhesion and polarity. Firstly, 

the transfection efficiency of NT2/D1 cells has been improved with the addition of a 5 hour 

starvation to the protocol and an increased seeding density. Despite this improvement, further 

SOX9 knockdown may exacerbate phenotypes and development of alternative in vitro models 

should still be considered (Appendix 3). This study demonstrated that SOX9 controls cell 

proliferation suggesting that target genes of SOX9 likely regulate critical internal mechanisms 

of proliferation in Sertoli cells. Furthermore, SOX9 was shown to control both adhesion and 

polarity. As both functions are yet to be closely investigated in the developing testis, this model 

provides an environment for further examine the role of the genes SOX9 controls.  
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4.1 Introduction 

Sex determination is the process during embryogenesis by which the bipotential gonad 

commits to developing as either an ovary (in the XX embryo) or a testis (in the XY embryo). 

Testis development is initiated by the expression of the Y-chromosome gene SRY, which 

activates expression of SOX9(Croft et al., 2018; Gonen et al., 2018; Sekido & Lovell-Badge, 

2008). The transcription factor SOX9 orchestrates the differentiation and development of the 

testis from the biopotential gonad. Without SOX9, the gonad will develop as an ovary with the 

individual having the female phenotype (Vidal, Chaboissier, de Rooij, & Schedl, 2001; Wagner 

et al., 1994).  

Disorders of Sex Development (DSD) encompass a wide range of conditions where 

chromosomal, gonadal or anatomical sex is atypical (Hughes et al., 2006). DSD  encompasses 

a broad spectrum of conditions, including the development of ambiguous genitalia and 

complete sex reversal (1 in 4500 and 1 in 20,000 live births respectively (Reviewed in (Leon, 

Reyes, & Harley, 2019)). Despite over 20 years of research, over 50% of 46, XY DSD still fail 

to achieve molecular diagnosis which poses a major challenge for clinical management 

(Eggers et al., 2016; Ozen et al., 2017). This low diagnosis rate can be attributed to a lack of 

understanding regarding the molecular genetic mechanisms involved in the development of 

the testis and ovary.  

As a transcription factor, SOX9 is a key regulator of the genes and pathways required for testis 

differentiation and development (Morais da Silva et al., 1996). In humans, mutation of SOX9 

coding or regulatory region can result in Campomelic Dysplasia with associated XY sex 

reversal (Foster et al., 1994; Wagner et al., 1994). SOX9 divides its labour among Sertoli cell 

genes in order to direct a multitude of cell phenotypes including cell proliferation, cell adhesion 

and cell migration (see Chapter 3). Mutation to direct transcriptional target genes of SOX9 can 

also cause DSD. One such target gene, AMH (anti-Müllerian hormone) is synthesised by the 

Sertoli cells to regress the female reproductive tract (Arango, Lovell-Badge, & Behringer, 

1999; Cate et al., 1986). Mutation to AMH results in the persistence of the Müllerian ducts 

which develop as the oviducts, uterus and upper vagina. Only a handful of other SOX9 target 

genes have been identified in testis development including PGDS, ETV5, DHH, CYP26B1 and 

GDNF (reviewed in Chapter 1). Collectively, these genes account for a few of the Sertoli cell 

functions required for testis development including amplification of SOX9 expression 

(PTGDS), direct the differentiation of other testis cells (DHH), and protect the germ cells, 

(ETV5, CYP26B1, GDNF) (Alankarage et al., 2016; Kashimada et al., 2011; Meng et al., 2000; 

Moniot et al., 2009; Wilhelm et al., 2007; H. H. Yao, Whoriskey, & Capel, 2002). However, 

chromatin immunoprecipitation (ChIP) experiments predict that SOX9 could have over 5000 
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direct targets in the developing gonad, possibly regulating other Sertoli cell functions (Li, 

Zheng, & Lau, 2014; Rahmoun et al., 2017). Understanding these genes and the pathways 

they control will provide further insight into the molecular mechanisms of DSD.  

This study shows that SOX9 directly regulates the expression of a testis-specific gene, Neural 

precursor cell expressed, developmentally downregulated 9 (NEDD9), during the 

development of the testis. Neural precursor cell expressed, developmentally downregulated 

9, or NEDD9, is a non-catalytic scaffolding protein which acts to assemble many different 

complexes and therefore regulates several cellular functions including proliferation, adhesion 

and migration (Aquino et al., 2009; Miao et al., 2013; Singh, Cowell, Seo, O'Neill, & Golemis, 

2007). Despite being identified as a sexually dimorphic gene over 10 years ago, the function 

of NEDD9 in testis development had not been elucidated (Nef et al., 2005). However, recent 

Sox9 ChIP sequencing identified Nedd9 as a possible target of Sox9 in the bovine testis, 

inviting the investigation of its testicular function, and if it is relevant to human development 

(Rahmoun et al., 2017). Using the model developed in Chapter 3 of this thesis, this research 

shows that NEDD9 regulates proliferation in Sertoli cells, and possibly plays a role in the 

establishment of cell polarity.  

4.2 Methods 

Cell culture and transient transfection - NT2/D1 cells were cultured in DMEM/F12 + GlutaMAX 

medium supplemented with 10% Fetal Bovine Serum and Antibiotic-Antimycotic (growth 

medium) in an atmosphere of 5% carbon dioxide at 37°C. All experiments repeated at least 3 

times. Cells were seeded in a 6-well plate at a density of 3.6x105 cells per well. After 24 hours, 

all media was removed, and transfection reagents were added to the cells with 1ml of OPTI-

MEM starve media. Following a 5-hour incubation, 500µl of transfection media was removed 

from each well and replaced with 2ml of growth medium.  For over-expression analysis, cells 

were transfected using X-tremeGENE 9 with a total of 1µg of pcDNA3-SOX9 (‘SOX9’) or 

pcDNA3 empty vector control (‘Control’) expression plasmids in a 3:1 ratio with pEF-GFP in 

order to maximise selection for SOX9 transfected cells during fluorescent activated cell sorting 

(FACS). For knockdown analyses, cells were transfected with 100nM siSOX9 (‘SiSOX9’) or 

control (Control) siRNA or with 20nM total of siNEDD9 A and siNEDD9 B combined 

(SiNEDD9), as per (Humphreys et al., 2013) or negative control siRNA (Control) (see 

Appendix 1 for details) using Lipofectamine 2000 according to the manufacturer’s instructions. 

Total RNA was extracted after 48 hours using TRI Reagent® following the manufacturer’s 

procedure for a cell monolayer. 

Quantitative RT-PCR (qRT-PCR)- 1µg of total RNA was reverse transcribed into cDNA using 

QuantiTect Reverse Transcription kit as per the manufacturer’s instructions. 1 in 4 dilution of 
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the cDNA product was PCR amplified using the QuantiTect SYBR® green Lightcycler RT-

PCR kit. Real time quantitation of mRNA levels was conducted using the 7900HT Fast Real-

Time PCR System (ThermoFisher Scientific). Primer sequences used are detailed in Appendix 

1. Gene expression was normalized to RPS29 levels using the delta-delta CT method. 

Statistical analysis has been performed using Graphpad Prism V7  

Western Blot – Total cell protein was isolated post-transfection with radioimmunoprecipitation 

assay (RIPA) buffer, or for nuclear extractions using NE-PER kit (Pierce Biotechnology, 

Rockford USA), as per the manufacturer’s instructions from whole cell populations. 5µg of 

protein was run on a 12% acrylamide gel in Towbins running buffer. After transfer to a PVDF 

membrane using Towbin’s transfer buffer, the membrane was blocked with 5% skim milk 

powder in TBS-T for 1 hour. Primary antibody (Mouse anti-NEDD9 1:5000 or Mouse anti-β-

Tubulin 1:5000) was applied overnight at 4°C. The membrane was washed in TBS-T and then 

incubated in secondary (Donkey anti-Mouse 1:5000) for 1 hour at room temperature. The 

membranes were again washed in TBS-T and then imaged using ECL kit on a BioRad 

Chemidoc™. Image quantification has been performed using ImageJ software and statistical 

analysis has been performed using Graphpad Prism V7.  

Chromatin Immunoprecipitation- NT2/D1 cells transfected with either pcDNA3-SOX9 or 

pcDNA3 control expression vector (as above) were cross-linked with formaldehyde to a final 

concentration of 1%. Glycine was added to stop fixation to a final concentration of 0.125M. 

The cells were pelleted before resuspension in ChIP Lysis Buffer, and sonicated using the 

Covaris S220 Focused-ultrasonicator for 1.5 minutes (175.0 peak power; duty factor 30; 200 

cycles/burst) to achieve a general fragment size of 200-500bp. DynabeadsTM Protein A were 

coupled with Rabbit anti-SOX9 and Rabbit polyclonal IgG. Sonicated chromatin was coupled 

with antibody and incubated overnight at 4oC. Beads were washed with ChIP-RIPA buffer and 

TE buffer and eluted in Elution Buffer. Chromatin was treated with Proteinase K.  

DNA was purified by phenol:chloroform separation. 100% ethanol was added to precipitated 

DNA. Prior to immunoprecipitation, 20% of the sonicated chromatin was retained as total input 

chromatin and processed with the eluted immunoprecipitates. Chromatin was resuspended in 

60μl TE buffer. The final ChIP precipitates and diluted input were analysed by qRT-PCR with 

the primers detailed in Appendix 1, using the Applied Biosystems 7900HT Fast Real-Time 

PCR system. Of the 60μl eluted from ChIP, 0.5μl of chromatin was added per well. Relative 

expression at each position was calculated as the ratio of the amount of PCR template in ChIP 

samples to that in input. IgG of the empty vector control (pcDNA3) was then set to 1 with all 

other samples calculated relative to this control. 



Chapter 4 
 

90 
 

Luciferase assay- Candidate 1.2 kb NEDD9 promoter (Hg19 Chr6:11,232,507-11,233,727) 

was generated by GeneScript between BglII and HindIII into Pgl4.10 luciferase vector 

(Promega). Luciferase assays were performed using COS-7 cells, as described in (Croft et 

al., 2018) with modifications; total 120ng of transcription factors per condition, 40ng of each 

transcription factor and 75ng of Ppgl4.10 luciferase, with 15ng of Renilla control. Firefly 

luciferase values assays were normalized to transfection control Renilla luciferase values and 

then to the average of the empty transcription factor vector control (pcDNA3.1). Standard error 

of the mean (s.e.m.) and 2way ANOVA were conducted from 4 biological replicates using 

Graphpad Prism V7 

Xcelligence – Real time adhesion, proliferation and migration assays were conducted using 

the Xcelligence system (ACEA) where cell number is calculated via electrical impedance 

across an electrode. The more cells attached to, or that pass through the gold electrode, the 

higher the electrical impedance measurement. 42 hours following transfection, NT2/D1 cells 

growth medium was replaced with starve (0% fetal calf serum) medium for 6 hours. For 

adhesion/proliferation assays, cells were seeded in proliferation assay plates (E-plates; John 

Morris Scientific) at a density of 1x104 cells per well with 5% fetal calf serum. Readings were 

taken on the Xcelligence machine every 15 seconds for the first 5 hours to measure adhesion 

followed by every 15 minutes for the next 43 hours. Analysis of adhesion encompassed 0-5 

hours’ time points. Analysis of proliferation encompassed 12-48 hour time points. For 

migration assays, 10% fetal calf serum was added in the lower well of migration assay plates 

as a chemoattractant (E-plates; John Morris Scientific) and cells were seeded in the upper 

well at a density of 2x104 with 1% fetal calf serum. Readings were taken every 15 minutes for 

48 hours. Analysis encompassed 5-48 hours. All treatments were performed in quadruplicate 

to a total of three biological replicates. All data are expressed as rates of change. Statistical 

analysis has been performed using Graphpad Prism V7.  

Transepithelial Electrical Resistance (TEER) Assays – NT2/D1 cells were seeded at a density 

of 1x105 onto polyester bicameral chambers (12mm, 0.3µm pore; Sigma) 24 hours post 

transfection. Cells were allowed to attach overnight in 10% fetal calf serum before being 

washed with PBS and media replaced with 0.5% fetal calf serum. Cells were then incubated 

for a further 6 hours. Cells were then equilibrated on a warming plate set to 37 degrees within 

the culture hood for 30 minutes before TEER measurement. Following readings at 48 hours 

post transfection, cells were fixed for 7 minutes in 4% PFA for immunofluorescent analysis. 

These experiments were repeated at least 3 times. Results are reported as Ω.cm2. 

Immunofluorescence, NT2/D1 cells – Membranes from TEER assays were carefully cut from 

inserts and placed, cells facing upwards in cell culture plate with wells just larger than the 
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membrane. Or, cells were cultured on a UV sterilized coverslip within a 6 well plate. Both 

membranes and coverslips were fixed in 4% PFA for 7 minutes before being washed in PBS. 

After washing with PBS, were blocked with 5% Donkey Serum in 1× PBS with 0.1% Tween 

20 for 1 hour. The block was removed and replaced with primary antibodies (Phospo-Histone 

H3 1:300) and incubated for 2 hours at 37 degrees. Primary was washed off with 1× PBS with 

0.1% Tween 20 and the membranes were incubated with the fluorescent-conjugated 

secondary antibody, (donkey anti-rabbit Alexa Fluor 594 1:1000) for 1 hour at room 

temperature. Sections were washed in 1× PBS with 0.1% Tween 20, counterstained using 

DAPI, and then washed in 1× PBS and mounted using Dako Fluorescent Mounting Medium. 

Sections were imaged using fluorescence microscopy (Olympus Corp).  

Nedd9 knockout mice- Nedd9 knockout embryos were generated by A. Nikonova from the 

Golemis lab at the Fox Chase Cancer Centre in Philadelphia. After euthanasia by decapitation, 

embryos were fixed in 4% PFA, washed 3x with 1x PBS before being moved into 30% sucrose 

via a gradient. Embryos were shipped at room temperature for analysis by A. Symon. After 

dissection gonads were embedded in optimal cutting temperature (OCT) medium and snap 

frozen. Gonads were sectioned at a thickness of 8µm and mounted on slides by the Monash 

Histology Platform.  

Amh-Cre Sox9flox/flox mice- Experiments on mice were carried out in strict adherence with the 

recommendations in the Australian code of practice for the care and use of animals for 

scientific purposes from the National Health and Medical Research Council. All procedures 

involving mice were approved by the MMCB animal ethics committee, Monash Medical 

Centre, Australia. Embryos from timed matings were firstly anaesthetised in ice-cold PBS 

before being euthanised by decapitation. Embryos were then fixed in overnight in 4% PFA at 

4°C, then washed in 1x PBS. Embryos were then processed and embedded into paraffin by 

the Monash University Histology Platform. Sections were cut at 5μm and mounted onto slides 

Immunofluorescence, gonads- Paraffin slides were baked at 60°C (30 minutes), 

deparaffinized in xylene, hydrated in 100% ethanol, and distilled in H2O and PBS. OCT slides 

were thawed briefly at room temperature, then washed in 1x PBS. Antigen retrieval was 

performed by submerging slides in Antigen Citrate-based unmasking solution in the chamber 

of a pressure cooker and cooking for 2 minutes on high pressure. After 20 minutes the cooker 

was turned off and allowed to cool for 1 hour. Slides were then washed in 1x PBS. Sections 

were then blocked for 30 minutes with either 5% normal donkey serum or using MOM blocking 

solution (prepared according to the manufacturer’s instructions) where primary antibodies 

were raised in the mouse and incubated overnight at 4°C with the following primary antibodies: 

anti-Amh 1:200, anti-Phospo-Histone H3 1:300, anti-Sox9 1:200, and anti-Nedd9 1:100 (for 
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details see Appendix 1). Sections were then washed three times in 1x PBS with 0.1% Tween 

20 and incubated with the fluorescent-conjugated secondary antibodies (all at 1:1000), donkey 

anti-goat, donkey anti-rabbit, donkey anti-mouse Alexa Fluor 594, donkey anti-rabbit Alexa 

Fluor 488 (for details see Appendix 1), for 30 minutes at room temperature. Sections were 

washed in 1x PBS with 0.1% Tween 20, then incubated in 0.1% Sudan Black in 70% EtOH for 

5 minutes to quench background autofluorescence. Sections were washed again 1x PBS with 

0.1% Tween 20, counterstained using DAPI, and then washed again in 1x PBS then mounted 

using Dako Fluorescent Mounting Medium. Sections were imaged using fluorescence 

microscopy (Olympus Corp). 

 

4.3 Results 

Effect of SOX9 on NEDD9 expression in mouse Sertoli cells and NT2/D1 cells  

Nedd9 is downregulated 1.6-fold in mouse testes where SOX9 has been ablated in an intact 

Sertoli cell environment (Amh-Cre; Sox9flox/flox mice) (Rahmoun et al., 2017). At embryonic day 

15.5 (E15.5), Nedd9 protein is reduced in these testes too, reinforcing the biological relevance 

of this transcriptional response (Figure 4.1 a). While some residual expression remains, 

immunofluorescence intensity is decreased across the entire gonad, not just the Sertoli cells 

as was expected. In order to validate the in vivo findings NT2/D1 cells transfected with SOX9-

over expression plasmid were analysed to. QRT-PCR showed that in response to an increase 

in SOX9, NEDD9 expression was significantly increased by 4.3-fold (Figure 4.1 b, left and 

right panel respectively), similar to in the tetracycline-induced SOX9 over expression model 

developed by (Rahmoun et al., 2017). This transcriptional response was preserved in the 

SOX9 knockdown cells, where NEDD9 expression was decreased by 46% (Figure 4.1 c, left 

and right panel respectively). Together, these results show that Sertoli cell expression of 

NEDD9 RNA and protein follows the expression of SOX9, as do characterised direct SOX9 

target genes, and thus is a promising candidate for further investigation (Alankarage et al., 

2016; Rahmoun et al., 2017).  
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Figure 4.1. Manipulation of SOX9 expression in vitro and in vivo alters NEDD9 

expression. (a) Immunofluorescence on E15.5 mouse testes with Sox9 ablated Sertoli cells 

(Amh-Cre; Sox9flox/flox) and litter mate wildtype control (Sox9flox/flox). Sox9 staining is in green, 

Nedd9 staining is in red. Nuclei are stained blue with DAPI. Scale bars represent 250µm. (b) 

Left; Histogram of SOX9 gene expression data from qRT-PCR in NT2/D1 cells over 

expressing SOX9 (SOX9) and Right; NEDD9 gene expression from the same cells. (c) Left; 

Histogram of SOX9 gene expression data from qRT-PCR in NT2/D1 cells with SOX9 knocked 

down (SiSOX9) and Right; NEDD9 gene expression from the same cells. Values were 

determined from at least 3 individual tests. Means are graphed with error bars representing 

standard deviation. P-values were calculated using a one-sided Student’s T-test where the 

asterisks indicates significance: *<0.05, **<0.01, ***<0.001 (e).   
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Analysis of SOX9 ChIP on the NEDD9 promoter in NT2/D1 cells 

SOX9 ChIP of embryonic bovine testes detected SOX9 bound to a 1.6kb region, covering the 

transcription start site of NEDD9 and approximately 1.2kb upstream (Figure 4.2 a Bovine 

Sox9 ChIP peak) (Rahmoun et al., 2017). Sequence conservation in this region is high when 

mapped to the human genome (hg19) and the same features are evident (Figure 4.2 a, 

blue/red conservation track). Transcription factor binding sites can be predicted using a 

program called JASPAR which uses position frequency matrices to analyse DNA sequence 

(Mathelier et al., 2014). With high (0.8, or 80% similarity) stringency, JAPSPAR identified 6 

possible SOX9 binding sites within this region (Table 4.1 and depicted as A-F in pink in Figure 

4.2 a). SOX9 has a signature of binding in the testis, where GATA4 and DMRT1 binding sites 

are also detected within 50 base pairs (Rahmoun et al., 2017). As JASPAR does not contain 

the DMRT1 motif, the motif was searched manually. Due to the high sequence similarity 

between DMRT1 and DMRT3 motif it will be referred to as DMRT sites (Murphy, Zarkower, & 

Bardwell, 2007). JASPAR analysis detected co-occurring GATA4 and DMRT sites within 50bp 

of SOX9 binding sites 1, 2, 4 and 6, while site 5 co-occurred with only a DMRT site. As these 

signature sites occur within a 1kb fragment encompassing the transcription start site at the 

proximal 5’ promoter of NEDD9, the ChIP analysis was focussed here (Figure 4.2 a, NT2/D1 

SOX9 ChIP analysis). Primer pairs tiling this region detected 4 fragments (primer pairs 2 and 

3, 6, 9, 19) bound by SOX9 (Figure 4.2 b, blue bars). The blue circles on the schematic in 

Figure 4.2 a detail where these fragments align to relative to NEDD9 and the Bovine Sox9 

ChIP peak. Three of these regions align with predicted SOX9 binding sites (primer pairs 2 and 

3, 6, 19). Further supporting this, DNAse hypersensitivity assay of human fetal testis and fetal 

ovary from the Roadmap Epigenomics Consortium shows that the chromatin from the human 

fetal testis is more open at this region and thus more likely to be actively regulated (Figure 

4.2 a, green) (Roadmap Epigenomics et al., 2015). Together, these results demonstrate that 

it is highly likely that SOX9 binds to the proximal promoter of NEDD9 to regulate transcription 

in a human Sertoli cell environment.    
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Table 4.1. SOX9 binding sites in NEDD9 promoter detected by JASPAR. 
 

Relative 

Score 

(JASPAR) 

Start End Genomic Location Sequence 

A 0.879893 1251 1259 Chr6:11233317-11233325 CTTTTGTTC 

B 0.852654 751 759 Chr6:11232817-11232825 CCATTGAGT 

C 0.852601 7 15 Chr6:11232073-11232081 TCATTGTGC 

D 0.820211 890 898 Chr6:11232956-11232964 CCATTGGCT 

E 0.813844 1677 1685 Chr6:11233743-11233751 GCAGTGTTC 

F 0.812298 1379 1387 Chr6:11233445-11233453 TTTTTGTTC 

Start and end sites are given relative to the input DNA (from bovine Sox9 ChIP peak aligned 

to hg19), which has been translated to a genomic location given in the human 

  



Chapter 4 
 

96 
 

Figure 4.2. SOX9 binds the proximal promoter of NEDD9. (a) A schematic showing key 

regulatory features of the human genome where the 1.6kb bovine SOX9 ChIP peak maps to 

(chr6:11232066-11233752). Red arrow demonstrates transcription start site and direction of 

transcription. Conservation from UCSC genome browser is indicated by blue showing high 

conservation and red showing low conservation where the higher/lower the bar is the more 

conserved the region between 100 vertebrates. DNAse hypersensitivity assay from the 

ROADMAP Epigenomics consortium depicts open chromatin in the human fetal testis and 

fetal ovary where the higher the peak, the more open the region is. Letters A-F in pink mark 

the location of predicted SOX9 binding sites (see Table 1 for further detail). Blue ovals on the 

black DNA mark the location of the 4 regions detected as bound by SOX9 in NT2/D1 cells. (b) 

Fold enrichment of each of the tiling primer pairs for SOX9 vs IgG. Regions are considered 

likely bound (blue bars) when both replicates have an enrichment over 1 (red dotted line). 

AMH is shown as a well characterised positive control, and SDHA as a negative (Alankarage 

et al., 2016; Arango et al., 1999). N=2.    
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As ChIP experiments demonstrated that SOX9 binds to the human NEDD9 promoter, 

luciferase assays were performed to test if SOX9 could activate the promoter in COS7 cells. 

Transfection of the reporter construct with SOX9 expression vector alone showed a modest 

but significant increase in luciferase activity when compared to the empty luciferase construct 

(Figure 4.3). Addition of other co-factors of SOX9; SF1, DMRT1 and GATA4, did not result in 

any further increase in luciferase activity suggesting that they do not cooperate at the NEDD9 

promoter. Addition of SF1 and DMRT1 alone did not induce any luciferase activity, and GATA4 

alone showed activity significantly less than the empty vector. Of note, addition of all three 

Sertoli Cell Signature factors (SOX9, GATA4 and DMRT1) did not result in any significant 

activation of reporter construct. These results demonstrate that SOX9 is able to activate the 

NEDD9 proximal promoter, likely in the absence of cofactors SF1, GATA4 and DMRT1.   
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Figure 4.3. SOX9 activates the NEDD9 promoter. Promoter activity of human NEDD9 

proximal promoter measured by luciferase assays in COS7 cells when transfected with 

combinations of SOX9, SF1, GATA4 and DMRT1 as detailed on the X axis. This activity is not 

significantly increased with the addition of SF1 or the Sertoli Cell Signature factors, GATA4 

and DMRT1 (n=4). White bars represent empty vector control and black represents the 

NEDD9 promoter. Error bars represent SEM. P values were calculated using 2way ANOVA 

where the asterisk indicates significance: *<0.05, **<0.01, ***<0.001. 
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Effect of NEDD9 knockdown in NT2/D1 cells 

To investigate the function of NEDD9 in human Sertoli cells, firstly NEDD9 siRNA transfection 

on Sertoli cells was tested to show that expression could be reduced in NT2/D1 cells. Using 

siRNA treatment, NEDD9 was reduced by 2.3-fold (P<0.01) (Figure 4.4 a, left). This reduction 

of transcripts correlated with loss of NEDD9 protein (Figure 4.4 a, middle and right). Some 

clusters of cells also changed morphology 48 hours after transfection to a more spherical 

shape, indicative of a cytoskeletal disruption (Figure 4.4 b) (Ribeiro, Reece, & Putney, 1997). 

This morphological change was particularly prevalent at the periphery of colonies. By 

observational analysis, these images also demonstrate a possible reduction in proliferation 

rate as the control cells are overgrowing whereas the siRNA treated cells are yet to reach 

confluency. Importantly, the decrease in NEDD9 did not lead to any change in SOX9 levels, 

so the NT2/D1 cell model could be used to elucidate the cellular consequence of NEDD9 loss 

without any compounding effects from SOX9 loss (Figure 4.4 c).  
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Figure 4.4. NEDD9 knockdown in NT2/D1 cells. (a) Left; Histogram of NEDD9 gene 

expression data from qRT-PCR in NT2/D1 cells with NEDD9 knocked down (SiNEDD9) 

Middle; Western blot analysis using cytoplasmic extracts of NEDD9 protein levels (105kDa). 

β-Tubulin was used as a loading control (50kDa) (representative of n=3). Right; Histogram of 

Western blot results (b) Light microscopy of Control and NEDD9 knockdown NT2/D1 cells 48 

hours post transfection. (c) Histogram of SOX9 gene expression data from qRT-PCR in 

NT2/D1 cells with NEDD9 knocked down (SiNEDD9). Means are graphed with error bars 

representing standard deviation. P-values were calculated using a one-sided Student’s T-test 

where the asterisk indicates significance: **<0.01. 
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Analysis of NEDD9 regulation of Sertoli cell functions in NT2/D1 cells 

A defining event during the differentiation of the testis is the formation of testis cords. The 

cords compartmentalise the testis and protect the germ cells from entering meiosis, and 

eventually create the environment crucial for sperm production (Svingen & Koopman, 2013). 

Sertoli cells are the regulatory hub for testis cord formation, driven by the expression of SOX9 

(Svingen & Koopman, 2013). To form cords, Sertoli cells must migrate to aggregate around 

germ cells where they adhere to each other (Mruk & Cheng, 2004; Nel-Themaat et al., 2011). 

Following this, the Sertoli cells establish polarity and proliferate to elongate the cords(Nel-

Themaat et al., 2011; Sharpe, McKinnell, Kivlin, & Fisher, 2003). Given that NEDD9 has been 

implicated in all these functions, they were each assayed in NT2/D1 cells with NEDD9 knocked 

down (Aquino et al., 2009; Izumchenko et al., 2009; Miao et al., 2013; Singh et al., 2007).  

To investigate the role which NEDD9 may play in human Sertoli cell function, Xcelligence 

assays were performed on NEDD9 knockdown and control NT2/D1 cells.  To test NEDD9 

involvement in adhesion, electrical impedance was measured for 5 hours immediately after 

seeding. Cells with reduced NEDD9 expression showed no change in adhesion rate (Figure 

4.5 a). Following this initial 5-hour adhesion period, proliferation of cells was measured in the 

same assay for a further 43 hours. The rate of proliferation was significantly reduced in NEDD9 

knockdown cells when compared to control (P<0.01) (Figure 4.5 b, left). Immunofluorescence 

to detect phospho-Histone H3 (PH3), a marker of proliferating cells confirmed that the 

proliferative capability of these cells was reduced (Figure 4.5 b, right).  

Xcelligence assays were also used to investigate the contribution, if any, of NEDD9 to Sertoli 

cell migration. In this assay, electrical impedance is measured as cells move across an 

electrode to an area with chemical attractant. There was no change in rate of migration when 

NEDD9 expression was reduced in NT2/D1 cells (Figure 4.5 c).  

To test if NEDD9 controls the establishment of polarity in NT2/D1 cells, transepithelial 

resistance assays were used. This assay measures the permeability of a monolayer of cells, 

which relates to the integrity of intercellular junctions (Pattabiraman, Epstein, & Rao, 2013; 

Srinivasan et al., 2015). To measure the contribution of NEDD9 to Sertoli cell polarity 

formation, NEDD9 knockdown and control cells were seeded in 12mm well inserts and 

assayed after 24 hours. NEDD9 knockdown cells showed in significantly reduced 

transepithelial resistance compared to control cells (p<0.0001), indicating a role for NEDD9 in 

the establishment of polarity in NT2/D1 cells (Figure 4.5 d). 
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Figure 4.5. NEDD9 regulates proliferation and polarity, but not adhesion or migration in 

NT2/D1 cells. (a) Histogram showing rate of adhesion in control and NEDD9 knockdown in 

NT2/D1 cells (SiNEDD9) measured by Xcelligence assay (b) Left; Histogram showing rate of 

proliferation in control and NEDD9 knockdown in NT2/D1 cells (SiNEDD9) measured by 

Xcelligence assay. Middle; immunofluorescence for the proliferative marker, Phospho-Histone 

H3 (red staining and white arrows) and nuclei are stained blue with DAPI, on control NT2/D1 

cells and Right; NEDD9 knockdown NT2/D1 cells (SiNEDD9). Scale bars represent 2000µm 

(c) Histogram showing rate of migration in control and NEDD9 knockdown in NT2/D1 cells 

(SiNEDD9) measured by Xcelligence assay (d) Histogram showing transepithelial resistance 

in control and NEDD9 knockdown (SiNEDD9) NT2/D1 cells 24 hours post seeding measured 

in Ω.cm2. All values were determined from at least 3 individual tests. Means are graphed with 

error bars representing standard deviation. P-values were calculated using a one-sided 

Student’s T-test where the asterisk indicates significance: **<0.01, ****<0.0001.  
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Analysis of proliferation in embryonic Nedd9 knockout testes 

Given that NEDD9 affected proliferation rate of NT2/D1 cells, the proliferative ability of Sertoli 

cells in developing mice testes was also assayed. Gonads from E13.5 mouse embryos with 

Nedd9 completely ablated were dissected and morphologically analysed before being 

embedded and sectioned for analysis for immunofluorescence. Homozygous knockout Nedd9 

mice on a C57BL/6 background were reported to be fertile and viable, however it is worth 

noting that fertility can tolerate a significant decrease in testis weight and sperm count and 

thus “fertile and viable” should not rule out investigation (Schurmann et al., 2002; Seo et al., 

2005). Nedd9 knockout mice were generated from heterozygote crosses. Forty-seven 

embryos from 5 litters were analysed with a normal sex ratio. Of these embryos, 8 were Nedd9 

knockout (Nedd9 KO). 2 of these embryos, from different litters, were XY meaning that only 4 

knockout testes could be analysed. Figure 4.6 a (left and middle) shows brightfield images of 

heterozygous litter mate controls next to knockout testes. All 4 of these gonads were smaller 

than their litter mate heterozygous controls, as demonstrated by the histogram showing 

longitudinal measurements of the testes at their longest point (Figure 4.6 a, right). On 

average, the Nedd9 knockout gonads were 15% smaller than the littermate controls. 

Immunofluorescence for the proliferative marker, PH3 (green) showed that relative to control 

(Figure 4.6 b, top left and right) proliferation was reduced throughout the entire gonad in the 

Nedd9 KO, including within testis cords (yellow arrows) (Figure 4.6 b, bottom left and right). 

Anti-Mullerian hormone (red) was used to mark the testis cords. The gonad marked with the 

white star in Figure 4.6 a corresponds to the gonad in Figure 4.6 b. AMH staining in this 

gonad was weak and lacked definition, indicating severe malformation however in the Nedd9 

KO from litter b cord morphology appeared intact.  
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Figure 4.6. Cell proliferation is reduced in E13.5 Nedd9 knockout gonads. (a) Left and 

Middle; Brightfield image showing heterozygous littermate control testes next to NEDD9 

knockout testes (Nedd9 KO) Scale bars represent 100µm. Right; Histogram showing relative 

longitudinal measurements of the testes. Each data point represents the length of a gonad 

compared to the average length of littermate heterozygotes control gonads when they were 

measured from along the longest axis. Means are graphed with error bars representing 

standard deviation. P-values were calculated using a one-sided Student’s T-test where the 

asterisk indicates significance: ***<0.001. (b) Gonads have been stained for the proliferative 

marker PH3 (green) and the Sertoli cell, testis cord marker AMH (red) in littermate control and 

Nedd9 knockout testes (Nedd9 KO) from two representative litters, Litter A and Litter B. Nuclei 

are stained blue with DAPI. Proliferative cells are indicated with arrows. Yellow arrows mark 

proliferative cells within the testis cords and white arrows mark other proliferative cells of the 

testis. The star in and indicates the same gonad. Scale bars represent 100µm.  
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4.4 Discussion 

Sertoli cells are central to the development of the testis. Not only do they drive the 

differentiation of themselves and the other key cell types of the testis, but they aggregate 

around the germ cells to form the hallmark feature of the male gonad, the testis cords (Svingen 

& Koopman, 2013). To form the cords the Sertoli cells must migrate and coalesce around the 

germ cells before they establish polarity (Nel-Themaat et al., 2011). Sertoli cell proliferation, 

from 24 hours after the cells begin to differentiate and throughout the entirety of embryonic 

testis development, is rapid compared to the ovary and essential for the testicular fate 

(Schmahl & Capel, 2003; Schmahl, Eicher, Washburn, & Capel, 2000). SOX9 is a key 

regulator of Sertoli cell differentiation, and thus the morphogenesis of the testis. Therefore, 

understanding the genes that SOX9 regulates during this period will improve our 

understanding of the genes and pathways that SOX9 initialises to form a testis.  

Ablation of Sox9 from an intact Sertoli cell environment in mice results in a 1.6-fold decrease 

in Nedd9 expression at E13.5 (Rahmoun et al., 2017). Interestingly, Nedd9 is still expressed 

at approximately 2.6-fold higher in the Sox9 knockout testes than wildtype female levels 

indicating that in the testis, it is likely that other factors contribute to Nedd9 regulation. Analysis 

of the expression profile of Nedd9 at E13.5 in the developing testis shows that as well as being 

expressed in Sertoli cells, Nedd9 is also expressed in endothelial cells and interstitial cells 

(Jameson et al., 2012). However, at E15.5 immunohistochemistry of Nedd9 in the testis was 

clearest in the Sertoli cells and Endothelial cells (Figure 4.1). At E15.5 it is also interesting to 

note that in the Sox9 knockout testes, Nedd9 expression appeared to decrease in all cell types 

of the testis, not just the Sertoli cells, indicating that other regulators of Nedd9 expression in 

other testicular cell types may also be under the control of Sox9. Similarly, in the NT2/D1 

human Sertoli cell model, where knockdown of SOX9 resulted in a 46% decrease of NEDD9 

but not a complete loss. This could be the result of other factors present which are positively 

regulating NEDD9 in a Sertoli cell. Analysis of the ChIP peak detected in bovine revealed that 

4 of the 6 binding sites detected co-occurred with the ‘Sertoli Cell Signature’ cofactors, GATA4 

and DMRT, which could be coregulating NEDD9 expression (Rahmoun et al., 2017). As 

Rahmoun et al., discovered this signature in both mice and bovine, it is likely conserved in 

other mammals and thus can be applied to a human model (Rahmoun et al., 2017). However, 

we could not rule out that this could be the result of an incomplete loss of SOX9 using siRNA 

knockdown. 

Luciferase assays in COS7 cells demonstrated that the addition of SOX9 was able to activate 

the NEDD9 promoter. As SOX9 ChIP in NT2/D1 cells detected binding at 4 regions, this 

regulation is likely direct. Luciferase assays were performed in COS7 cells, a monkey kidney 
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cell line, because they don’t express SOX9, SRY or NR5A1 (SF1) (Sekido & Lovell-Badge, 

2008). COS7 cells are also devoid of GATA4 but do express DMRT1 meaning that the 

possibility that SOX9 and DMRT1 are acting on the promoter together cannot be ruled out 

from these experiments (Wang et al., 2013; K. Yao, Lu, Cheng, & Zhou, 2006). It is worth 

noting however that addition of all three ‘Sertoli Cell Signature’ factors does not elicit any 

promoter activation, meaning it is unlikely that they are acting cooperatively to activate NEDD9 

expression in a Sertoli cell context. These luciferase assays also ruled out the possibility of 

SF1 cooperating with SOX9, as it has been known to at other testis-specific genes to regulate 

expression (Arango et al., 1999). 

Clinically, NEDD9 is an important oncogenic factor, oft dysregulated in a range of metastases. 

As such, its regulation is complex and tissue dependent. While the post-translational 

regulation of NEDD9 has been investigated deeply, its transcriptional regulation is relatively 

underexplored. However, a range of expression inducing factors have been identified both 

experimentally and bioinformatically (Figure 4.7) (Shagisultanova, Gaponova, Gabbasov, 

Nicolas, & Golemis, 2015). As detailed in this figure, the NEDD9 promoter contains many 

transcription factor binding sites. Of these factors, the most applicable to the testis is PAX5 

which encodes a transcription factor found in the testis and regulated by transforming growth 

factor β, (TGFβ) a critical regulator of testis development and function (Pridans et al., 2008). 

Furthermore, NEDD9 is a well-characterised modulator of TGFβ signalling indicating the 

potential for a feedback loop to exist in the testis (Inamoto et al., 2007; Morimoto et al., 2014).  

By understanding its regulation and role in the developing testis, we are better poised to 

understand if or how it contributes to DSD. Furthermore, by identifying the proteins it interacts 

with in the testis, and the signals it relays we may be able to identify other genes mutated in 

DSD.  

Despite its highly dimorphic expression, no testicular role for NEDD9 had been reported. 

NEDD9 is an important part of the cytoskeletal network, acting to assemble complexes 

involved in migration, adhesion, cell cycle control (including proliferation and apoptosis) and 

polarity (Reviewed in (Shagisultanova et al., 2015)). Each of these biological processes are 

vital to the proper development of the testis. 

Proliferation was significantly decreased in NEDD9 knockdown NT2/D1 cells. This observation 

encouraged the deeper analysis of Nedd9 knockout XY gonads. Morphological analysis 

revealed that Nedd9 KO gonads were significantly smaller at E13.5 compared to their litter 

mates, and proliferation throughout the entire gonad was reduced. It is worth noting that Nedd9 

knockout mice are fertile. As long as, the gonads proliferate sufficiently within the critical 

window (E10.8-11.2), testes will develop normally, even if they are smaller (Schmahl & Capel, 
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2003). For example, ablation of the gene encoding follicle stimulating hormone (Fsh) and its 

receptor (Fshr) caused over 50% reduction in testis weight, and a reduction in Sertoli cell 

number yet, mice are still fertile (Abel et al., 2000; Kumar, Wang, Lu, & Matzuk, 1997). But, 

as the size of the Sertoli cell population in a testis directly correlates to the number of germ 

and Leydig cells, any reduction in Sertoli cell proliferation is likely to have adverse effects on 

fertility potential (Rebourcet et al., 2017). Furthermore, a 15% size reduction was also reported 

in Gpr37 knockout mice, a candidate SOX9 target gene (see Chapter 2), accompanied by 

dysregulated Dhh signalling and delayed sperm cell development yet these mice too are still 

fertile (La Sala et al., 2015). Thus, in future it is important not to discount disrupted testicular 

development based the ability of male to sire pups.   

As the proper function of the gonads is essential to a species survival, it is unsurprising that 

there are multiple mechanisms regulating proliferation in the developing testis. Here we have 

shown that in a model of human Sertoli cells, SOX9 regulates the testis-specific expression of 

NEDD9 via the proximal promoter. Using a NEDD9 siRNA, and a mouse model we have 

demonstrated that loss of NEDD9 results in decreased proliferation. This only correlated to a 

15% decrease testis length, which is still within the functional capacity of the developing testis. 

Transepithelial resistance assays indicated that NEDD9 may also regulate the ability of 

NT2/D1 cells to establish polarity. Future experiments using Nedd9 knockout mice should 

further investigate these using markers of polarity in the embryonic testis and of junctional 

proteins.  
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Figure 4.7 Schematic representation of NEDD9 gene and mRNA. Relative sizes are not to 

scale. Inside the pink arrow are factors inducing transcription of NEDD9. RXR- retinoid X 

receptor, RAR- retinoic acid receptor. Figure adapted from (Shagisultanova et al., 2015) 
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5.1 Introduction 

The transcription factor SOX9 is indispensable to the development and function of the 

mammalian testis. Loss or mutation to SOX9 can result in gonadal dysgenesis encompassing 

a wide spectrum of phenotypes ranging from complete XY sex reversal through to fertility 

defects. Moreover, ectopic SOX9 expression in the XX gonads leads to the initiation of the 

male pathway, despite the male sex determining factor, SRY being absent. Thus, SOX9 is 

both necessary and sufficient for the development of the testis. The discovery of downstream 

target genes of SOX9 in the testis will improve our understanding of the genes involved 

orchestrating sex determination and development. As such, SOX9 target genes are also 

candidate DSD genes. While many datasets detailing expression of gonadal genes at various 

developmental time-points have now been published, our understanding of how SOX9 

regulates the development and function of the mammalian testis remains surprisingly unclear 

(Beverdam & Koopman, 2006; Cory, Boyer, Pilon, Lussier, & Silversides, 2007; Del Valle et 

al., 2017; Jameson et al., 2012; Li, Zheng, & Lau, 2014; Nef et al., 2005; Stevant & Nef, 2018). 

The primary aim of this thesis was to discover novel target genes of SOX9 in the testis.  

Datasets analysing the transcriptomes and transcription factor binding in the developing 

gonad are the first step to functionally characterising any novel genes and their role (if any) in 

DSD. With Next Generation sequencing, the availability of these datasets is increasing 

exponentially. Analysis of these datasets can begin to create a concise view of the 

mechanisms of testicular development by identifying genes and molecular pathways that 

direct either the testicular or ovarian fate. A major challenge however lies in our ability to 

elucidate what role these genes have in testis development at both a cellular and a whole-

organ level. Particularly when referring to sex determination and development, mice have 

proven to be an excellent model. However, a significant emerging limitation is the difference 

in threshold protein function needed to illicit an obvious phenotype between mice and humans. 

Mice require only 23% of Sox9 levels relative to wild type for testis development to proceed 

as normal, whereas in humans this is at least 50% (Gonen, Quinn, O'Neill, Koopman, & Lovell-

Badge, 2017). Thus, the generation of a human model of testicular function is necessary to 

continue investigating the role of candidate genes in gonadal development and DSD.  

This thesis describes studies conducted to investigate novel targets of SOX9 in the developing 

mammalian testis. By combining Sertoli cell-Sox9 knockout RNAseq with Sox9 ChIPseq data 

from mice, 37 candidate Sox9 target genes have been identified, and evaluated 

bioinformatically and with literature for their potential roles in gonadogenesis (Chapter 2). In 

Chapter 3 a model and analytical approach for investigating Sertoli cell SOX9 function has 
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been developed using the human NT2/D1 cell line. This model has been used to elucidate the 

role of a strong candidate SOX9 target gene, NEDD9, in the developing testis (Chapter 4).  

5.2 SOX9 divides its labour among target genes to regulate multiple 

pathways in testis development 

The combination of RNAseq from Sox9 knockout mouse testes with mouse Sox9 ChIPseq 

allowed the identification of 37 target genes with a wide variety of putative functions in Sertoli 

cells. Four of these genes, Amh, Dhh, Sox10 and Sox9 itself are published Sox9 target genes 

with defined roles in sex determination and development, and their identification validated the 

approach taken. However, other genes reported to be regulated by Sox9, such as Gdnf, Etv5 

and Cyp26b1 were not in the 37, highlighting that the stringency adopted in filtering these 

datasets may be missing important testicular factors including paracrine or other growth 

factors. 

Part of the filtering strategy was the use of a published ‘Sertoli cell enriched’ microarray screen 

of key cell populations of the male and female mouse gonads in embryonic development 

(Jameson et al., 2012). This filter was applied to genes both downregulated in the Sox9 

knockout testes and bound in the Sox9 ChIPseq. Sertoli cells are the central hub of testis 

development, directing the differentiation of the other cell types of the testis (Svingen & 

Koopman, 2013). This meant that the genes identified are more likely to be direct targets, as 

Sox9 is only present in Sertoli cells. This step excluded 22 genes which reassuringly did not 

include key regulated sex determining or testis development genes, further validating the 

rigorous filtering process (Appendix 1). However, this microarray only contains expression 

data for 12,015 genes, limiting the number of genes with profiles available. Of the 269 

differentially regulated genes, 78 genes were excluded from analysis due to not being included 

in the microarray. None of these 78 genes have known or suspected sex determining 

functions, supporting this exclusion. Of these 78 genes, 26 (33%) were aligned to predicted 

genes with no assigned functions. Of the remaining 52 genes, only 8 were identified as being 

bound in the Sox9 ChIPseq. These included Trim7, Tuba1c, Kcnn2, Olfml2a, Ppp4r1l-ps, 

Col27a1, Ptpn5 and Ssbp4. Col27a1 is already a well-characterised Sox9 target gene during 

chondrogenesis although no testicular role has been identified (Jenkins, Moss, Pace, & 

Bridgewater, 2005). Therefore, it cannot be ruled out that among the remaining 52 genes there 

may be intriguing putative target genes and thus future studies should not rule out this 

possibility.  

Powerful filtering was achieved by combining Mouse and Bovine ChIPseq datasets to improve 

the signal to noise ratio. By excluding genes only bound in the mouse ChIP, the characterised 

target Gdnf was excluded along with other interesting factors expressed in the testis such as 
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Nkd2 and Qsox2 (Barseghyan et al., 2018; Kuo et al., 2017; Meng et al., 2000). Exclusion of 

genes only bound in the bovine ChIP also excluded the characterised targets Pgds and Gstm6 

and excluded numerous interesting testis-expressed genes such as Lgr5, Rcan1 and Nedd9 

(Barseghyan et al., 2018; Beverdam & Koopman, 2006; Beverdam et al., 2009; Nef et al., 

2005). Given the differences between mice and human sex determination already highlighted 

in this thesis, there are clear limitations of analysing completely conserved Sox9 function 

between mouse and bovine testes. Thus, while the stringency of the filtering process adopted 

in Chapter 2 has provided a robust list of candidate Sox9 target genes that may also be 

mutated in DSD, it is not exhaustive so other targets likely exist. For example, Nedd9 was 

chosen for examination in this thesis based on RNAseq data alone (ChIPseq data was 

unavailable at the commencement of this thesis, and only bovine was confirmatory) By 

relaxing the ChIPseq filtering process and including genes bound either Sox9 ChIPseq, 

another 60 genes could be added to the putative target gene list (detailed in Appendix 2). 

5.3 NT2/D1 cells, a human Sertoli-like cell line, as a model of Sertoli 

cell gene function  

NT2/D1 cells have been established as a human Sertoli-like cell line, expressing male gonadal 

supporting cell specific genes and not expressing female gonadal supporting cell genes 

(Knower et al., 2007). These cells have been used to investigate a variety of processes 

important for sex development, including the nuclear localisation of SOX9 and the regulation 

of SOX9 target genes (Alankarage et al., 2016; Argentaro et al., 2003; De Santa Barbara et 

al., 1998; Knower et al., 2011; L. Ludbrook, Alankarage, Bagheri-Fam, & Harley, 2016; Malki 

et al., 2005; Moniot et al., 2009). As a human cell line, they provide a human model to help 

understand cellular function of genes implicated in DSD. By over-expressing SOX9 with an 

expression plasmid, or knocking down SOX9 with siRNA, the action of the transcription factor 

can be more deeply investigated. Furthermore, we can model XY female DSDs involving 

SOX9 mutation/deletion. However, a limitation of the use of the NT2/D1 model to date has 

been its poor transfection efficiency at around 20-30% (Alankarage et al., 2016; L. Ludbrook 

et al., 2016; L. M. Ludbrook et al., 2012). Thus, this study provided an important enhancement 

to the power of the NT2/D1 model by improving the transfection efficiency to over 40%. This 

improvement meant that without FACS, cells could be confidently transfected without GFP co-

transfection and used directly in live cell behaviour assays to probe key Sertoli cell functions 

like proliferation, migration and establishment of polarity. Further improving this transfection 

efficiency, possibly by optimising the transfection reagent used, could further exacerbate the 

change in functions seen and may reveal other cellular behaviours controlled by SOX9. 

The analytical approach of combining Xcelligence, transepithelial assays and 

immunofluorescence to assay SOX9 function in Sertoli cells provides a novel method to 
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investigate how genes under the control of SOX9 regulate key behaviours of Sertoli cells. By 

comparing changes in cell function between the knock down of SOX9 candidate target genes 

and SOX9 itself in NT2/D1 cells, we can begin to draw conclusions about how SOX9 regulates 

cell functions via these candidate genes in the developing testis. The use of a human cell 

culture model circumvents the emerging challenges in using mice exclusively as a model of 

sex determination and gonadal development. However, as NT2/D1 are a homogenous cell 

population, SOX9 targets which regulate the differentiation of other cell types, such as DHH 

which acts upon Leydig cells, may not show significant functional alterations as these are 

based largely upon identifying cell-autonomous functions. Thus, it may be important to design 

a co-culture model with Leydig cells for example, or to collect the secreted NT2/D1 media for 

analysis, based on putative gene function. 

Analysing the function of SOX9 target genes in Sertoli cells relies on the availability and 

efficiency of siRNAs. Generally, physiological relevance is not reached until a minimum of 

50% knockdown in achieved (equivalent to heterozygous loss of function), although subtle 

phenotypes may be revealed with a less efficient siRNA knockdown. In Chapter 3, 46% loss 

of SOX9 revealed that SOX9 is controlling cell proliferation, adhesion and the establishment 

of polarity but surprisingly, no change in migration rate was identified. By further exacerbating 

this loss, other functions like migration may be revealed. To overcome the challenge of both 

siRNA availability and efficiency, and the limitations of Sox9 mouse hypomorphs research to 

create an alternative model based on a NT2/D1 cell line that stably expresses Cas9 was 

successfully initiated (Appendix 3). This created a population of cells which will utilise 

CRISPR/Cas9 gene editing to knock down or even completely knockout gene expression. 

This approach will circumvent the reliance on siRNA availability and allow for the rapid 

screening of multiple guide RNAs (sgRNA) to achieve the maximum knockdown effect. In the 

case of SOX9 reduction, this may even result in XY sex reversal at a cellular level, a 

phenomenon not yet observed in these cells.  

5.4 NEDD9 in the developing testis 

The final experimental chapter of this thesis evaluated NEDD9 as a SOX9 target gene. Nedd9 

expression had been reported in the embryonic mouse testis, but its function was not known 

(Nef et al., 2005; Rahmoun et al., 2017). Recently however, both Sox9 and Sox10 were shown 

to regulate Nedd9 directly in avian neural crest cells and human melanomas (Liu et al., 2017; 

Yang et al., 2019). These reports support the Sox9-Nedd9 relationship that was identified in 

this thesis in fetal testis using large datasets. NT2/D1 cells were utilised as a model of male 

sex determination to show the direct regulation of NEDD9 by SOX9 via targeted chromatin 

immunoprecipitation. Binding was detected in a region that bioinformatic analyses revealed to 
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contain multiple SOX9 binding sites in support of the in vivo mouse and bovine Sox9 ChIPseq 

data. The assayed region was also activated by SOX9 in in vitro luciferase assays, confirming 

the positive regulation of NEDD9 by SOX9. To confirm the importance of the SOX9 binding to 

the promoter, mutation of the identified binding sites in luciferase assay is required. 

In mice the loss of Sox9 from embryonic testes at E13.5 resulted in decreased expression of 

Nedd9, indicating that Nedd9 is regulated by Sox9 in vivo. However, there is residual Nedd9 

expression, which suggests the possibility that Sox9 is not the sole regulator in embryonic 

Sertoli cells. Evidence suggests that there is a Sertoli cell signature of binding where Dmrt1 

and Gata4 co-regulate important testicular factors with Sox9 (Rahmoun et al., 2017). This 

possibility was explored and while putative binding sites for both transcription factors were 

identified bioinformatically on the NEDD9 promoter, these did not show activation by DMRT1 

and/or GATA4. Thus, it cannot be discounted that other factors are regulating Nedd9 

expression in the developing testis. Additionally, as Nedd9 is expressed in other cell types of 

the testis (endothelial and Leydig cells) it is possible that the incomplete loss is due to retained 

expression in other cell types of the testis (Jameson et al., 2012). 

Functional assays in NT2/D1 cells using siRNA, Xcelligence and transepithelial resistance 

assays demonstrated that NEDD9 controls proliferation and establishment of cell polarity. This 

data initiated a collaboration with a group at Fox Chase Cancer Centre in Philadelphia, USA 

that owns a colony of Nedd9 knockout mice (Seo et al., 2005) (Izumchenko et al., 2009).This 

collaboration generated E13.5 Nedd9 knockout embryos that were analysed as part of this 

thesis study. Of 47 embryos from heterozygous crosses, only 8 were Nedd9 knockout 

embryos of which 2 were XY embryos, meaning that 4 testes were available. Given this 

skewed ratio of mutants and XY embryos, a longitudinal study of the offspring produced may 

reveal if the reproductive potential of mice is affected with a loss of Nedd9. These XY KO 

testes showed reduced size and reduced numbers of proliferative cells across the whole 

gonad, as indicated by PH3 immunostaining, consistent with the findings in NT2/D1 cells. A 

reduction in testis size can still have functional effect, even when only modest, as a reduction 

in testis weight is associated to a reduction in sperm count. Furthermore, Sertoli cell number 

is closely correlated to germ cell number in the mouse testis (Rebourcet et al., 2017). However 

the robustness of the mouse testis ensures that even with a 30% reduction in testis weight 

and 60% reduction in sperm count no fertility defects are apparent highlighting the point that 

murine fertility status may not be a reliable indicator of gonadal phenotypes (Kumar et al., 

2001; Schurmann et al., 2002). In contrast, sperm production in the human testis may be more 

sensitive to a reduction in testis size as even a 20% decrease in testis volume is associated 

with a loss of fertility (Bujan et al., 1989; Condorelli, Calogero, & La Vignera, 2013; Pasqualotto 

et al., 2005). This means that NEDD9 may have a functional role in humans, despite no fertility 
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defect being detected so far in mice. However, with only 4 testes from 2 animals analysed this 

can only be considered a preliminary analysis and investigation with markers of polarity, such 

as laminin, e-cadherin and n-cadherin, is needed to assess the possible loss of Sertoli cell 

polarity in Nedd9 knockout testes (Lin, Barske, DeFalco, & Capel, 2017). 

5.5 Future Directions 

This thesis uncovered a number of putative testicular SOX9 target genes and thus a number 

of genes potentially involved in DSD. In Chapter 2, 33 genes with no characterised testicular 

function were identified. These genes have enriched expression in Sertoli cells, are bound by 

and are positively regulated by Sox9 in mouse testes. Future studies should continue to focus 

on the role of these genes in the developing testis and if they contribute to Disorders of Sex 

Development. This thesis outlines a robust method to evaluate candidate target genes 

whereby their cellular function can be analysed using NT2/D1 cells with a combination of 

protein assays (immunohistochemistry, western blotting), cell function assays (Xcelligence, 

Transepitelial Resistance assays) and Chromatin assays (Bioinformatic analysis and ChIP 

assays). Conclusions from this analytical process can be used to direct an analysis in mice 

carrying deletions and targeted mutations, allowing for more subtle phenotypes to be detected 

such as in Chapter 4 where preliminary analysis of Nedd9 knockout testes suggest a 15% 

reduction in size. 

While many of the genes identified in Chapter 2 code for cytoskeletal components or proteins 

that interact with the cytoskeleton (similar to Nedd9), genes with a wide variety of functions 

have been identified including transcription factors (Tox, Mybl1), signal transduction molecules 

(Mapk4, Tyro3) and even a post-transcriptional gene editing component (Msi1) to name a few. 

As embryonic Sertoli cells have a wide variety of essential functions (Figure 5.1) this is not 

surprising, but it is an important consideration for future experiments. With each type of 

molecule investigated it will be important to adjust the in vitro tests conducted accordingly to 

ensure that Sertoli cell function is being assayed in the most appropriate way. For example, 

when researching the transcription factors and signal transduction molecules it will also be 

important to consider which genes and pathways they are in turn regulating through the use 

of experiments like ChIP and phosphorylation assays. For the post-transcriptional gene editing 

component, it will be important to find out what molecules are targeted for editing to consider 

how this contributes to the essential functions of embryonic Sertoli cells. Furthermore, these 

tests largely consider cell-autonomous effects. As Sertoli cells are central to the development 

of the entire testis and differentiation of the other cell types (Svingen and Koopman 2013), 

future experiments incorporating co-culture with other cell types will be important. It will be 
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interesting to consider how manipulation of these Sertoli cell genes affects the function of 

Leydig cells and germ cells for example.  

In chondrocytes, SOX9 can act as a transcriptional activator or repressor depending on the 

partner proteins bound (Lefebvre & Dvir-Ginzberg, 2017; Tan et al., 2018). An interesting 

question raised by the analysis in Chapter 2 is whether Sox9 can act as a transcriptional 

repressor in the developing testis too. Pathway analysis of the Sox9 repressed genes 

suggests that this is not a major testicular role with enriched pathways relating to cardiac 

function. This does not mean that it is not an important role for Sox9 in the testis however and 

still warrants an investigation. Analysis of the genes that were repressed by Sox9 revealed 

that 10 genes were ‘enriched’ in normal Granulosa cell populations, suggesting that they may 

have pro-ovarian function, and again may be involved in DSD when mutated.   

Chapter 3 of this thesis addressed a key challenge in assessing candidate DSD genes for 

their cellular function in the development of the testis by developing methods of assaying 

Sertoli cell function. In Chapter 3, SOX9 was knocked down and changes to Sertoli cell 

functions were assessed. In Chapter 4, this model was applied to assess the function of a 

candidate target gene, NEDD9 and was able to successfully predict a function in Sertoli cells 

in vivo (proliferation). Whilst providing convincing results, the current use of NT2/D1 cells in 

these assays has its caveats, mainly stemming from the use of siRNA to knockdown the gene 

of interest. The use of siRNA relies on the ability of the designed nucleotide to hijack the cells 

RNA interference machinery and post-transcriptionally target mRNA for degradation. 

Unfortunately, the reduction achieved with siRNA may not be physiologically relevant for 

enough to elicit a clear cell behavioural change. Furthermore, the RNA interference machinery 

is mostly found in the cytoplasm meaning that long non-coding RNAs cannot be targeted by 

this method (Bassett et al., 2014). This warrants the development of a more robust model for 

knocking down SOX9 in NT2/D1 cells, as outlined in section 5.3. Appendix 3 has begun to 

address this challenge with the development of a stable Cas9-expressing NT2/D1 cell line 

which can be used to reliably excise Sox9 from the genome using Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR). Future experiments should continue to 

develop and validate this approach. CRISPR is not without its caveats however, with the 

potential for off target deletions now well documented. Therefore, by having both models 

available, the appropriate direction can be taken given the gene of interest. 

Finally, this thesis has identified NEDD9 as a SOX9 target in Sertoli cells and has identified a 

possible role for NEDD9 in controlling proliferation in the testis. Unfortunately, only a small 

sample size of mutant mice was able to be collected and analysed. Future experiments 

involving the use of fresh Nedd9 knockout gonad tissue will be important so that multiple 
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proliferative markers can be assessed over a wide range of time periods, including at birth, 

puberty and in adulthood. Furthermore, experiments involving the monitoring of the fertility of 

these male mice will be interesting. So far, no reproductive defects have been reported but 

litter sizes and pregnancy efficiency are yet to be reported on in Nedd9 knockout mice. 

Additionally, NEDD9 should be investigated as a DSD gene in humans. While mouse fertility 

is very resilient to reductions in testicular size, human fertility and testis function is directly 

regulated to testicular size (Condorelli et al., 2013). 

5.6 Conclusions 

This thesis has investigated target genes of SOX9 in the developing testis. Transcriptomic 

analyses and and cell phenotyping indicated that SOX9 divides its labour (i.e. various Sertoli 

cell functions) among target genes in the developing testis. Many characteristics of embryonic 

Sertoli cells required for fertile male development have been identified, and some of these 

have been linked to SOX9 via target genes (Figure 5.1) (Nel-Themaat et al., 2011). Given 

that SOX9 is both necessary and sufficient to induce the formation of the testis, and thus 

embryonic Sertoli cell behaviours, it is likely that as more target genes are discovered and 

their functions characterised, SOX9 will be connected to all of these behaviours. One such 

gene, NEDD9, has been identified as a testicular target of SOX9. NEDD9 likely controls cell 

proliferation cell polarity in Sertoli cells. Using a stringent filtering approach 37 candidate 

genes were identified, some with established functions in the testis, or known to be involved 

in fertility. Given that production of sperm is critical to the function of the testis and fertile male 

development; it is unsurprising that SOX9 target genes are involved in the establishment or 

maintenance of fertility. Therefore, it is plausible to suggest that the key function of SOX9 in 

the testis is to regulate fertility through Sertoli cell function and maintenance. This regulation 

covers all functional aspects, from the establishment of the male gonad to the repression of 

the female genetic pathway and even the post-natal maintenance of an appropriate 

environment for spermatogenesis (Barrionuevo et al., 2009).  

Despite many advances in the sex determination field, including the use of Next Generation 

sequencing, the diagnostic odyssey for patients with DSD still remains vast. Current 

estimations of diagnosis rates are near 50% meaning that many patients and families are still 

left with the unknown (Barseghyan et al., 2018; Eggers et al., 2016). Improved diagnostic 

ability means improved genetic counselling, better understanding of reproductive options for 

the family, improved monitoring of associated risks and a cathartic effect (Lee et al., 2016). By 

investigating target genes of SOX9 in the developing testis, it is highly likely we will be able to 

improve these diagnostic rates (Barseghyan et al., 2018). It is hoped that by identifying and 
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characterising these target genes the mechanisms governing human testis development can 

be better understood to enable easier diagnosis of DSD.  
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Figure 5.1. SOX9 directs Sertoli cell behaviours by dividing its labour among target 

genes. Known SOX9 target genes have many roles in embryonic testis but there are many 

unknown genes to be characterised. On the left, embryonic Sertoli cell behaviours are listed. 

These are connected to characterised SOX9 target genes on the right, implicating SOX9 as a 

contributor to the behaviour. Cell adhesion, migration and Mesenchyme to Epithelial transition 

are yet to be linked to SOX9 target genes. NEDD9 has been included as a contributor to 

proliferation and possible contributor to polarity establishment. Combined, these Sertoli cell 

behaviours are required for fertile male development. (Arango, Lovell-Badge, & Behringer, 

1999; Barrionuevo et al., 2009; Beverdam et al., 2009; Bradford et al., 2009; Kashimada et 

al., 2011; Lin et al., 2017; Moniot et al., 2009; Nel-Themaat et al., 2011; Sekido & Lovell-

Badge, 2013; Tsuji-Hosokawa et al., 2018) 
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Appendix 1 

Materials and General Methods: 

General materials and methods are described here. Sections describing specific methods 

have been included in each chapter 

 

Chemicals and reagents: 

Chemical Manufacturer 

Ampicillin Sigma Aldrich 

Antibiotic-Antimyotic Gibco 

Antigen Citrate-based unmasking solution Vector, H-3300 

Butyrate Sigma Aldrich 

Dako Fluorescent Mounting Medium Dako, Agilent Technologies 

DMEM/F12 + Glutamax Gibco 

DNA grade Ethanol Sigma Aldrich 

DynabeadsTM Protein A Invitrogen 

Ethylene glycol-bis(β-aminoethylether) (EGTA) Sigma Aldrich 

Ethylenediaminetetraacetate (EDTA) Sigma Aldrich 

Fetal Bovine Serum Gibco 

Formaldehyde Sigma Aldrich 

Glycine Sigma Aldrich 

Lipofectamine 2000 Invitrogen 

Na-deoxycholate Sigma Aldrich 

Optimal Cutting Temperature compound (OCT) Tissue-Tek 

Opti-MEM Gibco 

Paraformaldehyde (PFA) Sigma Aldrich 

Phosphate buffered saline (tissue culture grade) Gibco 

Proteinase K Invitrogen 

PVDF membrane Millipore 

Sodium dodecyl sulphate (SDS) Sigma Aldrich 

Sudan Black B, Fat soluble diazo dye Abcam 

TRI Reagent® Sigma Aldrich 

Tris-Hydrochloride (Tris-HCl) Sigma Aldrich 

Triton X-100 Sigma Aldrich 

Tween 20 Sigma Aldrich 

Versene Gibco 
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X-tremeGENE 9 DNA Transfection Reagent Sigma Aldrich 

Yeast Extract Sigma Aldrich 

 

Kits: 

Kit Manufacturer 

Dual-Luciferase Reporter Assay System Promega 

ECL Western Blotting Kit GE Healthcare Life Sciences 

Genopure Plasmid Midi Kit Roche 

Mouse On Mouse (MOM) immunodetection kit Vector 

NE-PER Kit Pierce Biotechnology 

QuantiTect Reverse Transcription Kit Qiagen 

QuantiTect SYBR® Green Lightcycler RT-PCR Kit Qiagen 

 

Standard buffers and solutions: 

Solution Composition 

ChIP Elution Buffer 20mM Tris-HCl, pH 7.5 

5mM EDTA 

50mM NaCl 

ChIP Lysis buffer 50mM Tris-HCl, pH 8.0 

10mM EDTA 

1% SDS 

Protease cocktail inhibitor 

1mM Phenylmethylsulfonyl 

fluoride 

20mM Butyrate 

ChIP TE Buffer 10mM Tris-HCl, pH 8.0 

10mM EDTA 

Growth Medium DMEM/F12 + Glutamax 

10% Fetal Bovine Serum 

1% Antibiotic-Antimyotic 

Lysogeny Broth (LB) Agar 1.5% bactoagar added to LB 

medium 

Autoclave and add ampicillin 

when medium has reached 

55°C 
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LB Medium 1% (w/v) NaCl 

1% (w/v) tryptone 

0.5% yeast extract 

Phosphate Buffered Saline (PBS) 10mM Na2HPO4 

1.8mM KH2PO4 

2.7mM KCl 

137mM NaCl 

Adjust pH tp7.3 with HCl 

Radioimmunoprecipitation assay (RIPA) buffer 10mM Tris-HCl, pH 7.5 

1mM EDTA 

0.5mM EGTA 

1% Triton X-100 

0.1% SDS 

0.1% Na-deoxycholate 

100mM NaCl 

Protease Inhibitor Cocktail 

Tris-buffered saline with Tween 20 (TBS-T) 2.7mM KCL 

137mM NaCl 

19mM Tris base 

0.1% Tween 20 

Adjust pH to 7.4 

Towbin’s running buffer  25mM Tris 

192mM Glycine 

0.1% SDS 

Towbin’s transfer buffer 25mM Tris 

192mM Glycine 

20% (v/v) Methanol 
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Plasmids and siRNA: 

Name Source 

pcDNA3 Clontech 

pcDNA3-SOX9 Alankarage et al., 2016 

pEF-GFP Alankarage et al., 2016 

Pgl4.10 Promega 

siControl Santa Cruz, sc-37007 

siSOX9 Santa Cruz, sc-36533 

siNEDD9 A Sigma Aldrich, 

SASI_Hs01_00191226 

siNEDD9 B Sigma Aldrich, 

SASI_Hs01_00191227  

Negative Control siRNA Sigma Aldrich, SIC001 

 

Antibodies and cell markers: 

Antibody/cell marker Source 

4′,6-diamidino-2-phenylindole (DAPI) Sigma Aldrich 

Donkey anti-Goat Alexa Fluor 594 Thermo Fisher 

Donkey anti-Mouse Merck Millipore, AP160P 

Donkey anti-Mouse Alexa Fluor 594 Thermo Fisher 

Donkey anti-Rabbit Alexa Fluor 488 Thermo Fisher 

Donkey anti-Rabbit Alexa Fluor 594  Thermo Fisher 

Goat anti Rabbit Dako, P0448 

Goat anti-AMH Santa Cruz, sc-6886 

Mouse anti-CDH2 DSHB Hybridoma Product 

MNCD2 

Mouse anti-NEDD9 Abcam, ab18056 

Mouse anti-TBP  Santa Cruz, sc-421 

Mouse anti-β Tubulin Merck Millipore, MAB3408 

Rabbit anti-Laminin  Sigma Aldrich, L9393 

Rabbit anti-Phospho-histone H3 Merck Millipore, 06-570 

Rabbit anti-SOX9 Merck Millipore, AB5535 

Rabbit polyclonal IgG  Abcam, Ab37415 
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Cell lines: 

Cell line ID Description 

COS-7 ATCC CRL 1651 Monkey kidney fibroblast cell 

line 

NT2/D1 (NTERA 2 cl. D1) ATCC CRL-1973 Multipotent human testicular 

embryonic carcinoma cell line 

 

Primers: 

Name Manufacturer 

hAMH Fwd- CCAGCGCTGTCTAGTTTGGT 

Rev- GCAGAGTGGCCTTCTCAAAG 

hNEDD9 Fwd- CAAGTGCCACCTTCCTACCA 

Rev- AGACGTCCTTTTGGTATCTGGA 

hRPS29 Fwd- GCACTGCTGAGAGCAAGATG 

Rev- ATAGGCAGTGCCAAGGAAGA 

hSOX9 Fwd- ATCTGAAGAAGGAGAGCGAG 

Rev- TCAGAAGTCTCCAGAGCTTG 

 

Nedd9 Promoter ChIP primers: 

 Forward Reverse 

1 CGCAGGCACAGCTTTCAG GGCACCGCAGTGCTTAAT 

2 GTGGGTTGAGCCGTTTTC CCGGGACCTTCTCGCTTT 

3 ACACTAGTTAAGACAGCATTAAGCACT ACTGACAAGCGGCTCTGC 

4 GCGCTAGATGAAAGCGAGA AATGAGGTCCGCGATCAG 

5 AGCGCCTCCCTCAAGTCT CAGGGCCTGAGCATTACC 

6 GCTGATCGCGGACCTCAT AGCAAAAAGAAGCGATCACA 

7 TGCCCACCCCTAATTCTG CAGGACGGTTCCCCACTT 

8 TGACAAAGAACTTGTAATGTGATCG GGAGGACAGAGTAAGGTTCAGG 

9 AAGTGGGGAACCGTCCTG CAGTTTCTTTAAAATTTGGGTTAATCT 

10 GAAAGAACAGGAAAAGGAGATACA TGAAGGAGTTGCTAGGTCACAG 

11 CACAAAAGCAGTCTGACAGTCG CGTTTCATGTAGAGATTGTGAGG 

12 TCTGACAGTCGCGCTTCC TTTGTTCCCGGAGTTCGT 

13 ATGAAACGAACTCCGGGAAC GGAAAGAAAAAGGGACAGAGAG 

14 CTCCGGGCCCCTTTTTACT CAAACAGTCACACACACACAAA 

15 TGCTGATACCTCTCTCTCTCTCTG TGCAGACTGACATCGCAAA 

16 TGTGTGTGTGACTGTTTGCTTTTT GCGTGTGCTAGAGGGTTCC 

17 TGCGATGTCAGTCTGCAA GTGTGACCCGCAACTCTGA 

18 ACACGCACCAGCGTTTTC ACCCCATCCGAGAGGTCA 

19 GCGACCTTCAGTGGCTTT GAACTCAGTGGACGGTGATG 
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Transformation of DNA into Escherichia coli- DH5α competent cells (50µl) were thawed on 

ice. Cells were incubated with 10ng of plasmid DNA for 20 minutes. The cells were then heat 

shocked at 42°C for 45 seconds and then allowed to recover on ice for 2 minutes. 1ml of LB 

medium was added to the cells and they were incubated at 37°C for 1 hour with shaking at 

250rpm. 100µl of bacterial culture was spread onto a LB agar plate with 100µg/ml of ampicillin 

to select positively transformed colonies. Plates were incubated at 37°C overnight.  

Midiprep isolation of DNA plasmid- A starter culture was generated by inoculation of a single 

bacterial colony from a LB agar plate in 3ml of LB medium containing 100µg/ml of ampicillin 

and incubated for 8 hours at 37°C with shaking at 250rpm. The starter culture was then added 

to 100-200ml of LB medium containing 100µg/ml of ampicillin and incubated overnight at 37°C 

with shaking at 250rpm. Plasmid DNA was isolated using the Genopure Midi kit according to 

the manufacturer’s instructions.  

NT2/D1 cell culture- Cell lines were sub-cultured every 2-3 days when 90% confluency was 

reached. Cell culture media was removed by aspiration and cells were washed in PBS. After 

discarding PBS, cells were submerged in just enough Versene to cover the surface at 37°C 

for 5 minutes, followed by mechanical dissociation through a pipetteboy to ensure cells were 

in a single cell suspension. Cells were then diluted to 4x the volume in fresh filtered growth 

medium. A 1 in 4 dilution was sub-cultured into fresh, filtered growth medium in a new cell 

culture flask.   
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Appendix 2 

Gene lists from RNAseq analysis 

Table 1. Transcriptional profiling of genes activated by Sox9 (Amh-Cre Sox9flox/flox RNAseq) 

and cell type enriched genes (Jameson et al., 2012; Rahmoun et al., 2017) 

Sertoli cell enriched  Male germ cell 
enriched  

Interstitial/Leydig 
cell enriched  

Granulosa cell 
enriched 

Female germ cell 
enriched 

Gjb2 Uchl1 Hhip Uchl1 Rnf208 
Padi2 Utf1 Sostdc1  Cited1 
Sox10 Rbm38 Olfml3  AU015836 
Rnf208  Ptch1  Rtn4rl1 
Sox9    Cenpv 
Gm10863    Fgf13 
Tesc    Nudt19 
Cldn11    Dsp 
Mall     
Jakmip2     
Nt5e     
Gprin3     
Cadps     
Cited1     
Col9a3     
Amh     
Sh3gl2     
Serpine2     
Erbb3     
5330417C22Rik     
2810432L12Rik     
Tmem117     
Dtna     
Trpc3     
AU015836     
Spint2     
Ptgds     
Efhd1     
Cnga1     
Rasl12     
Gstm7     
D3Bwg0562e     
Hist1h2bc     
Kcnh1     
Mapk4     
Col14a1     
Cacna2d2     
Socs2     
Dhh     
Gdnf     
Smtnl2     
Plcb2     
Slco3a1     
Rtn4rl1     
Mmd2     
Rcan1     
Rnd2     
Efhd2     
Adamts16     
Tmcc3     
Tox     
Qsox2     
Shbg     
Cbln4     
Chchd10     
Trim47     
Cenpv     
Mybl1     
Cst9     
Gstm6     
Abtb2     
Limk1     
Entpd5     
Ctsl     
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Rab31     
Ttyh1     
Fgf13     
Msi1     
Eps8     
Ppp1r16b     
Slc6a8     
Fbln2     
Slc7a5     
Glt25d1     
Ankrd13a     
Tacc1     
Ttyh3     
Myo7a     
Tmem185b     
Nudt19     
Dsp     
Scara5     
Fat1     
Ctnna2     
Synj2     
Atp1a1     
Slc45a4     
Slc20a1     
Gpr37     
Nedd9     
Pak3     
Rps6ka2     
Tyro3     
Plod2     
Arhgef10     
Slc38a1     
Gas7     

 

 

Table 2. Transcriptional profiling of genes repressed by Sox9 (Amh-Cre Sox9flox/flox RNAseq) 

and cell type enriched genes (Jameson et al., 2012; Rahmoun et al., 2017)  

  
Sertoli cell enriched  Granulosa cell 

enriched 
Female germ cell 
enriched 

Ccl17 Akr1c14 Jazf1 
Nxf3 Cacna1d  
Ppargc1a Cgn  
 Cntnap5a  
 Dclk1  
 Dsc2  
 Gdpd2  
 Grik3  
 Mllt3  
 Rnf43  
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Table 3. Lists of genes created when analysing the Mouse and Bovine (MoBo) Sox9 

ChIPseqs, Amh-Cre Sox9flox/flox RNAseq (published in (Rahmoun et al., 2017)) and E13.5 

Sertoli cell enriched genes (Jameson et al., 2012) 
MoBo ChIP and 
downregulated 
RNAseq 

Column 1 and 
enriched in E13.5 
Sertoli cells 

Column 1 and not 
enriched in E13.5 
Sertoli cells 
 

Mouse ChIP only, 
downregulated 
and enriched in 
E13.5 Sertoli cells 

Bovine ChIP only, 
downregulated 
and enriched in 
E13.5 Sertoli cells 

Mybl1 Mybl1 Sox13 Sft2d2 Ankrd56 

Serpine2 Serpine2 Gja1 Smyd2 Nkx3-1 

Tmem185b Tmem185b Col18a1 Socs2 Kif19a 

Amh Amh Elmo1 Cenpv Nt5e 

Tmcc3 Tmcc3 Ptch1 Trim47 Gprin3 

Gas7 Gas7 Basp1 Tmem30b Lgr5 

Smtnl2 Smtnl2 Aard Nkd2 Cited1 

Rtn4rl1 Rtn4rl1 Tuba1c Gjb2 Col9a3 

Rnd2 Rnd2 Olfml2a Gdnf Erbb3 

Sox9 Sox9 Col27a1 Ank Ptgds 

Entpd5 Entpd5 Kif2c Trib1 Gstm7 

Dsp Dsp Col9a2 Slc38a1 D3Bwg0562e 

Ctsl Ctsl Uchl1 Abca2 Col14a1 

Tmem117 Tmem117 Lrrc8b Qsox2 Rcan1 

Sox10 Sox10 Arpc1b Gm1337 Col2a1 

Dhh Dhh Foxm1 Rbm38 Hhip 

Dtna Dtna Ptpn5 Cbln4 Pgp 

Mapk4 Mapk4 Mesdc1 Fabp5 Scrib 

Abtb2 Abtb2 Stim1 2810432L12Rik 2900010M23Rik 

Tyro3 Tyro3 Ssbp4 BC057022 Gstm6 

Trpc3 Trpc3 Mmp15 Gng12 Rab31 

Atp1a1 Atp1a1 Pvrl1 Mcm2 Ttyh1 

Tox Tox  Lrig1 Fgf13 

Sh3gl2 Sh3gl2  Pde2a Ppp1r16b 

Efhd2 Efhd2  Utf1 Col25a1 

Ankrd13a Ankrd13a  Fat1 Sostdc1 

Msi1 Msi1  Plod2 Smoc1 

Limk1 Limk1   Psmd3 

Ttyh3 Ttyh3   Slc20a1 

Gpr37 Gpr37   Nedd9 

Spint2 Spint2   Rps6ka2 

Nudt19 Nudt19   Ucp2 

Slco3a1 Slco3a1   Fkbp1a 

Arhgef10 Arhgef10    

Tacc1 Tacc1    

Glt25d1 Glt25d1    

Slc7a5 Slc7a5    

Sox13     

Gja1     

Col18a1     

Elmo1     

Ptch1     

Basp1     

Aard     

Tuba1c     

Olfml2a     

Col27a1     

Kif2c     

Col9a2     

Uchl1     

Lrrc8b     

Arpc1b     

Foxm1     

Ptpn5     

Mesdc1     

Stim1     

Ssbp4     

Mmp15     

Pvrl1     
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Appendix 3 

Development of a new model of human Sertoli cell function 

Introduction 

Chapter 3 of this thesis has addressed a key challenge in assessing candidate DSD genes for 

their cellular function in the development of the testis by developing methods of assaying 

Sertoli cell function. In Chapter 3, SOX9 was knocked down and changes to Sertoli cell 

functions were assessed. In Chapter 4, this analytical method was also applied to a candidate 

SOX9 target gene, NEDD9. This successfully predicted a Sertoli cell function, for which a 

corresponding phenotype was found in the embryonic testis of Nedd9 knockout mouse 

gonads. 

Whilst providing robust results, the current use of NT2/D1 cells in these assays has its caveats, 

mainly stemming from the use of short interfering RNA (siRNA) to knockdown the gene of 

interest. RNA interference is an extensively used approach for reverse genetics, and until 

recently was undoubtedly the most extensively used approach (Boettcher & McManus, 2015). 

The use of siRNA relies on the ability of the designed nucleotide to hijack the cells RNA 

interference machinery and post-transcriptionally target mRNA for degradation. A great 

advantage of the use of siRNA is that this silencing machinery is present in almost every 

mammalian cell type so, with a simple transfection a change in transcripts present can be 

rapidly observed (Wilson & Doudna, 2013). Manipulation with siRNA results in a transient 

knockdown meaning that gene expression will not be completely abolished, and the effects 

are not permeant. This is a safe and rapid method of reducing gene expression. However, 

these features also mean that transfection and siRNA can skew observed phenotypic results 

in repeat experiments. Additionally, the reduction achieved with siRNA may not be 

physiologically relevant for enough to elicit a clear cell behavioural change. Furthermore, the 

RNA interference machinery is mostly found in the cytoplasm meaning that long non-coding 

RNAs cannot be targeted by this method (Bassett et al., 2014).  

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) provides a solution to 

these problems. This relies on the use of a CRISPR associated protein, the most common 

being Cas9, which is a programmable DNA nuclease (Boettcher & McManus, 2015). Thus, 

with a properly designed single chimeric guide RNA (sgRNA), Cas9 can be programmed to 

edit the genome and completely knockout a gene of interest. Unless the gene is essential for 

the cell, thus causing death with complete ablation, this will exacerbate any phenotypes 

relative to siRNA knockdown. By creating a stable Cas9 expressing NT2/D1 cell line, the 

process of CRISPR the speed at which gene editing can be completed can be sped up relative 

to using a wildtype NT2/D1 cell line. This means that multiple sgRNAs can be screen for 



Appendices 
 

160 
 

efficiency at the same time using cells from a homogenous origin. It is worth noting however 

that this approach is also not without its caveats. Firstly, evidence is emerging of off target, 

long range deletions using CRISPR. Functionally these may have an effect on the cell line 

created, demanding the need for screening with multiple sgRNAs (Kosicki, Tomberg, & 

Bradley, 2018). Secondly, this approach is not totally efficient as every copy of the gene needs 

to be successfully edited in order to achieve homozygous disruption (Ran et al., 2013). Again, 

this demands the need for screening of several clonal lines. Furthermore, this process takes 

a lot longer than siRNA knockdown with maximum gene editing observed after 5 to 8 days 

(Wang, Wei, Sabatini, & Lander, 2014). Therefore, by having both models available, the 

appropriate direction can be taken given the gene of interest.  

Thus, the following experiments aimed to create a stable Cas9 expressing cell line. A proof-

of-concept experiment is also planned where the intent is to knockout SOX9 and compare 

phenotypic and functional changes with the results observed in Chapter 3 of this thesis. 

Methods 

All experiments conducted in this appendix have biosafety approval from the Monash 

University Ethics and Compliance Committee, Project 12177. All viral vectors have been 

supplied by MHTP Functional Genomics Platform and experiments were undertaken with kind 

advice of A/Prof. Joseph Rosenbluh 

Antibiotic Sensitivity test- NT2/D1 Blasticidin (Gibco #A111-38.03) and Puromycin (Gibco 

#A111-39.03) sensitivity was tested by culturing wildtype cells as described in (Knower et al., 

2007) with a gradient of antibiotic concentrations for 8 and 4 days respectively. Specifically, 

NT2/D1 cells were seeded in a 12 well plate at a density of 1.3x105 cells per well. After 24 

hours, the cells were gently washed with 37°C PBS and the media was replaced with fresh 

culture media and blasticidin or puromycin. Blasticidin or puromycin concentrations ranged 

from 0-10µg/ml. Cell death was monitored daily, with media and antibiotics replaced every 48 

hours. Antibiotics were always prepared fresh from a 10mg/ml stocked stored at -20°C. 

Optimal concentration was determined when complete cell death was observed after 6 days 

for blasticidin and 2 days for puromycin. 

Virus production- Cas9 expressing virus and validation virus was generated by MHTP 

Functional Genomics Platform. Future viruses carrying sgRNA will be produced by Harley lab 

using the following guidelines. HEK293T cells at a low passage were transfected using 

standard transfection protocols (Knower et al., 2007) with psPAX2 plasmid, pMD2.g plasmid 

and a transfer plasmid (lentiGuide-puro, www.addgene.org) encoding the donor nucleic acid 

of interest. Media is collected after 24 and 48 hours, pooled and used in transduction. 

http://www.addgene.org/
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Spinfection- In a 12 well plate, 1.3x105 NT2/D1 cells were seeded in 1ml of media per well, 2 

wells in total. 1000µl of virus was added to well 1 and the equivalent volume of media to well 

2. The plate was then centrifuged at 1070g for 30 minutes at room temperature before being 

placed in an incubator at 37°C. 24 hours post transfection, medium was replaced in both wells 

with 2ml of normal growth medium heated to 37°C with 0.6µg/ml of blastocidin. Cell death was 

monitored daily, with media and antibiotics replaced every 48 hours. When all cells in the 

control well were dead (6 days post transduction) the surviving cells in the infected well were 

considered transduced. Cells were then expanded and moved into larger vessels with 

blasticidin maintained in medium at 0.6µg/ml. 

Testing of Cas9 activity- In a 12 well plate, 1.3x105 NT2/D1-Cas9 cells were seeded in 1ml of 

media plus 0.6g/ml blastocidin per well, 2 wells in total. In a third well, 1.3x105 wildtype NT2/D1 

cells were seeded in 1 ml of media only. 1000µl of BRD011 virus (a construct driving co-

expression of GFP and a guide which targets the GFP sequence) was added to well 1 

(NT2/D1-Cas9) and well 3 (wildtype NT2/D1), and the equivalent volume of media to well 2 

(NT2/D1-Cas9). As per the protocol above the plate containing the cells was then centrifuged 

at 1070g for 30 minutes at room temperature before being placed in an incubator at 37°C. 24 

hours post transfection, medium was replaced in both wells with 2ml of normal growth medium 

(plus 0.6µg/ml blasticidin in wells 1 and 2) heated to 37°C plus 1µg/ml of puromycin. GFP 

expression and cell death was monitored daily, with media and antibiotics replaced every 48 

hours. When all cells in the control well 2 were dead (2 days post transduction) the surviving 

cells in the infected well were considered transduced. Cells were then expanded and moved 

into larger vessels with blasticidin maintained in medium at 0.6µg/ml. 

sgRNA design- sgRNAs were designed using the Broad Institute sgRNA design tool 

(https://portals.broadinstitute.org/gpp/public/). Guides were designed for CRISPRko using the 

SpyoCas9 (NGG) enzyme using the Human GRCh38 genome and sequence of SOX9. The 

top 5 designed sgRNA sequences, as defined using the sgRNA design tool were selected for 

synthesis. The following published AAVS1 guides were ordered to be synthesised as to use 

as a control: ATCCTGTCCCTAGTGGCCC (Maggio et al., 2014), 

GGGGCCACTAGGGACAGGAT (Mali et al., 2013), GGGGCCACTAGGGACAGGAT (Wang 

et al., 2014). 

Results  

Active Cas9-expressing NT2/D1 cells  

NT2/D1 cells were infected with a virus co-expressing Cas9 and blasticidin resistance. Cells 

which survived this antibiotic selection were considered Cas9 positive but confirmation of Cas9 

activity was still required. Cas9 activity was verified by infecting cells with a construct driving 

https://portals.broadinstitute.org/gpp/public/
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co-expression of GFP and a sgRNA which targets the GFP sequence. Thus, if the Cas9 

protein is active in the NT2/D1 cells, GFP expression will be seen initially and then will be lost. 

Figure 1 demonstrates that 1 day post infection with the GFP construct, GFP positive cells 

are seen in both the wildtype NT2/D1 cells and the NT2/D1-Cas9 cells. As a negative control, 

NT2/D1-Cas9 cells not infected with the GFP virus are also shown. After 2 days, GFP 

expression is reduced in the NT2/D1-Cas9 cells while the expression increased in the wildtype 

NT2/D1 cells. Here, expression is seen as both concentrated patches of green and as a 

speckled lawn. At 2 days post infection, all negative control cells (NT2/D1-Cas9) are dead due 

to being grown in puromycin. By 4 days post infection, GFP expression is lost from the 

NT2/D1-Cas9 cells and is further increased in the wildtype NT2/D1 cells. At day 4, the cells 

with puromycin resistance are overgrowing resulting in loss of viability. Thus, this experiment 

demonstrates that NT2/D1 cells expressing stable Cas9 have been produced. 
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Figure 1 Active Cas9-expressing NT2/D1 cells. Cells were photographed 1, 2 and 4 days 

post-infection with GFP and corresponding sgRNA construct. NT2/D1-Cas9 refers to cells 

which have been infected with a Cas9 expressing construct and survived selection using 

basticidin resistance. +GFP refers to cells which have been infected with the GFP and 

corresponding sgRNA construct. The negative control, NT2/D1-Cas9 was only photographed 

for 1 day as all cells were dead by day 2.  
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Following the production and initial validation of these cells an unforeseeable, catastrophic 

event resulted in the destruction of the stocks of NT2/D1-Cas9 cells. Despite multiple attempts, 

they were unable to be recovered. Subsequent experiments designed to knockout SOX9 

therefore could not be completed in the scope of this thesis. These experiments are being 

repeated by other Harley lab members using the protocols detailed above and the sgRNAs 

designed in Table 1.  

Table 1. sgRNAs designed to knockout SOX9 
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