
Gene expression during testis determination in 

the mouse

Adam  Michael Hacker

A thesis submitted for the Degree of Doctor of Philosophy 1995

Department of Developmental Genetics, 

National Institute for Medical Research, 

The Ridgeway, Mill Hill,

London, NW7 1AA.

The Institute of Cancer Research, 

Royal Cancer Hospital,

University of London,



ProQuest Number: 10044389

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10044389

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



For my parents

- 2 -



Table of Contents

Table of Contents ..........................................................................................................3

List of Figures and Tables............................................................................................. 7

Acknowledgements ....................................................................................................... 9

Abbreviations .............................................................................................................. 10

Abstract........................................................................................................................ 11

Chapter 1: Introduction............................................................................................. 12

1.1 Environmental sex determination............................................................ 14

1.2 Chromosomal sex determination.............................................................. 15

1.2.1 Drosophila melanogaster and Caenorhabditis elegans sex 

determination....................................................................................... 15

1.2.2 Avian sex determination............................................................ 18

1.2.3 Mammalian sex determination..................................................19

1.2.3.1 Marsupial sex determination (19)

1.2.3.2 Eutherian sex determination (20)

1.3 Gonadal sexual differentiation ................................................................ 21

1.4 Primordial germ cells..................................................................  22

1.5 Differentiation of the testes...................................................................... 23

1.6 Differentiation of the ovary...................................................................... 24

1.7 Secondary sexual differentiation...................................   25

1.8 XX sex-reversal and the search for the testis determining factor 29

1.9 The Sxr mutation in mice ........................................................................ 34

- 3 -



1.10 SRY  is a member of a family of genes....................................................38

1.11 XY sex-reversal .......................................................................................38

1.11.1 Tdyml mutation........................................................................ 38

1.11.2 HMG box mutations................................................................ 40

1.11.3 The Mus musculus domesticus Y chromosome.......................42

1.11.4 Y chromosomal deletions..........................................................44

1.11.5 Mice transgenic for S r y ............................................................ 44

1.12 Expression of S i y .....................................................................................45

1.13 Evolutionary divergence of S R Y ............................................................ 46

1.14 Description of thesis................................................................................ 47

Chapter 2: Materials and Methods .......................................................................... 49

2.1 Commonly used solutions and enzymes ..................................................49

2.2 Bacterial strains, plasmids........................................................................ 50

2.3 Molecular Biology techniques.................................................................. 50

2.3.1 Purification of DNA fragments from agarose g e ls ...................50

2.3.2 Preparation of vectors................................................................ 51

2.3.3 Cleaning DNA ends.............................................   51

2.3.4 Phosphorylation of 5’ ends ........................................................51

2.3.5 Ligations .....................................................................................51

2.3.6 Preparation of competent bacteria............................................52

2.3.6.1 Competent bacteria for plasmid transformation (52)

2.3.6.2 Competent bacteria for electroporation (52)

2.3.7 Transformation.......................................................................... 52

2.3.8 Electroporation.......................................................................... 52

2.3.9 Plasmid minipreps.......................................................   53

2.3.10 Sequencing.................................................................................53

2.3.11 Primer extension ...................................................................... 53

2.3.12 RNase protection assay............................................................ 54

2.3.12.1 RNase protection probes (54)

2.3.12.2 RNase protection (55)

- 4 -



2.3.13 DNA isolation.............................................................................56

2.3.14 RNA Extraction........................................................................ 56

2.3.15 Southern blotting...................................................................... 57

2.3.16 Hybridization.............................................................................57

2.3.17 Primers.......................................................................................58

2.3.18 Polymerase Chain Reaction (PCR).........................................58

2.3.19 Rapid amplification of cDNA ends by P C R ...........................59

2.3.19.1 3* RACE-PCR(59)

2.3.19.2 5’ RACE-PCR (60)

2.4 Mouse Stocks............................................................................................. 60

2.5 Sex chromatin staining in amnion cells....................................................61

Chapter 3: Results and Discussion

The adult testis Sry transcript........................................................................ 62

3.1 RNase Protection analysis of testis and SN18 R N A ...............................66

3.2 The transcript present in the adult testis is a c irc le ...............................69

3.3 Analysis of the minor unspliced adult testis transcript .........................72

3.4 The adult testis Sry transcript in transgenic mice ................................. 75

3.5 Discussion....................................................................................................78

Chapter 4: Results and Discussion

The genital ridge Sry transcript .................................................................... 84

4.1 Mapping of the Sry transcript in the developing gonad.........................85

4.1.1 5* analysis of S r y ...................................................................... 85

4.1.2 3* analysis of S r y ...................................................................... 92

4.2 Analysis of the O R F....................................................................   93

4.3 Homology between mouse and human S R Y ............................................93

4.4 Analysis of Sry transcripts in transgenic mice ......................................100

4.5 Quantitative time course of Sry and Amh expression........................... 100

4.6 Discussion..................................................................................................109

- 5 -



Chapter 5: Results and Discussion

Sox-3 an X-linked gene related to S r y .......................................................... 118

5.1 Introduction............................................................................................. 118

5.2 Primer extension analysis ...................................................................... 121

5.3 RNase protection analysis...................................................................... 122

5.4 Discussion................................................................................................. 127

Chapter 6: Results and Discussion

Identification of a spliceosome factor..........................................................129

6.1 Amh and Sap62 are transcribed independently.....................................129

6.2 Discussion................................................................................................. 141

Chapter 7: General Discussion.................................................................................147

Chapter 8: References............................................................................................... 157

-6



List of Figures and Tables

Figure 1. Secondary sexual difTerentiation......................................................... 26

Figure 2. The human and mouse Y chromosomes............................................... 30

Figure 3. Abnormal X-Y interchange leading to sex-reversal in humans . . .  32

Figure 4. The mouse Y chromosome and the origin of Sxr .............................. 35

Figure 5. cDNA and 5’ RACE-PCR products..................................................... 64

Figure 6. RNase protection analysis of testis and SN18 RNA .......................... 67

Table 1. Splice donor sequence .......................................................................... 69

Figure 7. RNase protection using antisense probes derived from 5* RACE

and cDNA isolates.................................................................................. 70

Figure 8. RNase protection analysis of the minor adult testis transcript. . . .  73

Figure 9. Analysis of expression of Sry in the adult testis of mice transgenic

for a 14.6 kb genomic fragment.......................................................... 76

Figure 10. Model to explain the generation of the circular Sty RNA..................79

Figure 11. RNase protection walk through the Sry genomic locus......................86

Figure 12. RNase protection using probes highlighted in figure l l A ................88

Figure 13. RNase protection analysis using probe 19 (sense).............................. 90

Figure 14. Features of the mouse Sry locus........................................................... 94

Figure 15. The Sry open reading frame..................................................................96

Figure 16. Comparison of human and mouse S R Y ...............................................98

Figure 17. Analysis of expression of Sry in the developing gonad of mice

transgenic for a 14.6 kb genomic fragment...............................101

Figure 18. Sry expression in the developing gonad and testis .......................... 103

Figure 19. Amh expressionin the developing gonad and testis  ........... 105

Figure 20. Timecourse of expression, comparing Amh and S r y ................. 107

Table 2. Translation initiation consensus sequences................................I l l

Figure 21. Primer extension analysis of the Sox-S transcript..................... 123

Figure 22. RNase protection analysing expression of Sox~3 in the

developing gonad........................................................................ 125

- 7 -



Figure 23. Alignment of human SAP62 cDNA sequence and the inferred

cDNA sequence of mouse Sap62 ......................................................130

Figure 24. The structure of the SAP62 and AMH  locus in human and mouse 134

Figure 25. RNase protection mapping of Amh and Sap62 transcripts 136

Figure 26. RNase protection examining the putative transcriptional start

site of S a p 6 2 ....................................................................................... 138

Figure 27. Comparisons of mouse, rat, bovine and human AMH  sequences

upstream of the open reading fram e................................................143

Figure 28. Expression of Amh in the 32.10 x MFl XX transgenics..................150

Figure 29. Expression of Sry in the 32.10 line of transgenics............................ 152

- 8 -



Acknowledgements

I am greatly indebted to my supervisor Robin Lovell-Badge for his help, advice, support and 

guidance over the last three years, without which this thesis would not have been completed.

In addition there are a number of people who helped make this all possible.

Blanche Capel who pushed me in the right direction and helped me get to grips with 

experimental work and dissections.

Paul Burgoyne for his help and discussions concerning the Y chromosome.

Nigel Vivian for providing various strains of mice and his technical skills.

I also owe thanks to the members of the lab both past and present; Michel Cohen-T annoudji, 

David Dresser, John Gubbay, Daniel Guerrier, Dan Gluckman, Shantha Mahadevaiah, 

Veronica Navraez, Silvia Nicolis, Mike Parsons, Lidia Perez, Larysa Pevny, Tristan 

Rodriguez, Shantini Sockanathan and Amanda Swain.

The excellent work of the photography (Jim and Frank) and graphics (John) departments 

at NIMR is greatly appreciated.

In addition I would like to thank my university supervisor Keith Willison and the members 

of Peter Goodfellow's lab for their collaboration.

Last but not least I would like to thank Tracy for putting up with me, particularly during the 

writing of this thesis.

-9



Abbreviations

ATP adenosine triphosphate

dATP 2' deoxyadenosine triphosphate

~ approximately

bp base pairs

°C Celsius

cDNA complementary deoxyribose nucleic acid

Ci Curie

CTP cytidine triphosphate

dCTP 2' deoxycytidine triphosphate

DNA deoxyribose nucleic acid

DTT dithiothreitol

GTP guanidine triphosphate

dGTP 2' deoxyguanidine triphosphate

kb kilobase pairs

MB megabase pairs

M molar

m milli

p micro

n nano

dNTP 2' deoxynucleotide triphosphate

OD optical density

^̂ P phosphate isotope

PCR polymerase chain reaction

RACE rapid amplification of cDNA ends

RNA ribonucleic acid

sulphur isotope

dTTP 2' deoxythymidine triphosphate

UTP uridine triphosphate

10-



Abstract
Sry, the Y linked testis determining gene, is expressed in the germ cells of the adult testis 
and somatic cells of the developing gonad. RNase protection analysis has been used to 

define the transcripts expressed in these tissues. In the adult testis two transcripts are 
present, a long RNA molecule, which includes part of both 5' and 3' arms of the inverted 

repeat spanning the Sry locus, and a 1.23 kb circular RNA. The transcript in the genital 
ridge is a conventional single exon of 4.9 kb initiating within the unique region of the Sry 

locus and extending into the 3' arm of the inverted repeat. Knowledge of this transcript 
allows predicts to be made concerning the protein product, reveals several features which 
may be involved in translational control and pinpoints the position of the promoter region.

The timing of Sry expression has also been examined using RNase protection as a 
quantitative technique on accurately staged samples. Sry transcripts are first detectable just 

after 10.5 days post coitum {àpc\ they reach a peak at 11.5 days and then decline sharply 
so that none are detected 24 hours later. The expression of other genes, including anti- 
Müllerian hormone {Amh) and Sox-3, have also been analysed carefully. Amh is the first 
known marker of Sertoli cell differentiation and has been proposed as a candidate target 

gene for the direct action of SRY. Amh expression begins 20 hours after the onset of Sry 
expression at a time when Sry transcripts are at their peak. While this does not prove a 
direct interaction between the two genes, it defines the critical period during which Sry must 
act to initiate Sertoli cell differentiation. Sox-3 shows the greatest degree of homology to 

Sry and maps to the X chromosome. In addition to being expressed in the developing 
central nervous system, Sox-3 transcripts are present at the same or even at a greater level 

than Sry in the non-germ cell portion of the genital ridge. These data imply that Sox-3 may 
be the evolutionary ancestor to Sry and may have a role in sex determination.

An investigation of the upstream region of Amh revealed the presence of an ubiquitously 

expressed gene encoding a spliceosome accessory protein, SAP62. The organization of the 
gene, including a possible transcriptional start site and polyadenylation site, has been 

determined. The mouse Amh and Sap62 transcription units are separated by only 309 bp. 
Sap62 is unlikely to have any specific role in sex determination but may influence the 

expression of Amh.
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Chapter 1: Introduction

Sexual reproduction occurs within every major phylogenetic branch of the animal and plant 

kingdom. However, there exists an obvious evolutionary problem in that sexual species 

must produce ofifepring of two distinct genders whereas asexual species need not. This has 

been termed the "twofold cost of sex". The reason for both the success and the existence 

of sexual reproduction lies in the benefit of mixing the gene pool through the process of 

recombination thereby allowing variation and diversification. Without recombination two 

advantageous mutations can occur in an individual only if the second mutation arises in the 

offspring of the first. Furthermore, deleterious mutations can only be removed fi'om asexual 

species either by back mutation (which is rare) or by death. The load of deleterious 

mutations, therefore, increases in species without recombination (Muller, 1964). Asexual 

reproduction allows rapid population expansion and can be seen as providing short term 

advantage over sexual species. Sexual reproduction provides long term benefits to the 

species allowing adaptation to environmental change.

The origin of sexual reproduction is not clear, though it is likely to have evolved numerous 

times in many species. Various regulatory mechanisms have evolved leading to differences 

in reproductive function, physiology, anatomy and behaviour between the sexes. 

Irrespective of the mechanism, the trigger is known to stem from a single decision during 

development which dictates which sexual differentiation pathway is to be followed. In terms 

of possible genetic mechanisms there are two possible triggers. There may be a specific 

chromosome responsible for sex, as is the case in mammals or a specific chromosomal 

complement may be required, usually involving the ratio of the number of X chromosomes 

to autosomes.

Given that sexual reproduction does exist why is the sex ratio, for the majority of species, 

maintained at approximately one to one? There is an inherent benefit in having a skewed 

sex ratio because one male is capable of fertilizing many females. If a sex ratio of one 

hundred females to one male should arise then each male would produce one hundred times 

more offspring than each female. However, under these circumstances there is an enormous
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selection pressure for each female to produce more males and thereby increase her 

reproductive success. The sex ratio would therefore oscillate and return to equality. The 

use of a genetic trigger will generally lead to a one to one ratio of males to females, and such 

a mechanism has been adopted by many vertebrates and invertebrates. However, in certain 

species the sex ratio appears to differ from equality. Fisher (1930) proposed that such a bias 

in the ratio might arise if the female invested equal resources into producing and rearing 

each sex. Such investment might be based on producing fewer but larger males and 

providing greater care to these individuals. Fisher's sex-ratio model was the first example 

of an "evolutionary stable strategy", however, examples are rare.

A divergence from a one to one sex ratio may arise under other circumstances. Groups of 

closely related individuals often exist isolated from other groups, either geographically or, 

as is the case for many parasites, within a host. Natural selection, in this case, favours the 

group over the individual. A hundred females and one male can be produced, thereby 

providing greater reproductive success. If by chance a female within the group produces 

more males her individual fitness would be increased, but this is at the expense of the 

reproductive success of the group.

Hierarchical species often show skewed sex ratios. Within a group of red deer {Cervus 

elaphus) dominant mothers have been shown to produce significantly more sons than 

subordinates, the mechanism responsible for this bias is unknown (Clutton-Brock et al.,

1984). The superior body condition and larger body size of dominant mothers makes them 

ideally suited to producing sons that are more successful than those of subordinates. Larger 

/ fitter males are more likely to become dominant and overrun other populations. The 

similar biasing of the sex ratio of subordinate hinds would have an effect of reducing their 

reproductive success because such males would be unlikely to become dominant. Recent 

work by Gaulin and Robbins (1991) has demonstrated that the hierarchy present within 

human populations can lead to sex-ratio bias (although the authors point out that the data 

may be invalidated due to problems in sampling error). When maternal income and the 

presence or absence of a co-resident adult male are taken as an indication of investment in 

offspring, it was found that mothers in "poor condition" invested more in daughters.
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whereas more investment in sons by mothers in "good condition" was the norm.

It is not surprising therefore that despite the obvious genetic mechanism which can be used 

to trigger the sexual fate of an individual, environmental factors have also been identified 

as being the device used by many species to determine sex. Environmental sex determining 

mechanisms allow a change in population structure according to the prevailing conditions.

1 ■ 1 Environmental sex determination 

Environmental sex determination mechanisms are known to occur in both vertebrates and 

invertebrates. Natural selection favours such mechanisms if an environment is not uniform. 

Some areas may be relatively better for female development, others for male (Chamov and 

Bull, 1977). Sex determination occurs only after the embryonic or larval stage has been 

exposed to certain environmental stimuli during development, these may include crowding, 

photoperiodicity, temperature, or the availability of food. The sex of many species of 

nematodes which parasitize insects and some which parasitize plants, for example, is 

determined after entering the host. Large female size must be more important to female 

fitness as high numbers of parasites result in an abundance of males whereas low density 

results in mostly females, e.g. the potato root eel worm Heterodera rostochiensis (Ellenby, 

1954). In the marine invertebrate Bonellia viridis overcrowding of the environment 

similarly plays an important role in determining the sex of individuals. Larvae that settle on 

the sea bed alone become large females, those that settle, attach and parasitize females 

become dwarf males (Cronmiller et a l, 1988). Experiments have shown that the female 

proboscis secretes a substance which may trigger the male developmental pathway, however 

other factors, which may include a predisposition to one sex, must be necessary as males 

may develop in cultures of females without probosci.

It is sunlight that is the environmental stimulus that determines sex in certain orchids, e.g. 

orchids in the genus Cycnoches or Catasetum. Female plants develop in bright light, males 

in shade (Gregg, 1975). Neither the reason nor the mechanism are understood.

Temperature dependent sex determination is very well documented and occurs in many
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reptiles and fish. A study by Ferguson and Joanen (1982) showed that incubating eggs of 

Alligator mississipiensis above 34°C leads almost exclusively to the development of males, 

below 30°C the embryos almost invariably develop as females. The switch mechanism has 

been shown to operate between the second and third week of incubation and appears to be 

irreversible (Deeming and Ferguson, 1988). In the common snapping turtle Chelydra 

serpentina the situation is reversed; low temperature of egg incubation giving rise to 

females, high to males (Janzen, 1992). Some species of fish are similarly subject to 

temperature sensitive sex determination. The cichlid fish Oreochromis niloticus, for 

example, is interesting as sex is determined by the presence of sex chromosomes but may 

be modified by temperature, high temperature giving rise to a male biased population. 

Unlike reptiles, however, litters comprising all male or all female offspring are rare. In this 

case temperature fluctuations serve only to modify the ratio (Barroiller et al. manuscript in 

preparation). Further studies have been undertaken by Woodward and Murray (1993) who 

have suggested that there may be a selective advantage for temperature dependent sex 

determination. In crocodiles, despite laying 600-800 eggs in a lifetime on average only two 

will survive to reproduce. Such a population can only survive if it is sponandrous (heavily 

female biased). Temperature sex determination allows the population to maintain a sex ratio 

bias and survive environmental change; different egg incubation temperatures produces 

populations adapted to a range of environments, adjusting the metabolic requirements, 

growth rates and maximum size of offspring. Such a mechanism might be thought of as 

inherently unstable but reptiles (crocodiles, turtles and a few lizards) with temperature 

dependent sex determination have persisted with virtually the same morphologies for over 

200 million years (Deeming and Ferguson, 1988).

1.2 Chromosomal sex determination

1.2.1 Drosophila melanogaster and Caenorhabditis elegans sex determination 

The sex determining mechanisms of two phylogenetically different organisms have been 

studied in great detail. In the fruit fly. Drosophila melanogaster and the nematode worm, 

Caenorhabditis elegans, the switch is based on the chromosomal complement. It is the X 

to autosome (X:A) ratio that is critical in triggering a cascade of regulatory processes 

namely X chromosome dosage compensation, somatic sexual development and germ line
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sex (Nusbaum and Meyer, 1989; Hodgkin, 1990; Parkhurst et al., 1990). The disparity in 

chromosomal complement between the sexes necessitates the incorporation of a dosage 

compensation mechanism to equalise the gene expression from the single X in one sex to 

the two Xs in the other sex. Dosage compensation could be achieved in two ways; gene 

expression could be up-regulated from the single X chromosome or it could be down- 

regulated when two are present. D.melanogaster adopts the former whereas C.elegans 

chooses the latter. The initial processes which are paramount to the sexual differentiation 

of each of these organisms is beginning to be understood.

In D.melanogaster the natural sexes are the XX female (X:A=1) and the XY male 

(X: A=0.5) (Bridges, 1921). The Y chromosome in D.melanogaster is not important in sex 

determination and carries only genes used for sperm maturation. Some species of 

Drosophila have no Y chromosome at all, e.g. D.annuliniana (White, 1948). An XX 

female / XO male system is also found in most nematodes. C.elegans itself shows a 

modification of this arrangement in that XX individuals develop into self-fertilizing 

hermaphrodites and XO develop as males. At a superficial level sex determination appears 

to be remarkably similar in these two organisms, however, a closer examination of the 

underlying genetic and molecular mechanisms have demonstrated that the processes are very 

different.

Sex determination in Drosophila is controlled by the master regulatory gene sex-lethal, Sxl 

(Cline, 1984). Sxl is believed to trigger the three subordinate pathways namely dosage 

compensation, somatic sex determination and germline sex determination (Oliver et a i, 

1993). Sxl activity must be on in XX and off in XY (or XO). If Sxl is expressed incorrectly, 

lethality results due to aberrant dosage compensation. Both sexes transcribe Sxl from mid- 

embryogenesis, but males transcribe a modified form that contains an extra exon. This 

incorporates an in-frame stop codon which results in a non-fimctional protein (Bell et al., 

1988). In females the Sxl protein, which contains an RNA binding domain, activates 

downstream genes by a process of differential splicing thereby controlling the female 

pathway. In addition it regulates its own splicing, ensuring that the male transcripts are not 

produced. Functional Sxl in females is originally transcribed from the SxF^ embryonic
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promoter. The RNAs transcribed from this promoter do not have the male specific exon and 

so are functional. Parkhurst et al. (1990) have demonstrated that the X: A ratio triggers the 

production of SxF^ in females by a "counting process". The mechanism takes into account 

the relative concentrations of a set of maternal and zygotic gene products. A number of X 

chromosomal sites act as "numerators". These include the transcription factors sis<i which 

encodes a leucine zipper (Cline, 1986), sis-b, a basic helix-loop-helix protein mapping to the 

achaete-scute (AS-C) complex (Torres and Sanchez, 1989), nmt, encoding a nuclear protein 

(Duflfy and Gergen, 1991) and recently a fourth, sis-c, has been cloned (Parkhurst and 

Meneely, 1994). These numerators are believed to form heterodimers with the maternal 

helix-loop-helix transcription factor daughterless {da) (Cronmiller et at., 1988). These 

heterodimers are capable of binding to the SxF^ and activating transcription, da occurs at 

high concentrations, so it is the limiting concentration of the numerators which determines 

whether or not Sxf^ is activated. In the male the levels of sis-a, -6, -c and runt are too low 

for the activation of the embryonic sex lethal promoter but the double dose in females is 

suflScient. Because Sxl transcription is maintained independent of the initial activating signal 

the effect of upregulation of transcription from the X chromosome through the process of 

dosage compensation has no effect on sex determination.

Like D.melanogaster the nematode C.elegans uses a single mechanism based on the X: A 

ratio to trigger both the appropriate choice of sexual fate and the level of X-linked gene 

expression (Villeneuve and Meyer, 1987). No unifying gene like sex-lethal has been 

identified. True numerators, like sis-a, -b, -c and runt, which are X-linked and have dosage 

sensitive effects on both sex determination and dosage compensation, have not been 

reported for C.elegans although approximately 20% of the X chromosome remains to be 

tested (Meneely, 1994). One autosomal and three X-linked loci have been identified that 

are clearly important in responding to the X: A ratio. These include Xol-1, sdc-1, sdc-2 and 

sdc-3 (for review see Meyer, 1988; Parkhurst and Meneely, 1994). Genetic analysis has 

demonstrated that mutations in these genes affect both pathways of sex determination and 

dosage compensation. Xol-1 is believed to be a negative regulator of sdc-I, sdc-2 and sdc- 

3. Thus in XX animals Xol-1 activity is low allowing sdc-1, sdc-2 and sdc-3 to promote 

hermaphrodite development. Unlike the situation in D. melanogaster where the regulation
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of the genes in the pathway is by post-transcriptional modification, including differential 

splicing, in C.elegans regulation seems to be by a process of activating or repressing 

transcription. Both sdc-1 and sdc-3 have been characterized and have been shown to 

encode zinc finger proteins, a motif common to many transcription factors (Nonet and 

Meyer, 1991; Delong et al., 1993).

The use of a chromosomal mechanism to determine sex must incorporate certain features; 

a counting mechanism to recognise the X chromosome to autosome ratio and a dosage 

compensation mechanism linked to and which does not interfere with the sex determination 

pathway. Both C.elegans and D.melanogaster are similar in this respect (Hodgkin, 1990). 

However, aside fi'om these, the sex determination mechanisms are quite different. Thus, 

fruitflies upregulate expression of genes on the X in males, nematodes decrease gene 

expression from the two X chromosomes in hermaphrodites; gene regulation occurs by 

activation or repression of gene activity in C.elegans, in Drosophila post-transcriptional 

modification is used. As would be expected from two evolutionarily distant species their 

sex determining mechanisms have arisen quite independently and similarities exist due to the 

process of convergent evolution.

1.2.2 Avian sex determination

In birds, females are the heterogametic sex having both a Z and a W chromosome, males are 

homogametic ZZ (for review see Bloom, 1974). The W chromosome appears to be 

cytogenetically highly variable in size, containing repetitive DNA and is also late replicating. 

The significance of these features and indeed the sex determination mechanism is not known. 

The W chromosome may contain minimal information necessary only for secondary sexual 

differentiation and fertility i.e. synonymous with the Drosophila Y, and sex may be 

determined by Z chromosome dosage. On the other hand the W chromosome may contain 

the information necessary for triggering the female differentiation pathway. Examination 

of intersex chickens by Abdel-Hameed and Shofl&ier (1971) has favoured the former 

hypothesis; triploid/ZZW intersex chickens had testicular tissue suggesting that the W 

chromosome is not important. More recent experiments examining intersex Cochin bantam 

chickens, having both an ovotestis with ovarian follicles and seminiferous tubules, and a
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normal testis have demonstrated that they are karyotypically triploid/ZZW (Fitzgerald and 

Cardona, 1993). Again this implies that the W chromosome is not female determining. 

However, ZO and ZZW aneuploid birds have not been identified. If sex is determined by the 

ratio of autosomes to sex chromosomes then such individuals should be female (Halverson 

and Dvorak, 1993). More experiments are required both to resolve this issue and to look 

for genes important in the pathway.

1.2.3 Mammalian sex determination

Unlike Drosophila and Caenorhabditis, mammals rely on a dominant genetic switch. Males 

and females differ in their chromosome complement, males normally have both an X and a 

Y chromosome and females have two Xs. However, it is clear that the presence of a Y 

chromosome is male determining, irrespective of the number of X chromosomes or 

autosomes (Welshons and Russell, 1959). Thus XO individuals are females and XXY 

individuals are male (Ford et al., 1959; Jacobs and Strong, 1959). Although the genetic sex 

of an individual is established at fertilization, the decision to follow the male or female 

pathway is not made until later in development with the differentiation of the indifferent 

gonad to either testis or ovary (Austin and Edwards, 1981).

1.2.3.1 Marsupial sex determination

Like the eutherian placental mammals, the metatheria or marsupials have a Y chromosome 

which is clearly male determining (Sharman et al., 1970). However they are unusual in that 

sexual dimorphism precedes morphological differentiation of the gonad. The Tammar 

wallaby {Macropus eugenii) has been studied by O et al. (1988) who have observed that at 

birth, at a time when the gonad is still indifferent, sexual differences are apparent. Males 

have scrotal bulges and a long thin gubemaculum, whereas females have mammary anlagen, 

pouch anlagen and a short thick gubemaculum. A detailed study of intersex individuals has 

demonstrated that in XO individuals lacking a Y chromosome a scrotum was apparent. The 

scrotum is believed to inhibit pouch and mammary gland development thereby causing an 

intersex (Sharman et al., 1970, 1990). In the presence of more than one X, scrotal 

development is inhibited and XXY wallabies have female sexual characteristics externally 

and male internally. Under this scheme the X is functioning in a dosage sensitive manner
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to initiate certain "secondary” sexual differentiation pathways. Examination of the American 

didelphid marsupial has confounded the problem, mammary anlagen are present in both 

sexes although they are less apparent in males (Renfree et a l, 1990) as is the case for 

humans, mice etc.. A number of genes located on the short arm of the human X 

chromosome have been found to be autosomal in Australian marsupials. There is evidence 

that at least two translocation events have been responsible for the movements of these 

genes (Spencer et a l, 1991). A study on the American marsupial has not been undertaken 

and it may be that different translocations have occurred. It may be that some of the loci 

controlling the development of the mammary gland are located on autosomes in the 

American marsupials (as may be the case for humans) and these may be present on the X 

chromosome, and responsive to X dosage, in the Australian marsupials. Further 

evolutionary analysis will be required to support such an hypothesis.

1.2.3.2 Eutherian sex determination
In eutherian mammals there is a clear distinction between primary and secondary sexual 
differentiation. In Drosophila and Caenorhabditis this distinction is not apparent. Due to 
the link between the dosage compensation mechanism and sex determination, the pathways 

must be activated early before the gonads have started to form and therefore occurs cell- 
autonomously in these species.

Experiments by lost (1947) have shown that in mammals it is the testis which produces the 

hormones that allow secondary sexual characteristics to develop in the male. By castrating 
rabbit fetuses in utero he showed that secondary female development ensued whether or not 

the castrated organ was male or female. This demonstrated that a testis was necessary for 

a male phenotype to result - female development being the default pathway. The formation 

of the testis, and therefore male development, can be said to require the presence of the Y 
chromosome, or more specifically a primary signal termed "the testis-determining factor" 

{TDF in man, Tdy - "testis-determining gene Y chromosome" in the mouse). This signal is 
required to switch the development of the indifferent gonad into the pathway which leads 

to the differentiation of the testes. The production of hormones by the testes then 

effectively exports the signal to the rest of the embryo, allowing secondary sexual 

characteristics to develop.
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1.3 Gonadal sexual différentiation 

The developing gonad is a unique bipotential organ. The presence of a Y chromosome 

causes the indifferent gonad to develop along the male pathway, the absence ensures 

development along the female pathway forming an ovary. The indifferent gonads or genital 

ridges form along the ventral side of the mesonephroi as bulges within the peritoneal cavity 

appearing as a distinct organ by 10.5 6pc in the mouse (Everett, 1943; Torrey, 1945; 

Witschi, 1948; Pelliniemi, 1975,1976). The gonadal primordium is thought to be comprised 

of four cell lineages, three somatic and one germ cell. These include: the supporting cell 

precursors, which in the female give rise to follicle cells and in the male SertoU cells; the 

steroid cell precursors producing Leydig cells in the male and interstitial Theca cells in the 

ovary; the connective tissue cells which develop into Tunica and peritubular myoid cells in 

the testis and Tunica and stromal cells in the ovary (see e.g. Capel and Lovell-Badge, 1993). 

The primordial germ cells (PGCs), which migrate into the genital ridge between 10 and 11.5 

àpc, become arrested in mitosis in the male and in the first meiotic prophase in the female.

The origin of the three somatic cell lineages is uncertain and controversial. Detailed electron 

microscopy (EM) and ultrastructural studies have implied that coelomic epithelium overlying 

the urogenital ridge and the tubules and mesenchymal cells of the mesonephros, which are 

also in constant contact with the gonads, are all involved (Witschi, 1951; Upadhyay et al., 

1979, 1981; Satoh, 1985, 1991). Increasing evidence is arising to suggest that the 

supporting cell precursors and the connective tissue cells are the most critical cell types for 

testis determination. In vitro culture experiments of explanted male genital ridge has 

demonstrated that migration of connective tissue cells from the adjoining mesonephros is 

required for Sertoli cells to form into cord structures at 12.5 àpc (Buehr et al., 1993a). The 

migrating mesenchymal cells give rise to peritubular myoid cells which surround the Sertoli 

cells. Buehr et al. (1993a) demonstrated that the sex of the adjacent mesonephros was 

unimportant for testis differentiation. These myoid cells have a role in synthesizing 

extracellular matrix components and therefore participate in the organization of the 

basement membrane surrounding the Sertoli cell cords. They are therefore vital for the 

organization and proper differentiation of the testis.
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Studies on male XX^XY chimaeras by Burgoyne et al. (1988a) and Palmer and Burgoyne 

(1991a) have shown that there was no bias in the proportion of XX and XY cells present 

amongst germ cells, Leydig cells, peritubular myoid cells and the vascularized connective 

tissue. However, the Sertoli cells were almost all XY and only rarely developed from cells 

with an XX chromosome complement. This has led to the suggestion that Tdy acts cell- 

autonomously within the supporting-cell lineage directing its differentiation to Sertoli cells. 

The finding that a small percentage of XX cells could develop as Sertoli cells may be 

explained if their development is via a non-cell autonomous mechanism. The experiments 

which were carried out by Palmer and Burgoyne (1991a) were undertaken at 13.5 d^c, at 

least a day after Sertoli cell differentiation. Thus the secondary development of XX Sertoli 

cells, as a consequence of the prior differentiation of XY cells seems a likely explanation. 

Similar studies examining female XX^XY chimaeras have demonstrated that XY cells can 

contribute to all cell lineages of the ovary including follicle cells with no apparent bias. The 

proportion of XY follicle cells was not significantly different from the XY contribution to 

other gonadal or non-gonadal cell lineages (Burgoyne et a i, 1988b; Palmer, S. and 

Burgoyne, 1991c). In this situation the XY supporting cells should be triggered to form 

fetal Sertoli cells by the action of Tdy, but if the number of these cells falls below a critical 

threshold they may not complete this differentiation and instead undergo secondary 

differentiation into follicle cells. In order to differentiate into a testis there is a requirement 

for a certain component of the gonad (>25%) to differentiate into Sertoli cells triggered by 

the action of Tdy, if this is not met then ovarian development causes the testicular 

component to transdifferentiate and the gonad becomes an ovary.

1.4 Primordial germ cells 

Primordial germ cells do not originate in the gonadal anlage but are first observed by 

alkaline phosphatase staining at the late gastrula stage mouse embryo, between 7 and 7.25 

6pc, in a cluster of cells posterior to the primitive streak (Ginsburg et al., 1990). Over the 

following days the PGCs divide and migrate towards the developing genital ridge, numbers 

increasing from approximately 150 at 8.5 dpc to 26,000 at 13.5 àpc (Tam and Snow, 1981). 

At 8.5 àpc PGCs lie at the base of the allantois then move to the epithelial lining of the 

hindgut, from approximately 9 6pc they emigrate from the hindgut into the dorsal mesentery
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(Clark and Eddy, 1975). At this stage the cells are undergoing morphological change and 

confocal microscopy experiments have demonstrated that the PGCs extend long processes 

which they use to associate with each other (Gomperts et a i, 1994). By 10.5 àpc cells are 

entering the genital ridge and by 11.5 dpc almost all have finished their migration and have 

formed into clusters.

Evidence that germ cells are not required for testis determination has come from a number 

of sources. Merchant (1975) used busulfan treatment to eliminate the germ cells in rat 

fetuses and testes develop normally. Examination of mice bearing the white spotting (W) 

or steel (S/) mutations, where germ cell migration into the genital ridge is impaired, has 

shown that the testes still form cords normally (Russell, 1955; Mintz and Russell, 1957; 

Buehr et al., 1993b). These results imply that it is the somatic component of the developing 

gonad which is responsible for its differentiation into testes.

1.5 Differentiation of the testes 

Prior to 11.5 dpc no morphological sex-specific differences are recognizable in the 

developing gonad. Within a 24 hour period between 11.5 dpc and 12.5 àpc in the mouse 

the initiation of testes development occurs with the alignment of cells into cords in the 

gonads of male embryos. It is the pre-Sertoli cells that aggregate and encompass the germ 

cells and are responsible for forming seminiferous cords (Satoh, 1985; Kanai et al., 1989; 

Merchant-Larios and Taketo, 1991). This change is initiated in the anterior part of the 

gonad and rapidly extends to the entire gonad (Satoh, 1985; lost and Magre, 1988). At the 

same time a basement membrane progressively forms around the cords. The germ cells 

undergo a last premitotic division and then arrest in the G1 phase of the cell cycle as 

prospermatogonial cells. Following the formation of cords, which occurs by 13.5 dpc, the 

interstitial cells differentiate into Leydig cells, recognizable at the EM level by their 

characteristic smooth endoplasmic reticulum (Capel and Lovell-Badge, 1993). Leydig cells 

are the endocrine cells of the testis that secrete testosterone. Soon after birth the germ cells 

resume division and the first wave of cells to enter meiotic prophase do so about 7 dpp 

(Hilscher and Hilscher, 1976; McLaren, 1988).

23



1.6 Differentiation of the ovary 

When compared with the testis, the development of the ovary is delayed. The first signs of 

differentiation occur when the germ cells enter meiosis after which the follicle cells 

aggregate around germ cells to form follicles (Torrey, 1945; Jost, 1970). In contrast to 

testis development, which can occur in the absence of germ cells, ovary differentiation is 

influenced by the presence or absence of germ cells (Taketo-Hosotani and Merchant-Larios,

1985). Germ cells enter meiosis at about 14 dpc, the interstitial cells differentiate into 

oestrogen producing theca cells and the mesenchymal cells form a loose stroma. By the 4* 

to 5* àpp all oocytes are arrested in late diplotene (Borum, 1961).

The developmental fate of germ cells is subject to signals from the surrounding tissues. 

Although the ability of a germ cell to complete gametogenesis does depend upon its sex 

chromosome constitution, the decision to embark upon oogenesis or spermatogenesis does 

not (McLaren, 1988). In a foetal testis both XX and XO germ cells go into mitotic arrest 

rather than entering meiosis. XX spermatogonia die shortly after birth apparently as a 

consequence of the reactivation of the second X chromosome. XO germ cells survive into 

the adult, form stem cells but block and die during differentiation because they lack a Y 

chromosome gene required for normal spermatogenesis (Levy and Burgoyne, 1986). In an 

ovary of an XY female mouse, the XY germ cells may form oocytes that can be fertilized 

and give rise to normal progeny (McLaren, 1988; Lovell-Badge and Robertson, 1990; 

Mahadevaiah et a l, 1993). Even when the Y chromosome is entirely normal, as in an 

XX*» XY female chimaera, the XY germ cells can enter meiosis and give rise to oocytes 

(Ford et al., 1975). By looking at germ cells that fail to migrate to the genital ridge, the 

developmental path of germ cells can be followed in a different "environment". Germ cells 

lying in the adrenal primordium enter meiosis before birth and develop as oocytes even if the 

embryo is male. Closer to the developing testis, some of the germ cells which have migrated 

as far as the mesonephros enter meiosis before birth, others enter mitotic arrest as they 

would in the testis (Zamboni and Upadhyay, 1983). These data imply that germ cells are 

essentially female, early entry into meiosis being the default. Germ cell sex is also influenced 

by diffusible signals from the testis putting them into mitotic arrest early.
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1.7 Secondary sexual differentiation 

The Müllerian ducts have the potential to differentiate into the oviducts, uterus and upper 

vagina of the female reproductive tract (see figure 1). The Wolffian ducts can differentiate 

into the vas deferens, epididymides and seminal vesicles of the male reproductive tract (see 

figure 1) (Jirasek, 1971; Dyche, 1979). During male development, fi’om approximately 12.5 

àpc, the Sertoli cells of the foetal testis secrete anti-Müllerian hormone, AMH, also called 

Müllerian inhibiting substance, MIS (lost, 1953; Münsterberg and Lovell-Badge, 1991). 

The secretion of AMH induces the regression of the Müllerian ducts thereby preventing the 

development of the female reproductive tract. Subsequently, the Leydig cells produce 

testosterone which is responsible for stabilizing the Wolffian ducts and allows their 

differentiation into epididymis, vas deferens and seminal vesicles. The development of the 

penis shaft, scrotum and glans penis from the genital eminence is also due to testosterone. 

During female development, the foetal ovaries do not produce AMH thereby allowing the 

Müllerian ducts to differentiate. The absence of testosterone leads to the regression of the 

Wolffian duct system and the development of female external genitalia. It is the female 

pathway that is the default pathway, the differentiation of Sertoli cells and production of 

hormones diverts embryogenesis towards the male pathway.

If the above hypothesis, regarding the role of AMH and testosterone, is true then individuals 

should exist with mutations which perturb the system. The molecular defect in Testicular 

feminization {Tjm) is a deficiency of androgen receptors (Lyon and Hawkes, 1970; Attardi 

and Ohno, 1974; Migeon et al., 1981). Affected individuals have an XY genotype and 

possess testes which secrete testosterone, but externally they resemble females and have 

neither WolfiBan ducts, which are absent because they are unable to respond to testosterone, 

nor Müllerian ducts which regress due to the normal action of AMH.

Mutations also exist which affect AMH action causing a type of male 

pseudohermaphroditism, known as persistent Müllerian duct syndrome (PMDS). 

Individuals have a 46 XY karyotype and have male genitalia and testes, although these are
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Figure 1. Secondary sexual differentiation (from Capel and Lovell-Badge, 1993). 

Expression of the testis determining factor results in the differentiation of the gonadal anlage 

along the male pathway, in its absence the female pathway is followed. In the male the 

secretion of testosterone by Leydig cells causes the differentiation of the male ductal system, 

in addition the action of anti-Müllerian hormone, secreted by the Sertoli cells, causes the 

regression of the Müllerian ducts. In the female the absence of AMH allows the Müllerian 

ducts to develop into the female genital tract and the absence of testosterone causes the 

degeneration of the Wolffian ducts.
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often undescended, in addition they also have Fallopian tubes and a uterus. Analysis of 

these patients has demonstrated that mutations may be in the AMH gene itself or in the 

AMH receptor, both leading to a failure in Müllerian duct regression thereby allowing 

female tract development (Guerrier et al., 1989; Knebelmann et a l, 1991; Imbeaud et a l, 

1994; Loeff et a l, 1994). Testosterone production by the testes in these patients is 

unaffected, which accounts for essentially normal development of male internal and external 

genitalia. Behringer et a l (1994) recently carried out a targeted disruption of Amh. AMH 

deficient mice had a phenotype similar to human PMDS patients, where XY animals 

developed female reproductive tracts, with upper vagina, uterus and oviducts, although the 

latter were uncoiled, in addition to testes and male internal and external genitalia. The testes 

were fully descended and produced functional sperm, but the female tract interfered with 

sperm transfer, rendering most infertile. By creating a double TfmlAmh mutant, the two 

primary hormones of male sexual differentiation were eliminated. This resulted in essentially 

female development of XY animals, including a uterus, coiled oviducts and female external 

genitalia but with undescended, and therefore dysfunctional, testes. These data imply that 

elimination of the female reproductive tract in male fetuses aids fertility and similarly 

elimination of the presumptive male reproductive tract is necessary for proper oviductal 

morphogenesis during female mouse development.

Cases of XX animals being masculinized as a result of ectopic AMH have been identified, 

for example ffeemartin cattle (Lillie, 1916). When an XX embryo is united to a XY male 

twin by chorionic vascular anastomoses, their ovaries cease to grow, become depleted of 

germ cells and eventually, in approximately half the cases develop seminiferous tubules 

(Vigier et a l, 1987). Müllerian derivatives regress in the male twin but also in the 

fi'eemartin. Behringer et a l (1990) created female mice lacking Müllerian duct derivatives 

by over-expressing AMH from a mouse metallothionein promoter. In addition, the germ 

cell component of the transgenic ovaries was severely depleted and testis cords containing 

Sertoli cells were seen. It therefore seems possible for AMH to have a role in Sertoli cell 

differentiation. However AMH cannot be absolutely necessary for Sertoli cell differentiation 

as PMDS patients and mice containing a targeted disruption of the Amh locus have 

apparently normal testes.

28-



1.8 XX sex-reversal and the search for the testis determining factor 

As has been the case for understanding the processes of secondary sexual differentiation, the 

identification and characterization of mutations which cause primary sex-reversal is one of 

the approaches which has been used to understand the process of sex determination itself. 

Efforts to identify TDF in humans concentrated on the examination of XX sex-reversed 

males carrying portions of the Y chromosome or XY sex-reversed females with Y 

chromosome deletions. The human Y chromosome consists of two parts, the so called 

pseudoautosomal region and the Y-unique region (figure 2). The former lies at the tip of 

the short arm (Pearson and Bobrow, 1970; Chen and Falek, 1971; Ellis and Goodfellow,

1989) and is responsible for pairing and exchange with the X chromosome during male 

meiosis (figure 3) (Ferguson-Smith, 1966; Solari, 1980; Burgoyne, 1982). This pairing 

event is critical for the proper segregation of the sex chromosomes during spermatogenesis 

and the 1:1 sex ratio. There is also an obligatory crossing over event within the 

pseudoautosomal region during meiosis (Cooke et a l, 1985). The pseudoautosomal 

boundary separates the two regions of the Y chromosome. In humans this is marked by the 

presence of an Alu repeat sequence which acts as the limit of homology between Xp and Yp 

and also the liiriit for recombination (Ellis et a l, 1989). Detailed studies by Guellaen et a l 

(1984) and Page (1986), using Y specific probes, demonstrated that about 80% of XX 

males inherit Y-derived sequences containing TDF (figure 3). The amount of Y sequence 

transferred in different XX males is variable. Analysis of these individuals and the 

construction of a deletion map was criticalfor mapping the position of TDF (Afifara et a l, 

1986; Vergnaud etal, 1986). From this map TDF was localized to the distal region of the 

Y-specific part of the short arm, adjacent to the pseudoautosomal region.

Palmer et a l  (1989) screened a number of XX males, first with boundary and then with 

flanking Y-unique probes. Data from four individuals suggested that testis-determining 

activity was localized within approximately 35 kb of Y-unique sequence adjacent to the 

boundary. This region was cloned and 0.5 kb fragments were used to identify sequences 

conserved amongst mammals. One fragment detected a Y-specific sequence present in all 

eutherian mammals tested. This corresponded to a gene which was termed SRY, sex 

determining region Y gene in humans, in mice {Qwhhay et al., 1990a; Sinclair g/ a/..
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Figure 2. The human and mouse Y chromosomes.

The human and mouse Y chromosomes are shown highlighting the differences between their 

basic structure. The Y specific sequences are represented in black, the pseudoautosomal 

region, which is responsible for pairing with the X chromo^me during male meiosis, is 

hatched. In humans the pseudoautosomal region lies at the end of the short arm in close 

proximity to TDF, in the mouse this region is located at the end of the long arm. The 

pseudoautosomal boundary is marked (B) and the positions of TDF and Tdy are indicated.
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Figure 3. Abnormal X-Y interchange leading to sex-reversal in humans (from Capel 

and Lovell-Badge, 1993).

The open or filled boxes representing the pseudoautosomal regions lie at the distal ends of 

the short arm of the X and Y chromosomes. Pairing, crossover and exchange of 

homologous blocks of chromosomes normally occurs within the pseudoautosomal region 

(left). However, exchange can occasionally occur below the position of TDF within Y 

unique sequences. This can lead to an X chromosome carrying TDF. The majority of XX 

males possess such an X chromosome.
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1990). Definitive proof that Sry was indeed Tdy came from injecting a 14.625 kb (p741) 

mouse Sty genomic clone as a transgene into fertilized mouse eggs. Embryos were 

examined in utero at about 14 dpc and two embryos carrying the transgene were found to 

be developing testes despite the fact that they were chromosomally female (Koopman et a i,

1991). A number of live bom XX transgenic animals were also obtained in these and in 

subsequent experiments. Approximately 25% of these were phenotypically normal males. 

These mice, however, were sterile due to the presence of two X chromosomes which 

prevent germ cells fi*om progressing beyond prospermatogonia. Histological examination 

revealed the presence of tubules with Leydig cells, peritubular myoid cells and Sertoli cells, 

but no cells were identified as undergoing spermatogenesis. These data demonstrate that 

Sry is the only gene required for male development.

1.9 The Sxr mutation in mice 

Prior to the cloning of SRY, information regarding the location of Tdy in mice came from 

the sex-reversed mutation Sxr (Cattanach et al., 1971). The mouse Y chromosome is 

structurally very different from the human Y chromosome (figure 2). The pseudoautosomal 

region lies at the end of the long arm of the mouse Y chromosome whereas Tdy maps to the 

short arm. Translocation events moving Tdy to the X chromosome by unequal crossing 

over do not therefore occur. Much of what is known about the structure of the mouse Y 

chromosome has come fi’om studies of the sex-reversed mutation Sxra (previously known 

as Sxr) found by Cattanach et al. (1971). The Sxra mutation is believed to have arisen from 

an event in which most of the short arm of the Y chromosome, including Tdy, was 

duplicated and translocated to the distal end of the long arm (see figure 4) (McLaren and 

Monk, 1982; McLaren et al., 1988, 1992; Roberts et al., 1988). During male meiosis the 

Sxra region, which now lies distal to the pseudoautosomal region, is transferred to the X 

chromosome by recombination. Tdy is now X-linked and is inherited to give XXSxra males 

(see figure 4). A number of genes, some of which were proposed as candidates for the 

testis-determining gene, have been mapped to the Sxra region. These include banded krait 

satellite sequences (Bkm) (Singh and Jones, 1982), the Hya gene responsible for expression 

of the male specific minor histocompatibility antigen, H-Y (Eichwald and Silmser, 

1955; Billingham and Silvers, 1960; Bennett, D. et al., 1977; Simpson et al., 1981), a gene
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Figure 4. The mouse Y chromosome and the origin of Sxr (from Capel and Lovell- 

Badge, 1993).

In a normal male mouse the genes for; Zfy-2, H-Y antigen expression (Hyd), Ubely-1 

the putative spermatogenic factor {Spy) and Sry the testis determining factor are located on 

the short arm of the Y chromosome. Sxr (now known as Sxra) arose as a duplication and 

transposition of the short arm of the Y to the pseudoautosomal region (Y&rr). During male 

meiosis an obligatory crossover within this region transfers the Sxr region to the X 

chromosome, leading to XX Sxr males positive for the genes Zfy-1, Zfy-2, Hya, Ubely-1 

and Sry. Sxr' (now known as Sxrb) is believed to have arisen as a result of a deletion event 

brought about by homologous recombination between Zfy-1 and Zfy-2. XXSxr' males do 

not express Hya and lack Ubely-1.
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involved in spermatogenesis Spy (Burgoyne et ai, 1986) for which the most likely candidate 

is Ubely-1, a gene encoding a homologue of the X-linked ubiquitin activating enzyme (Kay 

et a i, 1991; Mitchell, M. J. et a i, 1991) and ZJy-1 and Zfy-2 which encode zinc finger 

transcription factors (Mardon and Page, 1989).

When Sxra is attached to an inactive X chromosome in any cell of an XX embryo, the 

inactivation process may spread to include the testis determining gene. If this occurs in a 

sufficiently high proportion of the cells contributing to the embryonic gonad, as can be 

enhanced by pairing the XSxra chromosome with the preferentially active T(X;16)16H X- 

autosome translocation (T16H), the embryos may develop as female or hermaphrodites 

rather than as males (McLaren and Monk, 1982; McLaren et ai, 1992). These T\6YHXSxra 

females can be mated to XYSxra males to produce XSxraYSxra male offspring. During 

meiosis in these XSxraYSxra males, pairing between the Sxra regions of the Y and X may 

occur. The abundance of repetitive sequences within the Sxra region promotes the process 

of unequal crossing over which may lead to the loss of regions of Sxra in offspring (Roberts 

et ai, 1988). These events are believed to have led to the production of the Sxra derivative 

Sxrb (previously known as Sxr") (figure 4). XXSxrb mice are male and so Sxrb contains 

Tdy. These mice are, however, negative for HY antigen demonstrating that HY is not Tdy 

(McLaren et a i, 1984; Roberts et a i, 1988). By mating XO females with XYSxra and 

XYSxrb carrier males, XOSxra and XOSxrb mice can be generated. Comparison of these 

mice demonstrated a spermatogenic block in the XOSxrb males implying that the 

spermatogenic factor Spy was similarly absent from Sxrb (Burgoyne et a i, 1986). A 

detailed examination of the locus surrounding the two Zfy genes has demonstrated that the 

deletion which was responsible for creating Sxrb occurred between the two genes (Simpson 

and Page, 1991). More precisely, the deletion encompasses the 3’ portion of Zfy-2, Hya, 

Spy and the 5' portion of Zfy-1 and has created a Zfy-l/Zfy-2 fusion gene. Data is also 

consistent with deletion arising as a result of a homologous recombination event between 

the two genes (Simpson and Page, 1991). Sry was found to map to Sxrb providing 

additional evidence that Sry was indeed Tdy (Gubbay et a i, 1990a).
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1.10 SRY is a member of a family of genes 

The screening of an 8.5 àpc cDNA library for clones corresponding to the mouse Siy 

transcript identified a number of clones (Gubbay et a i, 1990a). Sequencing these 

demonstrated the presence of an 80 amino acid domain showing more than 77% homology 

to SRY. In addition homology was also identified to a domain found in the nuclear non

histone proteins HMGl and HMG2 (see section 1.11.2). On the basis of this homology this 

domain has been termed the HMG box. Many genes have been cloned that encode proteins 

with related HMG boxes. Those that encode proteins with more than 60% similarity to the 

SRY HMG box region have been termed SOX genes {SRY HMG box). Approximately 20 

"Sox" genes have now been cloned in the mouse (van de Wetering and Clevers, 1993; 

Wright et a l, 1993) and their role in development is being investigated (e.g. Denny et a l, 

1992; Farr et a l, 1993; van de Wetering et a l, 1993). Such studies will contribute to the 

knowledge of the role and function of the Sry HMG box. The expression pattern of three 

of these genes, Sox-1, Sox-2 and Sox-3, has been studied by J.Collignon (Collignon, 1992; 

Collignon and Lovell-Badge, 1995; Collignon et al., 1995). They are expressed in the 

central nervous system of the developing embryo. Sry shows the greatest homology to these 

three genes. Sox-3 has recently been mapped to the X chromosome which makes its 

evolutionary relationship to Sry of considerable interest (Stevanovic et a l, 1993; Foster and 

Graves, 1994; Collignon et a l, 1995). This will be discussed further in Chapter 5.

1.11 XY sex-reversal

The identification of the testis determining gene allowed a greater understanding of cases 

where the sexual phenotype is inconsistent with karyotype. XY sex-reversal often results 

when the function of the testis determining gene is impaired. Disruption of activity can arise 

by mutation of the locus. Below are described a number of cases of sex-reversal all of which 

have provided some knowledge concerning the functioning of SRY /  Sry.

1.11.1 Tdvml mutation

In order to isolate new mutations in the sex determination pathway in mice, Lovell-Badge 

and Robertson (1990) used chimaeric male mice with the concept that mutations in Tdy 

itself, or in "downstream" responder genes would lead to infertility due to complete or
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partial phenotypic sex-reversal. XY embryonic stem (ES) cells were infected with an 

MPSV.mos'^neo replication defective retroviral vector, which integrates as a single copy in 

many different chromosomal locations (Robertson et al., 1986). These ES cells were 

injected into XX blastocysts and a number of male chimaeras were bom. If the host 

embryos were XX these chimaeras would produce sperm derived exclusively from the XY 

ES cells. The XX cells would fail to undergo spermatogenesis due to the presence of two 

Xs and the lack of spermiogenesis genes such as Spy. One male chimaera was found to give 

XY female offspring. Unlike XY female humans, these mice proved to be fertile. Lovell- 

Badge and Robertson (1990) were therefore able to demonstrate that the mutation was Y 

linked. Because it clearly affected Tdy the mutation was named Tdyml. Mice were mated 

to IdSxrb  and also to males carrying a very small Y chromosome missing approximately 

two thirds of the long arm (designated y). It was found that XY female offspring always 

carried the Y^'^^ and never y or Sxrb. Furthermore Sxrb males did not have a

spermatogenic block and were positive for the HY antigen. Additional karyotypic analysis 

demonstrated an apparently intact Y chromosome and probing with an Sxl repetitive DNA 

probe gave a similar pattern to normal XY males. These data implied that the mutation was 

small, and there was also no detectible disruption of the Y chromosome. Further analysis 

demonstrated that there was no proviral insertion and that the mutation was perhaps 

spontaneous. Due to the lack of a proviral insertion the gene affected by the mutation could 

not easily be identified.

The identification of Sry and the sequencing of a 14.625 kb (p741) genomic clone 

demonstrated that the Sry genomic locus has an unusual structure which may have been 

responsible for the Tcfyml mutation. An open reading fi-ame containing the HMG box DNA 
binding domain is contained within a 2.8 kb of unique sequence flanked by long inverted 

repeats of at least 15.5 kb. Tdyml consists of a deletion of approximately 11 kb (Gubbay 
et at., 1990a, 1992). Gubbay et al. (1992) suggest that the Tdyml mutation must have 

arisen by involving either two individual deletions or one deletion accompanied by a short 
inversion. At least three points of DNA breakage seemed to be involved, two of which must 

have been at almost identical positions in each arm of the inverted repeat. Such a complex 

deletion is likely to have been aided by the inverted repeat nature of the locus, presumably 

by the formation of a stem loop.
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1.11.2 HMG box mutations

Sequencing of the human clone pY53.3 (2.1 kb) which contained the evolutionarily 

conserved domain of SRY demonstrated the presence of an ORF (Sinclair ei a l, 1990). 

Within this region there is an 80 amino acid domain which showed homology to a region of 

the mouse gene. On searching databases, the first homology identified was to the carboxy- 

terminal region of the Me protein encoded by the matS-MXoows of the fission yeast S.pombe 

which was believed to function as a transcription factor. Similarly, homology was then 

identified to a domain found in the nuclear non-histone proteins HMGl and HMG2 (Jantzen 

eta l, 1990). Although HMGl and HMG2 are not transcription factors these proteins give 

the name to a domain within a class of DNA binding proteins, the HMG box (see e.g. Harley 

et a l ,  1992). Two other well characterized members of this class are TCFl and LEFl 

which are involved in transcriptional regulation (Travis et a l, 1991; van de Wetering et a l,

1991). The presence of an HMG box within the SRY ORF therefore implied a role as a 

transcription factor. In order to test whether the SRY HMG box had DNA binding 

properties, in vitro binding assays were performed using recombinant SRY HMG box 

protein. SRY was found to bind selectively to the sequence AACAAT although it also binds 

sequences such as AACAAAG with reasonable affinities (Denny et a l, 1992; Harley et a l, 

1992, 1994).

The interaction of SRY with the specific site brings about a rearrangement in the structure 

of the DNA, which becomes bent (Ferrari et al., 1992; van de Wetering and Clevers, 1992; 

King and Weiss, 1993). Detailed studies by Giese et a l  (1992) and Ferrari et a l  (1992) 

demonstrated that SRY on binding induces a dramatic bend of approximately 130° in target 

DNA. SRY is believed to partially intercalate a non-polar side chain into the DNA minor 

groove (Haqq et a l, 1994). In addition SRY, like HMGl, has been shown to bind with high 

affinity but with no sequence specificity to four-way DNA junctions and cruciform DNA 

structures. Cruciform structures may be made artificially by using four synthetically 

manufactured oligomers. They may also form at inverted repeats, at Holliday junctions 

during recombination and similar structures may arise in chromatin (Ferrari et a l, 1992). 

While SRY appears to bind the same structures as HMGl in vitro, it seems unlikely that this
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might occur in the nucleus. HMGl is very abundant and might be expected to bind to all 

available sites. SRY is therefore more likely to bind to its specific target sequences in linear 

DNA. Possible inferences concerning the role that SRY has in gene regulation have come 

from studying LEF-1 (Giese et a l, 1992). On binding to DNA, LEF-1 induces a bend in 

the DNA which brings two neighbouring transcription factor binding sites into close 

proximity. This allows the factors bound to them to interact with each other, activating 

transcription. The distance between the sites has been found to be critical, as has the bend 

induced by LEF-1. SRY could function in a similar manner by allowing an interaction 

between transcription factors. Alternatively, if SRY functions as an inhibitor, the bending 

in the DNA induced by SRY could prevent an interaction thereby suppressing gene activity.

Mutations within the HMG motif might be expected to disrupt DNA binding and bending 

leading to XY sex-reversal. In humans the 5/?THMG box has been sequenced from many 

XY females with gonadal dysgenesis. Approximately 20% of these have mutations within 

the HMG box (16 out of 83 (Jager et a i, 1990; Hawkins et a i, 1992a, b; McElreavy et al., 

1992; Müller et al, 1992; Afifara et a l, 1993)). Much of the sequence data which has been 

accumulated is difiScult to interpret because the degree of gonadal dysgenesis has not been 

properly defined. Individuals with pure gonadal dysgenesis have a 46XY karyotype, 

completely female external genitalia, normal Müllerian ducts and streak gonads. Those with 

partial gonadal dysgenesis have ambiguous genitalia, a mix of Müllerian and Wolffian duct 

derivatives and dysgenic gonads usually with seminiferous tubules with ovarian stroma 

(Hawkins etal, 1992b). Pure gonadal dysgenesis is likely to arise as a result of mutations 

within SRY or prior to the action of SRY, whereas partial gonadal dysgenesis might arise due 

to mutations in genes functioning downstream of SRY. Despite the loose definition that 

some experimenters have used, the majority of XY females do not have mutations within 

the HMG box and must therefore have mutations elsewhere within the SRY transcription 

unit, in its regulatory regions or in other genes.

Mutations within the HMG box include point mutations (the majority), frame shifts by 

insertion or deletion of bases (e.g. Zacksenhaus and Sheinin, 1988; Hawkins e ta l, 1992b) 

and nonsense mutations leading to truncated proteins (e.g. Hawkins et a l, 1992a;
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McElreavey et al., 1992; Müller et al., 1992). The majority of these mutations are de novo 

but some have been shown to be inherited, demonstrated by their presence in the father or 

brother and can therefore be said to be incompletely penetrant, only affecting the action of 

SRY partially (Berta et al., 1990; Harley et al., 1992; Hawkins et al., 1992b; Jager et al., 

1992; Vilain et al., 1992b). A mutation has even been identified in a subset of cells of the 

gonad which must have arisen post-zygotically (Braun et al., 1993). Other examples of 

incomplete penetrance are discussed later. Only a few of the mutations have been analysed 

to see whether DNA binding is affected. Some disrupt DNA binding totally, others partially 

or not at all (e.g. Nasrin et al., 1991; Harley et al., 1992; Jager et al., 1992; Poulat et al., 

1994). Recently, Pontiggia et al. (1994) examined the effect of mutations on both the 

binding and bending of DNA caused by SRY. Of the five mutant proteins examined two 

bound and bent DNA normally, two bound inefficiently but bent normally and the fifth 

bound DNA with almost normal affinity but induced a different angle of bend. The band 

shift assay which is used to test binding is a very artificial in vitro assay and gives little or 

no information as to what is occurring in vivo. Thus when no affect on DNA binding or 

bending is observed it is difiScult to derive any conclusions. However, the accumulating data 

demonstrate that the SRY HMG box functions to modify the expression of target genes by 

binding to and bending DNA in a sequence specific manner. Disruption of binding and / or 

bending may lead to partial or complete phenotypic sex-reversal.

1.11.3 The Mus musculus domesticus Y chromosome

Eicher et al. (1982) found that when the Y chromosome of the Mus musculus domesticus 

poschiavinus strain of mice was placed onto a C57BL/6J genetic background by repeated 

backcrossing, the normal testis determination process was disrupted. Adult C57BL/6-Y^^ 

mice showed a range of sexual phenotypes, including fully sex-reversed XY females, true 

hermaphrodites (with both ovarian and testicular tissue) and males; although the males have 

small testes and are of poor fertility. Examination of the gonad morphology of XY 

individuals at 16.5 àpc demonstrated that all XY gonads appeared as either ovaries or 

ovotestes with a varying ratio of ovarian to testicular material. When the testicular 

component of the developing embryonic gonad is sufficient to have a masculinizing effect 

on the external genitalia and reproductive tract, maleness is apparent in liveboms. The
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regression of the ovarian component accounts for the reduced testicular size observed in the 

adult XY males. The inheritance of this trait has been investigated by Eicher et al. (1982). 

In the first mating between a C57BL/6J female and an male, 100% XY^^ male 

offspring resulted. When the FI male progeny of this cross were backcrossed onto 

C57BL/6J females it was found that 50% of the XY progeny possessed ovarian tissue in 

their gonads. The N3 and N4 backcrosses generated progressively more XY females and 

hermaphrodites. Eicher and Washburn (1983) hypothesized that the 1:1 ratio of XY males 

to XY females / hermaphrodites observed in the FI cross implied the involvement of an 

autosomal locus in the testis determination pathway. This locus was nominally called testis 

determination autosomal-1 {Tda-I). In this model the C57BL/6 allele, Tda-F^ fails to 

interact properly with the Sry locus of the poschiavinus Y chromosome. Individuals 

homozygous for Tda-1^ ,̂ which is considered recessive to the domesticus allele Tda-1^^, 

and carrying the Y chromosome derived from M.dposchiavirms develop some ovarian 

tissue. The amount of ovarian tissue found was variable, which implies that at least one 

other locus is likely to be important. Homozygosity for this locus, termed Tda-2, leads to 

an increased amount of ovarian tissue (Eicher and Washburn, 1986).

Eicher and Washburn (1983) have proposed a timing mis-matched model involving the testis 

determining locus, Sry, and an ovarian determining gene, nominally designated Od. In their 

model Sry and OdXoci act at slightly different times, Sry functioning earlier than Od allowing 

testis determination to occur in XY individuals. They propose that the domesticus Y 

chromosome carries an Sry allele which is later-acting than the musculus allele. This delay 

sometimes allows ovary determination to pre-empt Y action. Tda-1 could be Od (Eicher 

and Washburn, 1983; Burgoyne, 1988), with the C57BL/6J allele acting particularly early 

compared with other strains. The combination of a late acting Poschiavinus Sry allele and 

an early acting C57BL/6J Od allele may allow the ovarian pathway to be activated before 

testis determination has occurred. In order to test this hypothesis Palmer and Burgoyne 

(1991b) assessed FI hybrids in which the paternal parent, either C57BL/6J or C57BL/6- 

Y ^ , was outcrossed to females of the random bred strain M Fl. In these FI hybrids all the 

XY fetuses develop testes, thereby allowing the timing of testicular development to be 

examined. They showed that in the presence of a Y^^ chromosome testis development is
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delayed by 14 hours. This implies a difference between the time of action of the two Sry 

alleles. This phenomenon is not confined to the poschiavinus Y chromosome. Other 

domesticus Y chromosomes (e.g. AKR/J, RF/J, PL/J) can generate XY females when placed 

on a C57BL/6J background (Eicher et al., 1982; Biddle and Nishioka, 1988), however, 

others such as FVB/N, SJL/J and SWR/J function normally (Eicher and Washburn, 1986; 

Coward e/a/., 1994).

1.114 Y chromosomal deletions

In order to map and generate mutations of the short arm of the mouse Y chromosome, 

Capel et al. (1993a) mated normal XX females with XSxrafY males. Homologous pairing 

between Yp and Sxra may occur during meiosis. A process of unequal crossing-over 

between these two regions can lead to the occurrence of deletions and duplications of the 

Yp and Sxra regions. In this way a number of mutant mice were generated carrying Yp 

deletions. Some were XY males revealing the presence and correct function of the Sry 

locus. However, others were XY females. Careful examination of these XY females 

demonstrated an intact S?y locus. In addition -2, Ubely-1 and Hya were intact. 

However use of a Sxl repeat probe revealed variable deletions of these sequences on the 

Y chromosome short arm. One line of mice, Y"̂ '̂  was examined and found not to express 

Sry at 11.5 àpc. Capel et al. (1993a) hypothesized that the deletions of the Sxl repeat 

region brought the Sry locus under the influence of Y centromeric heterochromatin, thereby 

silencing Sry expression. They also believe that in the lines where less material has been 

deleted, the effect on Sry expression may not have been as severe. In these lines, XY 

hermaphrodite or male offspring may be produced. Preliminary experiments using RT-PCR 

suggest that Sry transcripts were present but it was clear that quantitative analysis is 

required to correlate level of Sry expression with extent and fi’equency of male development.

1.11.5 Mice transgenic for Sry

The injection of a 14.625 kb genomic Sry clone as a transgene produced XX males. 

However, sex-reversal, resulting in XX transgenic females, did not occur 100% of the time 

(Koopman et al., 1991). In total, nine embryos were found to be transgenic for Sry 

sequences. Of these, seven developed as females, while two developed as males. The
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authors attribute this to a number of facts; (1) four of the seven transgenic females had 

fewer than one copy of Sry per cell, indicating that they were mosaics. Because 

approximately 25% of the somatic cells of the genital ridge must carry Sry in order to 

develop as a testis (Burgoyne, 1988), it is possible that Sry was present in too few cells in 

these embryos. (2) The timing or level of expression of Sry in some transgenics might be 

abnormal, as it is well known that transgenes can be affected by their site of integration.

Of livebom Sry transgenic mice, described by Koopman et al. (1991), one XX founder 

female, 32.10, was fertile and able to transmit the transgene to offspring. No sex-reversal 

was seen amongst first generation offspring, showing that mosaicism was not responsible 

in this case. However, in subsequent generations sex-reversal was seen. This depends on 

genetic background. Thus when a XY transgenic mouse is mated to an MFl female almost 

no XX transgenic males are produced, whereas crossing the transgene onto a CBA 

background leads to almost 60% sex-reversal. As with the mice (see section 1.11.4) the 

variable spread of heterochromatin may be affecting the expression of the transgene when 

the genetic backgrounds are mixed. A low level of transgene expression may therefore be 

responsible for the reduced sex-reversal.

In summary, much of the data obtained from studying cases of sex-reversal has 

demonstrated that the structure (e.g. mutations in the HMG box) and the expression of 

(e.g. Y** mice, 32.10 transgenics, domesticus Sry) is critical for testis determination. A 

change in the structure and / or expression may partially (resulting in a mutation which is 

incompletely penetrant) or completely disrupt the action of SRY. The resulting gonad may 

be a testis, an ovary or an ovotestis depending on the number of differentiating Sertoli cells.

1 12 Expression of Sry 

Using the very sensitive but only semi-quantitative technique of reverse-transcription 

polymerase chain reaction (RT-PCR) expression of Sry in the mouse has been studied in the 

developing gonad. Expression is initiated just prior to testis cord formation beginning at

10.5 àpc and ending at 12.5 àpc (Gubbay et a l, 1990a; Koopman et al., 1990). This is the
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time at which Sry must function to trigger testis development. Expression was found to be 

normal in the gonads of W® homozygous mutant embryos which lack germ cells (see section 

1.4) (Koopman etal., 1990). These data imply that Sry is expressed in the somatic portion 

of the indifferent gonad, presumably by cells of the supporting cell lineage (see section 1.3) 

and expression is independent of the presence of germ cells. This is consistent with the 

prediction that Tdy has to act autonomously within cells of the supporting cell lineage and 

with the notion that germ cells are irrelevant to testis determination.

Expression was also found in adult testis where northern analysis revealed Sry transcripts 

of about 1.3 kb (Koopman et al., 1990). Sry is not expressed in the adult testis of mice 

devoid of germ cells e.g. XXSxra male mice (Koopman et al., 1990). In addition, 

transcripts appear in the mouse from about 20 days after birth, implying that Sry expression 

is confined to post meiotic germ cells (probably the round spermatid stages) (Koopman et 

al., 1990).

In humans, SRY appears to be expressed in a broader pattern. The use of RT-PCR 

demonstrated expression in all foetal tissues examined (brain, adrenal, liver, pancreas, small 

intestine, spleen, thymus and heart), in the adult SRY is expressed in testis, heart, liver and 

kidney. The only tissue which was found not to express SRY was adult lung (Clépet et al., 

1993). These experiments were not quantitative and so the level and hence the importance 

of any particular site of expression is difficult to understand.

1.13 Evolutionary divergence of SRY 

A comparison of Sry sequences from a large number of species, including human, various 

primates and mouse species, rat, rabbit, sheep, goats, pig, cattle, horse, seal, badger and 

pilot whale, has demonstrated that the HMG domain is conserved (Griffiths and Tiwari, 

1993; Payen and Cotinot, 1993; Tucker and Lundrigan, 1993; Whitfield et al., 1993). 

However, outside this region the sequences are highly divergent and homology can only be 

established between closely related species. Although neither the transcription units nor the 

ORFs have been identified for most of these species at least some of the sequences outside 

the DNA binding domain are transcribed. Whitfield et al. (1993) compared the frequency
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of DNA point mutations. By comparing human and primate SRY sequences, the ratio of 

non-synonymous mutations per non-synonymous site (KJ and synonymous mutations per 

synonymous site (Kj gives an indication of the relative strengths of opposing evolutionary 

forces. Functional constraints override mutations caused by neutral drift and tend to 

maintain sequence identity. If a ratio of K/K, is significantly greater than one then 

directional selection or selection for change is implied. The values of K/K, for a number 

of different primate species compared to human SRY sequences ranged fi’om 0.32 to 1.88, 

implying a degree of positive selection. A similar study undertaken by Tucker and 

Lundrigan (1993) comparing various Mus species and Rattus exulans Sry sequences 

demonstrated a similar high value for the ratio of to K,.

The majority of the Y chromosome, including Sry, is non-recombining. This means that 

genes on the Y are subject to different evolutionary constraints from the rest of the genome. 

This does not however mean that all genes on the Y have high values ofK/K,. A similar 

comparison of sequences between human ZFY and mouse Zfy-1 gave K/K, values of 0.19, 

in the range expected for an average gene. This demonstrated that the value of K/K, 

observed for human / primate and mouse / rat SRY sequences is unusually high, even for the 

Y chromosome (Whitfield eta l, 1993). This rapid sequence divergence could be explained 

in a number of ways. For example, the Sry gene could be undergoing species-specific 

adaptive divergence by a process of positive Darwinian selection. Alternatively, the regions 

outside the HMG box may not be functionally constrained. Further information on the 

transcription units of various species is necessary to resolve this issue.

1.14 Description of thesis 

It became clear that the expression of Sry needed to be examined in much more detail if we 

are to understand how the gene functions normally and to understand how it is affected in 

cases of sex-reversal. This thesis therefore describes the mapping of the mouse Sry 

transcript in both adult testis and genital ridge. These data have confirmed the identity of 

an open reading frame and functional domains, thereby allowing possible structural 

mutations to be identified.
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The timing of Sry expression has also been examined using a quantitative technique and 

accurately staged samples. The expression of other genes implicated in sex determination 

have also been analysed carefully. These include; Amh, the first known marker of Sertoli 

cell differentiation and a good candidate for the action of SRY; and Sox-3 the gene showing 

the greatest degree of homology to Sry which, in addition, maps to the X chromosome.

Whilst examining Amh transcripts in the developing gonad a gene was identified just 

upstream. This was characterized and found to be Sap62 a ubiquitously expressed gene 

encoding a spliceosome accessory protein. This finding is described in chapter 6 .
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Chapter 2: Materials and Methods

2.1 Commonly used solutions and enzymes

IxDenhardt’s: 0 .02% weight volume (w/v) Ficoll (Type 400, Pharmacia), 0.02%

(w/v) polyvinylpyrrolidone and 0 .02% (w/v) bovine serum albumin 

(BSA) (Fraction V, Sigma)

LB: 1% (w/v) bacto-tryptone, 0.5% (w/v) bacto-yeast extract and

ITOmMNaCl 

LB agar: 0.7% (w/v) agar in LB

SOB: 2% (w/v) bacto-tryptone, 0.5% (w/v) bacto-yeast extract and

8.5mMNaCl

SOB-Mg: 2% (w/v) bacto-tryptone, 0.5% (w/v) bacto-yeast extract, 8.5mM

NaCl and lOmM MgCl2 

SOC 2% (w/v) bacto-tryptone, 0.5% (w/v) bacto-yeast extract, 8.5mM

NaCl, lOmM MgClz and 20mM glucose 

PBS: 140mM NaCl, 3mM KCl, lOmM Na^HPO^ and 2mM KH^PO^

IxSSC: 150mM NaCl, 15mM Na Citrate, pH 7.0

IxTAE: 40mM Tris (2-amino-2-(hydroxymethyl)propane-l,3-diol,(tris))-

acetate, pH 8.0, ImM EOT A (disodium ethylenediaminetetraacetate) 

IxTBE: 89mM Tris-Borate, 89mM boric acid and 2mM EDTA

TE: lOmM Tris-HCl, pH 7.5, ImM EDTA

NaPPi: 375mM NaH^PO ,̂ 625mM Na^HPO ,̂ pH 6.5

Restriction enzymes: Boehringer Mannheim, Northunbria Biologicals Ltd. (NBL) and 

New England Biolabs (NEB).

T3/T7/SP6 RNA polymerases, Promega 

T7 DNA polymerase, Boehringer Mannheim 

T4 DNA polymerase, Boehringer Mannheim

Klenow (large fragment of E.co// DNA polymerase I), Boehringer Mannheim 

DNase I (RNase free), (RQl) Promega 

Ribonuclease A, Sigma
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Ribonuclease T l, Gibco BRL 

RNasin, Promega

Calf Intestinal Phosphatase, Boehringer Mannheim 

T4 DNA ligase, NEB 

T4 Polynucleotidekinase, Promega 

AMV Reverse Transcriptase, Promega 

Thermus aquaticus (Taq) DNA polymerase, Cetus 

Terminal transferase, Boehringer Mannheim

2.2 Bacterial strains, plasmids 

DH5aF'; supE44Alac\J\69 (^0/acZA M l5) hsdKlIrecA 1 endA \gyrA96thi-

IrelAl F[traD36proAB^lacPlacZAMl5] (Hanahan, 1983) 

DL652: KS02[supEhsdRgalmetB]TecC

DH12S: araDl39A(ara, leu)1691 AlacXlA gal\JgalK mcrK A{mrr-

/z5üflRMS-/wcrBC) rpsF deoK (J)80d/acZAM15 mipG

recPAf^'proAS^ lacl^ Z AMI 5 

pBluescript KS+ or KS-, Stratagene 

pTZ18R, Pharmacia 

pCRII, Invitrogen

2.3 Molecular Biology techniques

2.3.1 Purification of DNA fragments from agarose gels

DNA fragments from gel slices were isolated in two ways. (1) For more than Ipg, DNA 

was isolated from agarose TBE gel slices by centrifugation through a plug of Whatman 

3MM paper for 10 minutes (Heery et al., 1990), washed with lOOpl water and respun. 

Samples were then phenol-chloroform extracted before precipitating with ethanol. (2) For 

less than Ipg DNA was isolated from agarose TAE gel slices by absorption to glass beads 

(Geneclean, Bio 101 Inc.) in 4M Nal. Bound DNA was washed in O.OIM Tris-HCl pH 7.5, 

O.OIM NaCl, ImM EDTA in 70% ethanol and then eluted in distilled water at 65°C for 5 

minutes.
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2.3.2 Preparation of vectors

Vectors were digested with the appropriate restriction enzyme(s). For vectors linearized 

with a single restriction enzyme dephosphorylation was undertaken in a volume of 50pl in 

SOmMNaCl, lOmM Tris-HCl pH 7.5, lOmM MgClj, ImM DTT (Dithiothreitol) and 0.01 

units of Calf Intestinal Phosphatase (CLP) per Ipmole of DNA, for 30 minutes at 37®C. 

Reactions were phenol-chloroform extracted and ethanol precipitated.

2.3.3 Cleaning DNA ends

Recessed 3' ends of double stranded (ds) DNA were filled in using Klenow enzyme (large 

fi-agment of DNA polymerase I) in a reaction volume of 50pl. 1 pg DNA was incubated for 

30 minutes at room temperature in SOOmM Tris-HCl, pH 7.5, lOOmM MgSO^, ImM DTT, 

500pg/ml BSA, and 2nmoles of each of the four deoxy nucleotides. The DNA was 

extracted with phenol-chloroform and ethanol precipitated.

3' protruding ends were removed using the 3' to 5’ exonuclease activity of T4 DNA 

polymerase in a reaction volume of 50pl. The DNA was incubated for 15 minutes at 37°C 

in 33mM Tris-acetate, pH 7.9, 66mM K-acetate, lOmM Mg-acetate, 0.5mM DTT and 

0.1 mg/ml BSA with 2.5 units T4 DNA polymerase.

2.3 .4 Phosphorylation of 5' ends

Oligonucleotides were incubated in 50mM Tris-HCl pH 7.6, lOmM MgCl2, 5mM DTT, 

O.lmM spermidine, O.lmM EDTA and lOmM ATP (or dATP 3000 Ci/mmol, 

DuPont), with 5 units of T4 polynucleotide kinase at 37°C for 1 hour in a reaction volume 

of 30pl. The DNA was extracted with phenol-chloroform and ethanol precipitated (with 

NH^-acetate).

2.3.5 Ligations

Ligations were carried out in a lOpl reaction using 50ng of vector and a three fold molar 

excess of insert in 50mM Tris-HCl (pH 7.8), lOmM MgClz, ImM DTT, ImM ATP, 

25pg/ml BSA and 400 units T4 DNA ligase, at 16°C overnight for blunt ends, or at room 

temperature for 3 hours for sticky ends.
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2.3 .6 Preparation of competent bacteria

2.3.6.1 Preparation of competent bacteria for plasmid transformation 

An overnight culture of bacterial DHSaF' was diluted in LB medium and grown to 

ODgoô O 5-0.6 at 37°C. 50ml of culture was chilled on ice for 5 to 10 minutes. The cells 

were pelleted by centrifugation for 15 minutes at 4°C and then gently resuspended in 1/3 

volume ofRFl (lOOmMRbCl, 50mMMnCl2-4H20, 30mM K-acetate, lOmM CaCl2 2H2O, 

15% (w/v) glycerol) and left on ice for 25 minutes. The cells were re-pelleted and 

resuspended in 1/12.5 of the original volume of RF2 (lOmM MOPS, lOmM RbCl, 75mM 

CaCl2 2H2O, 15% (w/v) glycerol) before being incubated on ice for 15 minutes. 200pl 

aliquots were snap fi*ozen in dry ice/ethanol and stored at -70°C.

2.3 .6.2 Preparation of competent bacteria for electroporation

A 10 ml overnight culture of bacterial DH12S was diluted in 500 ml pre-warmed SOB-Mg 

medium and grown at 37°C to 005^=0.75. The cells were pelleted by centrifugation for 10 

minutes at 4°C. The supernatant was then removed and the cells resuspended in the 

remaining drops of SOB before being washed with 400 ml ice / cold 10% (volume/volume 

(v/v)) glycerol and pelleted for a further 10 minutes. The wash step was repeated, after 

removal of the supernatant the cells were resuspended in the last few drops of liquid and 

then the concentration of cells was adjusted to ODjgo=200-250 units/ml. lOOpl aliquots 

were snap frozen in dry ice/ethanol and stored at -70°C.

2.3.7 Transformation

lOpl ligation reactions were added to 50pl competent bacteria and incubated on ice for 10 

minutes. This was then heat shocked at 37°C for 2 minutes, incubated on ice for a further 

5 minutes and then at 37°C for 20 minutes after the addition of 150pl LB. Bacteria were 

plated on LB agar plates containing lOOpg/ml Ampicillin, 0.5mM IPTG (isopropyl-P-D- 

galactosidase) and 40pg/ml X-gal (5-bromo-4-chloro-3-indolyl-p-D-galactosidase). Plates 

were incubated overnight at 37°C and white colonies were picked.

2.3.8 Electroporation

A 20pl ligation reaction was precipitated with NH^-acetate / ethanol before being
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resuspended in 5pl water. l-2pl DNA solution were added to 20pi competent bacteria and 

transferred to a pre-cooled 0.1 cm electroporation chamber. The cells were electroshocked, 

1.8kV, 25 pF, 200Q and 1ml SOC was added immediately and then incubated for 1 hour at 

37°C. Bacteria were plated on LB agar plates.

2.3.9 Plasmid minipreps

3 ml of an overnight culture were pelleted and resuspended in 200pl STET (8% (w/v) 

sucrose, 0.1% (v/v) Triton X-100, 50mM Tris-HCl pH 8.0), and 0.25 mg lysozyme, before 

being incubated for 5 minutes at room temperature. Samples were boiled for 45 seconds 

before centrifuging for 15 minutes. Debris was removed before addition of 5% (w/v) lOpl 

CTAB (Hexadecyltrimethylammonium Bromide) and incubation for 5 minutes at room 

temperature, resuspended in 300pl 1.2MNaCl followed by addition of 750pi 100% ethanol 

and centrifugation for 20 minutes to precipitate DNA. Samples were resuspended in water 

containing 20pg/ml ribonucleaseA (RNase A).

2.3.10 Sequencing

1.5-2pg of double stranded DNA template was denatured by the addition of 2pl 2M NaOH 

in a volume of lOpl. After a 10 minute incubation at room temperature the template was 

ethanol precipitated and resuspended in lOpl water. Sequencing, by the dideoxy method 

(Sanger etal, 1977) was performed using the "T7 sequencing" kit (Pharmacia), according 

to the manufacturers instructions. Sequence analysis was performed using software 

designed by the genetics computer group at the University of Wisconsin (Devereux et al., 

1984).

2.3 .11 Primer extension

lOng primer (see specific text) was kinased in the presence of dATP, phenol- 

chloroform extracted and precipitated with NH^-acetate / ethanol using 20pg glycogen as 

a carrier and resuspended in 50pl water. 1 pi (-0.01 pmol) probe was mixed with 5-lOpg 

of RNA in a volume of 8pl with 2pl 5x hybridization buffer (50mM PIPES (piperazine-N, 

N-bis[ 1 -ethanesulfbnic acid]) pH 6.5, 2M NaCl, ImM EDTA). Samples were denatured 

at 90°C for 2 minutes and then transferred for an overnight incubation to a waterbath at the
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appropriate hybridization temperature (empirically determined, usually between 30° and 

50°C). Samples were reverse transcribed in 50mM Tris-HCl pH 8.3, 50 mM KCl, lOmM 

MgClz, O.SmM spermidine, lOmM DTT, 2.5pg actinomycinD, 12.5mM dNTP mix and 8 

units AMV reverse transcriptase at 42°C for 1 hour, followed by phenol-chloroform 

extraction and ethanol precipitation before being denatured and electrophoresed on 6% 

(w/v) polyacrylamide, 8M urea gels. Gels were exposed on phosphorlmager screens for 24 

hours for quantitative analysis (ImageQuant software) before being autoradiographed with 

Kodak X-OMAT AR for two days at -70 °C with intensifying screens.

2.3.12 RNase protection assay

2.3.12.1 RNase protection probes

Position of restriction sites for Sry are with reference to the 14.625 p741 clone Genbank 

accession number X67204. The probes used in the figures are as follows:

Figure 11 :

Probe 2, Nhel (at base pair (bp) 6937) - Xbal (bp 8298) genomic fragment subcloned into 

the Xbal site of pTZ18R (Pharmacia), the phagemid was linearized with BspHl (bp 7927) 

and transcribed with T7 RNA polymerase.

Probe 4, Bglll (bp 8211) - PstI (bp 8575) fragment subcloned into PstI / BamHI sites of 

pBluescriptKS, linearized with Notl in the polyhnker and transcribed with T3 RNA 

polymerase.

Probe 8, EcoRV (bp 8714) - Hindlll (bp 9666) fragment, subcloned into EcoRV / Hindlll 

sites of pBluescriptSK, linearized with SfaNI (bp 9150) and transcribed with T7 RNA 

polymerase.

Probe 16, Afin (bp 11317) - Avail (bp 11694) fragment, subcloned blunt into EcoRV site 

of pBluescriptSK, linearized with Hindlll in polylinker and transcribed with T3 RNA 

polymerase.

Probe 21, MspI (bp 10154) - Bglll (bp 13152) fragment, subcloned blunt into EcoRV site 

of pBluescriptSK, linearized with Hind HI (bp 12791) and transcribed with T3 RNA 

polymerase.

Probe 19 (sense), FokI (bp 12185) - Xbal (bp 12629), sub-cloned blunt into EcoRV site of 

pBluescriptSK, linearized with Hind III in the polylinker (so that a sense riboprobe is
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transcribed when T3 RNA polymerase is used);

Figure 19: Amh probe, 315 bp PstI SacI Amh fragment (over the transcription start site)

was sub-cloned into pBluescript KS, linearized with Hindlll (in the polylinker) and 

transcribed with T7 RNA polymerase.

Figure 22: Sox-3 440 bp XhoI-XmnI was sub-cloned into XhoI-HincII pBluescript KS,

linearized with Ddel and transcribed with T7 RNA polymerase.

Figure 25: Sap62 / Amh, PCR fragment F8 to R2 (probe A); F3 to R7 (probe B); F9

to R9 (probe C) subcloned blunt into EcoRV site of pBluescriptSK, linearized with Notl in 

polylinker (so that an antisense riboprobe is transcribed when T7 RNA polymerase is used): 

probe Bs identical to probe B but linearized with Hindlll so that a sense riboprobe is 

transcribed with T3 RNA polymerase: probe B' 315 bp PstI SacI Amh fragment as described 

above. PCR fragment F10 to RIO (probe D) subcloned into pCRU TA cloning vector, 

linearized with Notl in polylinker (so that an antisense riboprobe is transcribed when SP6 

RNA polymerase is used).

Transcription was carried out using 0.5-1 pg linearized plasmid DNA in the presence of 800 

Ci/mmole ^̂ UTP (Amersham) in a volume of 20pl containing 40mM Tris-HCl pH 7.9, 6mM 

MgClz, 2mM spermidine, lOmM NaCl, lOmM DTT, 2.5mM ATP/CTP/GTP and 20 units 

of the correct RNA polymerase for 1 hour at 37°C. The DNA template was digested from 

the riboprobe by the addition of 1 unit RQl DNase for a further 15 minutes at 37°C (Kreig 

and Melton, 1987). Riboprobes were electrophoresed on a 6% (w/v) polyacrylamide, 8M 

urea gel, full length probe was excised and eluted from gel in a solution of 0.5M NH4- 

acetate, ImM EDTA, 0.1% (w/v) SDS; before being precipitated in ethanol.

2.3.12.2 RNase protection

Between and 20ij.% of total RNA was hybridized for 8-18 hour at 50°C with 4x10^ 

cpm of RNA probe in 20jA of 80% (v/v) formamide, 40mM PIPES pH 6.7, 0.4M NaCl, 

ImM EDTA and then digested with 400//1 of 0.5M NaCl, lOmM Tris-HCl pH 7.5, ImM
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EDTA and 100 units RNase Tl and 2.5)Ug RNase A per ml at 37°C for 30 min. After 

addition of 50pg proteinase K and incubation at 37°C for 15 minutes samples were phenol- 

chloroform extracted followed by ethanol precipitation and then denatured and 

electrophoresed on 6% (w/v) polyacrylamide, 8M urea gels. Gels were exposed on 

phosphorlmager screens for a period of two to seven days for quantitative analysis 

(ImageQuant software) before being autoradiographed for seven days at -70 °C with 

intensifying screens.

2.3.13 DNA isolation

Genomic DNA was isolated as described by Lovell-Badge (1987). Tissues were gently 

homogenized in lOOmM EDTA, 50mM Tris-HCl pH 8.0 and incubated overnight at 37°C 

after the addition of one unit of RNase A and the addition of NaCl, SDS and proteinase K 

to final concentrations of200mM, 2.5% (w/v) and 50pg/ml respectively. The lysates were 

extracted twice with phenol, once with phenol-chloroform and once with chloroform by 

gentle rotation and then precipitated with 1/10 volume 3M Na-acetate, 7/10 volume 

isopropanol and resuspended in water.

2.3 .14 RNA Extraction

Total RNA fi"om post partum tissue samples was prepared by the guanidinium f hiocyanate- 

cesium chloride method (Chirgwin etal, 1979). Tissue samples (>0.5g) were homogenized 

in 20 ml of GuTc solution (5M guanidinium thiocyanate, 50mM Tris-HCl pH 7.5, 25mM 

EDTA, 1.2M BME), mixed with 7.5ml ethanol and centrifuged to pellet homogenate. The 

supernatant was discarded and the pellet homogenized in 10ml GuTc solution before 

precipitation of the RNA overnight at 4°C in 3M LiCl. RNA was pelleted at 10,000g for 

45 minutes at 4°C and then washed twice with 15ml of 2M LiCl, 4M urea. The pellet was 

resuspended in E buffer (lOmM Tris-HCl pH 7.6, 0.1% (w/v) SDS) and then extracted once 

with water saturated phenol followed by chloroform extraction and ethanol precipitation. 

Samples were resuspended in E buffer.

Total RNA was prepared from SN18 cells by phenol-chloroform extraction of cells 

homogenized in 6M guanidium thiocyanate, 40mM Na-citrate pH 7.0, 0.8% (w/v) Sarkosyl,
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15mM P-mercaptoethanol (BME) and 0.2M Na-acetate pH 4.0 before ethanol precipitation 

(Chomczynski and Sacchi, 1987).

For embryonic samples the method as described by Sargent et al. (1986) was used and 

modified. Tissue samples were homogenized in 300pl of CHAOS mix (50% (w/v) 

guanidinium thiocyanate-cesium chloride, 40mM Tris-HCl pH 8.0, 0.5% (w/v), 15mM 

BME) followed by addition of 0.5 volumes of water-saturated phenol and 0.5 volumes of 

lOOmM Tris-HCl pH 8.0, lOmM EDTA, 1% (w/v) SDS and then addition of 0.5 volumes 

of chloroform before centrifugation at 4°C. The supernatant was further extracted with 

phenol-chloroform and once with chloroform before precipitation with isopropanol and 

storage at -70°C.

2.3.15 Southern blotting

lOpg samples of genomic DNA were digested with the appropriate restriction enzymes and 

electrophoresed on 0.9% (w/v) TBE/agarose. Gels were treated by washing for 15 minutes 

in 0.25M HCl and then twice for 20 minutes in dénaturation solution (1.5M NaCl, 0.5M 

NaOH) and twice for 20 minutes in neutralising solution (1.5M NaCl, 0.5M Tris-HCl pH 

7.5). The gels were capillary blotted onto Hybond-N+ nylon filters (Amersham) overnight 

in 20xSSC. After blotting, filters were rinsed briefly in 2xSSC.

2.3 .16 Hybridization

DNA probes which had been denatured by boiling for 2 minutes, were labelled with by 

incubation for 30 minutes at 37°C in a total volume of 50pl containing 200mM Tris-HCl pH 

8.0, 40mM MgClz, 40mM BME, O.lmM dATP/dOTP/dTTP, IM HEPES (N-2- 

Hydroxyethylpiperazine-N'-2-ethanesulfbnic acid) pH 6 .6, 27 CD units/ml random 

hexanucleotides (Amersham), 50pCi dCTP (3000 Ci/mmol, DuPont) and 1 unit of 

Klenow (large fragment DNA polymerase I). Unincorporated nucleotides were removed 

by spinning through a Sephadex G-50 (Pharmacia) column, that had been equilibrated with 

TES (lOmM Tris-HCl pH8.0, ImM EDTA, 0.1% (w/v) SDS). After boiling for 10 minutes, 

probes were added to the filter at 10̂  cpm/ml in hybridization mix (500mM NaPPj, pH 7.2, 

7% (w/v) SDS, 1% (w/v) BSA, 0.5mM EDTA), and hybridized for 16 hours at 65°C in a
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rôtisserie oven (Hybaid). Filters were washed at 65°C three times for 15 minutes in 2xSSC, 

0 .1% (w/v) SDS and once for 15 minutes in 0.5xSSC, 0.1% (w/v) SDS and then exposed 

to X-ray film for 1-3 days.

2.3.17 Primers

Oligonucleotide primers were prepared by the service at NIMR using an automated DNA 

synthesizer (Applied Biosystems 380B DNA synthesizer). Primers were purified from their 

ammonium hydroxide solvent by lyophilization in an evacuated centrifuge (Speedvac). The 

pellet obtained was washed in ethanol (3 times) and resuspended in water. After removal 

of debris by centrifugation, the primer was ethanol precipitated and resuspended in water. 

For PCR an aliquot was diluted to 500ng/pl. For sequencing an aliquot was diluted to 

5ng/pl.

2.3.18 Polymerase Chain Reaction fPCRl

PCR reactions were carried out in 50pl volume containing 50mM Tris pH 9.0, 15mM 

ammonium sulphate, 7mM MgClz, 0.17mg/ml BSA, 0.05% (v/v) Nonidet-P40 (NP40), 

3.75mM dATP/dCTP/dGTP/dTTP, 500ng of each primer and 2.5 units of Thermus 

aquaticus {Taq) DNA polymerase. 1 pg of genomic DNA or 50pg plasmid DNA was used 

per reaction. Reactions were overlayed with parafhn oil and amplified in a Techne PHC-2 

thermocycler (see individual primer sets for conditions).

Amh / Sap62 FIO 5 -GAGTA CCATG ACTAC ATAGA G-3’

RIO 5 -AGGGC CAATT GGCGC AGAC-3'

F8 5 -GTGAG GTTCC ACAGG CCTTG C-3'

R2 5 -GGCAT CTGGG GAGGT CCAG-3’

F3 5 -GTGCA CCCTG CTCCT ATGCC-3'

R7 5 -AGGTG GGAGG CGACT GTCTC-3'

F9 5 -ATGTT AAGCT TGTGC TCACA GCTGG CC-3'

R9 5 -ATGCA GAATT CCTCC CAGTC GAGCA GGC-3'

Amplifications carried out by D.Dresser: conditions were 32 cycles of 95°C, 10 sec, 55°C, 

30 sec, 72°C, 45 sec.

Sry transgenic analysis
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Zfy-ld, 5 -CCTAT TGCAT GGACA GCAGT CTTATG-3'

Zfy-2h 5 -GACTA GACAT GTCTT AACAT CTGTCC-3'

Sryigdi 5 -GAGGG CATGG TCAGT TGAAC-3'

Sryigh 5 -CTCAG TGTGG AATTC ATCTG C-3’

Amplifications carried out by N. Vivian: conditions were as in Koopman et al. (1991), except 

that reactions were carried out in 25 pi final volume.

2.3.19 Rapid amplification of cDNA ends by polymerase chain reaction ŒACE-PCR^ 

The method was adapted fi"om Frohman et al. (1988). Primers were used at SOOng/pl, PCR 

reactions were incubated in a Techne PHC-2 thermocycler using Thermus aquaticus {Taq) 

DNA.

dT 17-Rl-RO 5 -AAGGA TCCGT CGACA TCGAT AATAC GACTC ACTAT AGGGA 

TTTTT TTTTT TTTTT TT-3’ (Frohman et a l, 1988)

RO 5 -AAGGA TCCGT CGACA TC-3’

R1 5’-GACAT CGATA ATACG AC-3’

Y1 IB 5’-CCACT CCTCT GTGAC ACT-3’

Y15A 5’-AAGTT TTGAC TTCTG TATCT GTCTG-3’

Y48A 5 -CAATG GAACA GTTAG CTGGC A-3’

Y54A 5’-CCCTG GGATA CTGTT CTTCT GG-3’

Y53A 5’-CAGTT AAAAG ACTGT TCTCT AG-3’

BYl A 5 -TGTAG GGCTG AACAC TA-3'

2 3 19 1 3’RACE-PCR

Experiments were undertaken over a number of sites 3’ to the Sry open reading frame. 

RACE-PCR products were obtained at two sites. 1 pg genital ridge RNA was reverse 

transcribed by heating to 65°C for 10 minutes in a volume of 5 pi, chilled on ice and lOng 

of dT17-Rl-R0 adaptor primer was added. The volume was increased to 30pl and reverse 

transcribed for 1 hour at 42°C (for conditions see section 2.3.11). The major 

polyadenylation site (at bp 12970) was located as follows: Primers RO and Y54A were 

incubated for 7 minutes at 95°C, Taq polymerase was added and second strand cDNA 

synthesis carried out at 75°C for 5 min, 50°C for 2 min and 72°C for 15 sec, followed by
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amplification for 30 cycles (91°C 45 sec, 50°C 45 sec, 72°C 1 min). PCR products were 

digested with Hindm, which cuts the Siy sequence, immediately downstream of the primer 

Y54A and Clal (which cuts in the adaptor primer) and cloned into Hindlll / Clal pBluescript 

SK. 40 clones were screened for hybridization with Hindlll (bp 12790) / Bglll (bp 13149) 

probe.

The minor 3' RACE-PCR product (at bp 11575/6) was obtained using a similar method as 

above but with two rounds of PCR. The first round of PCR was undertaken with primers 

RO and Y53A, and the second round with R1 and Y48A. PCR products were ligated into 

Hindi digested pBluescript SK and 20 colonies were minipreped and digested, two were 

sequenced.

2 3 19 2 5' RACE-PCR

Genital ridge RNA was reverse transcribed using lOng Y1 IB as described above. The 

single stranded cDNAs were tailed with dATP (0.2mM final concentration) and terminal 

transferase (25 units) at 37°C for 5 minutes. l/5th of the tailing reaction was used for a first 

round of PCR amplification using primers using dT-Rl-RO and BYl A for 30 cycles, 

followed by a second round using R1 and BYl A. PCR products were digested with Bglll 

(this cuts in the Sry sequence upstream of the primer BYl A) and Clal (which cuts in the 

adaptor primer) and cloned into Bglll / Clal digested pBluescript SK. 36 clones were 

screened for hybridization with labelled oligonucleotide Y15A which lies upstream of 

BYIA.

2.4 Mouse Stocks

All mice were fi'om stocks maintained at the animal facilities at NIMR. For RNA isolation 

Parkes outbred mice were used except where otherwise stated.

Experiments involving the p741 transgene (Koopman et al., 1991) used line 32.10 which 

contains -12 copies of the 14.6 kb mouse Sry. This line was maintained as a backcross to 

MFl outbred mice where sex reversal is not seen. 32.10 females were then crossed either 

to CBA males to look for the transgene expression in the genital ridge or to C57BL6/Y'^
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males to look for expression in adult testes. Embryos were genotyped by N. Vivian from 

crude tail lysate by PCR using primers to Zfy-1 (to identify the presence of a Y 

chromosome) and Sry specific to the transgene integration (organised in a head to tail 

concatamer) see section 2.3.17.

Mice homozygous for the W extreme mutation (W') on a C3H / 101 mixed partially inbred 

genetic background were genotyped by Southern analysis (Bglll). W®AV® embryos were 

distinguished from homozygous siblings by the presence of a restriction fragment length 

polymorphism (see Koopman et a l, 1990).

For all embryo dissections it was assumed that matings took place mid-way through the dark 

period; therefore midday on the day of plug is designated 0.5 d^c. For more accurate 

staging, urogenital ridges were dissected from embryos after counting the number of tail 

somites posterior to the hind limb bud. Under this scheme, an embryo with 8 tail somites 

is approximately 10.5 6pc, 18 somites is 11.5 àpc and 30 somites is approximately 12.5 àpc.

2.5 Sex chromatin staining in amnion cells 

For embryos older than 12.5 dpc, sexing could be achieved by gonadal morphology. Other 

embryos were sexed by staining for sex chromatin in amnion cells. A modification of the 

method described by Palmer and Burgoyne (1991b) was used. Amnions were dissected and 

placed into freshly made fixative (3:1 methanokglacial acetic acid) in a 1.5ml microfuge 

tube. The fixative was then aspirated and five drops of 60% (v/v) glacial acetic acid were 

added and vortexed. This was taken up in excess fixative and centrifuged. The supernatant 

was poured off and the cells resuspended in residual liquid. This was then applied to a 

microscope slide and allowed to dry. Slides were stained by inversion onto a coverslip 

containing a drop of 1% (w/v) toluidine blue. Cells from embryos with two X chromosomes 

show a densely staining granule (corresponding to the inactive X chromosome) usually at 

the periphery of the nucleus (viewed at x200 magnification).
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Chapter 3: Results and Discussion 

The adult testis Sry transcript

In earlier studies (Koopman et al., 1990) expression in the developing gonad was found to 

occur between 10.5 dpc and 12.5 dpc confined to the somatic cells of the genital ridge 

where it acts to divert development of the indiffèrent gonad from the ovarian pathway to the 

testicular pathway. Sry is also expressed in the adult testis from approximately 28 dpp, 

coincident with the first wave of spermatogenesis and the appearance of round spermatids 

(Nebel et a i, 1961; Bellvé et al., 1977). Further data, including cell separations (Capel et 

al., 1993b) and the fact that Sry transcripts were absent from the testes of XXSxra or 

XXSxrb mice, which lack germ cells, have demonstrated that expression is confined to the 

germ cells (Koopman et a l, 1990).

For human SRY, the adult testis transcript has been mapped by a number of different 

research groups (Behlke et a l, 1993; Vilain et a l, 1992a; Clépet et a l, 1993; Su and Lau, 

1993). The transcript comprises a single exon of approximately 830 bp. One 

polyadenylation site has been identified but multiple transcriptional initiation sites may be 

present. The identification of multiple start sites may be a reflection of the range of 

techniques that have been used by each research group. Behlke et al. (1993) failed to 

identify any positive clones from a human adult testis cDNA library or to obtain data by 

RNase protection, but obtained a number of 5' RACE-PCR clones 138 nt upstream of the 

ATG and a number of shorter clones. Clépet etal. (1993) used northern analysis, library 

screening and primer walking to demonstrate the existence of several transcription start 

sites. The major site was found to be consistent with a site identified by Vilain et al. 

(1992a), in addition other sites were identified further upstream. This group used adult 

testis RNA for their experiments, but in addition used the teratocarcinoma cell line NT2/D1, 

with which they obtained similar results. Finally, Su and Lau (1993) have used the different 

approach of transfecting mouse fibroblasts with a human *S!/?T-containing cosmid and using 

this RNA for their analysis. Two likely transcript start sites were mapped to approximately 

136 and 78 nt upstream of the ATG of the large ORF.
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Much of the discrepancies between the data may have arisen as a result of basing too many 

conclusions on PCR-based experiments. Such analysis is often prone to artifacts, which may 

include selection of particular, often rare or shortened, products. When such data is not 

confirmed by the use of other techniques, the interpretation of results may be difficult. Due 

to the lack of homology between human and mouse SRY outside the HMG box, the 

identification of a probable human adult testis transcript has provided no help in the 

identification of the mouse Sry transcripts.

Despite the accumulation of data on the role and function of Sry, the nature of the Sry 

transcript in mice remained elusive. Some of the experiments discussed in this chapter were 

undertaken in collaboration with a number of members of the laboratory, such work is 

clearly mentioned. Initial attempts had focused on examining adult testis RNA as this was 

more abundant than the transcript expressed in the developing gonad. Northern analysis 

demonstrated the transcript to be a 1.3 kb molecule (Koopman et al., 1990). Knowledge 

that Sry genomic fragments had often been difficult to clone (Gubbay et at., 1990a, 1992), 

prompted the use of different vectors (AgtlO, A.gtl 1 and AZAP (Stratagene)) and a variety 

of RecA* bacterial hosts into which cDNAs were cloned in the manufacture of libraries. The 

screening of more than 12x10® phage plaques from these cDNA libraries by B. Capel failed 

to yield any positive clones. An additional library was created from a COS cell line 

transiently transfected with a vector (pSV2NS-13) containing a 13 kb BamHI fragment of 

Sry linked in a head to head arrangement with the promoter and enhancer of SV40. When 

RNA from these cells was examined by northern analysis, an Sry transcript similar in size 

to the testis transcript was seen at high levels (estimated to be more than 1% of the RNA 

in the COS cells). This fact was clearly not reflected in the library as the screening of 8 x 

10  ̂plaques yielded only three positive phage (undertaken by B. Capel). Sequencing of these 

by B.Capel demonstrated that Sry inserts were colinear with genomic sequence in a 5' 

direction until position bp 8201 (numbering according to Genbank accession number 

X67204). The sequence at this point was attached to other sequences, from Sry but joined 

to a region 3' of the HMG box beginning from bp 9432 in a S' direction (figure 5). The 

length of this sequence was variable. contained 173 bp, X-^ contained 881 bp and an 

additional 107 bp region showing no homology to any sequence (or to any sequence
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Figure 5. cDNA and 5’ RACE-PCR products (from Capel et al., 1993b).

The Sry genomic locus is represented at the top of the figure. The HMG box is highlighted 

in magenta and lies within a 2.7 kb unique region (open box) bounded by a large inverted 

repeat extending 5’ from bp 7480 and 3' from bp 10219 (arrows). The Y shapes indicate the 

position of potential splice acceptor (SA) and splice donor (SD) sites. An in frame stop 

codon is marked by a filled arrow at bp 8220, an open arrow at bp 8304 marks an ATG 

from which a large ORF extends, the stop codon terminating this ORF is shown by a filled 

arrow at bp 9489. and represent 3 cDNA clones isolated from the COS cell

library. In these clones different amounts of 3' (stippled red) region up to the 3' SD site are 

joined in direct orientation to the 5' SA site. A.2““ also contains 107 bp of unknown 

sequence (represented in green). SRj*” and SRb*®* represent two 5' RACE-PCR products 

isolated from adult testis RNA using primers within the HMG box (arrows). Products 

extend from the HMG box up to the same 5' splice acceptor site, S'Rj,^ has 20 bp from the 

3' donor site joined in the same manner as the COS cell cDNA clones, 5Rj,*“ contains 

sequence of unknown origin extending from this point. and

represent a number of products (numbers of each are indicated in brackets alongside) 

isolated by 5' RACE-PCR from primer extension products using SN18 RNA, the analysis 

was carried out using primers within the HMG box (arrows). clones all have

variable amounts of sequence adjacent to the 3' SD site joined to the 5' SA site. 

contains 10 bp of novel sequence of unknown origin attached to the 5’ SA site, and 

clones are collinear with the genomic sequence.
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within the EMBL data base) and >.3“* contained a 32 bp fragment from Sry. Attempts to 

understand the unusual nature of these clones first focused on examining the 13 kb Sry clone 

within the pSV2NS-13 vector, to identify any rearrangements. However PCR analysis 

demonstrated an intact locus. Furthermore, because the 3' sequence was not located 

anywhere else within the Sry locus the clones were assumed to be rearranged and an artefact 

of the cloning process.

The techniques which had been used in attempts to clone or determine the adult testis 

transcript had certain common features, notably reverse-transcription steps to convert the 

RNA to cDNA, and in the majority of cases a cloning step of some sort. The possibility that 

all the clones obtained up to this point could have been artefacts prompted the use of RNase 

protection, a technique that examines RNA without the use of any intermediates.

3.1 RNase Protection analysis of testis and SN18 RNA 

A series of fragments (figure 6) were cloned and used as riboprobes in an RNase protection 

walk moving 5' and 3’ of the HMG box. In each case, probes were hybridized to RNA 

isolated from adult testis, SN18, a mouse lung epithelial metastatic cell line (CMT167) 

stably transfected with the pSV2NS-13 vector known to express high levels of the 1.3 kb 

transcript and liver as a negative control. Walking in a 5' direction, protection was found 

up to position bp 8201 with both testis and SN18 RNA (the use of the 5' probe (probe 2), 

figure 6, gives rise to a 97 nt protected fragment). In addition a minor proportion of the 

probe shows protection extending beyond this point (371 nt fragment). This latter indicates 

a larger transcript, corresponding to about 5-10% of the total. It is unlikely to be an 

artefact. It is resistant to digestion with DNase and is absent in adult liver RNA prepared 

in the same way. In the 3' direction full protections are seen with all probes up to position 

bp 9432 (probe 8 (SfaNI - HindlH), figure 6). As with the S' end, a minor protected 

fragment (about 5-10% of total transcripts) reflects long transcripts extending beyond 

position bp 9432.

These results appeared to define an exon beginning at bp 8201 and ending at bp 9432. An 

examination of the sequence around bp 8201 demonstrated the presence of a legitimate
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Figure 6 . RNase protection analysis of testis and SN18 RNA.

(A) Diagrammatic representation of the Sry genomic locus. RNase protection probes 

were used in a walk 5' and 3' from the sequence encoding the HMG box (hatched box) to 

map Sry transcripts. Probes include regions of polylinker sequence (not indicated). The 

high-lighted probes, B-X (probe 2) and S-H (probe 8), are those used in (C). Letters above 

the loci indicate restriction sites used: B, BspHI; X, Xbal; S, SfaNI; H, Hindlll; E, EcoRI.

(B) Diagrammatic representation summarizing the RNase protection results. The major 

transcript begins at bp 8201 and ends at bp 9432, as revealed by the specific protected 

fragments of 97 and 282 bases obtained with the probes highlighted in (A). Full protection 

of these probes indicates the presence of a minor long transcript (dashed line).

(C) RNase protection using probes highlighted in (A). Total RNA (20pg) was assayed 

in each track except that of SN18, for which 1.6pg was used. The 3' probe gives non

specific protection in all samples; however, specific protection products can be seen in testis 

and SN18, as well as full length minor products.
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splice acceptor signal and the sequence around bp 9432 corresponds to a splice donor. The 

latter differing only at the two least conserved sites of the consensus sequence (see table 1). 

The size of this exon is 1.23 kb, close to the size of the transcript seen by northern analysis 

(1.3 kb). Any exons which might be spliced 5' and 3' of these sites would have to be very 

small.

5' RACE-PCR was used by S.Nicolis in an attempt to define the 5' exon. In these 

experiments RNA from SN18 was used. Many of the clones obtained were similar to the 

original cDNA isolates, with sequences fi'om a region 3' to the HMG box ending at bp 9432 

joined to position bp 8201 5' to the HMG box (figure 5).

Table 1. Splice donor sequence (according to Stephens and Schneider, 1992)

cleavage site

-3 -2 -1 T 1 2 3 4 5 6

CONSENSUS A/C A G G U A/G A G U

% CONSERVED 70 60 80 100 100 95 70 80 45

Sry sequence C T G G T G A G C

AGREEMENT ✓ X ✓ ✓ ✓ ✓ ✓ ✓ X

3 .2 The transcript present in the adult testis is a circle 

The RNase protection mapping had defined a 1.23 kb exon which was clearly present in the 

majority of transcripts. However, most of the clones isolated fi'om the RACE-PCR analysis 

and the cDNA library screenings showed the 3' end of this exon joined to its 5' end. Could 

these be legitimate spliced products or were they artefacts of reverse transcription or 

cloning? One method of testing whether these clones represent authentic transcripts, and 

to determine if they are rare or abundant, is to use them to derive probes for RNase 

protection assays. S.Nicolis used Aj"” (derived from the COS cell cDNA library) and one 

of the 5’ RACE-PCR products (SR̂ *”) as anti-sense riboprobes. Figure 7 shows a similar 

experiment (see also Capel et a l, 1993b) where riboprobes were hybridized to liver and 

testis RNA. The majority of the transcripts (>90%) are fully protected by these probes 

(represented by a full length protection), proving that they are legitimate products.
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Figure 7. RNase protection using antisense probes derived from 5' RACE and cDNA 

isolates.

An RNase protection analysis, using probes derived from products obtained from library 

screens, was carried out. Probe Rb*“ was isolated from a testis cDNA library and probe 

was derived from a COS cell cDNA clone (see figure 5). Both probes initiate in the HMG 

box and contain 5' sequence with 3' sequence joined at the splice acceptor / splice donor site. 

Specific protected products are marked by arrows and their sizes indicated. The larger 

protected fragments for each probe represent complete protection of the cloned fragments 

(less polylinker), demonstrating that the majority of transcripts in testis lie in this unusual 

configuration. The smaller and less abundant bands represent protection of transcripts that 

are collinear with the genomic DNA. Total RNA (5pg) isolated from liver (L) and adult 

testis (T) were assayed. The fully transcribed riboprobes are also shown.
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The only way of reconciling the findings that more than 90% of transcripts contained the 

intact 1.23 kb exon and more than 90% had the 3' end of this exon joined to the 5' end, is 

to assume that the adult testis transcript is a circular molecule. The transcript is therefore 

continuous with the S' end (bp 8201) joined to the 3' end (bp 9432). Located at these sites 

are good consensus splice acceptor and splice donor sequences. Examination of these sites 

in other mouse species e.g. Mus musculus domesticus has demonstrated that these sites are 

conserved (Coward et al., 1994). These data imply that a splicing event may be involved 

in the formation of the circle. Under this model the previously isolated cDNA and RACE- 

PCR clones must represent randomly nicked permutations of the circle.

Final confirmation of the nature of the Sry adult testis transcript came from experiments 

carried out by A. Swain. Total testis and SNIS RNA was hybridized to specific 

oligonucleotides within the HMG box and then the hybrids were digested with RNaseH. 

This enzyme digests RNA in RNA:DNA hybrids. Cutting a linear molecule at two sites 

would lead to three fragments, whereas in the case of a circular molecule only two bands 

would be visualized when the RNA is analysed by northern. The latter was the case 

demonstrating that the transcripts of Sry in adult testis and SN18 are circular molecules of 

1.23 kb (Capel et al., 1993b). Hybridizing a single oligonucleotide to adult testis RNA and 

digesting with RNaseH yielded a single band when analysed by northern, consistent with the 

Sry transcript in the adult testis being a circular molecule. In addition a change in the 

mobility of the transcript was seen, as might be expected when comparing a linear and 

circular molecule by gel electrophoresis. The uncut circular transcript's mobility was slightly 

faster and appeared closer to the expected 1.23 kb (Capel et al., 1993b).

3 .3 Analysis of the minor unspliced adult testis transcript 

The RNase protection mapping was continued in an attempt to identify the transcription 

start site and the polyadenylation site of the minor Sry transcript which had been observed 

with probes 2 and 8 in adult testis RNA. A systematic walk was undertaken in the 3' 

direction and the minor transcript, representing a consistent 5-10% of the original testis 

transcripts, was apparent with all probes. This analysis was pursued up to probe 21 located 

at bp 12884-13149 (figure 8). In the S' direction similar data were obtained using only one
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Figure 8. RNase protection analysis of the minor adult testis transcript.

An RNase protection analysis was undertaken using probes lying at the extreme ends of the 

Sry locus. Probe 19 was cloned from bp 12185 - 12629 but can be used to examine the 3' 

end of the locus when used in the sense orientation. Due to the inverted repeat this is 

equivalent to using an antisence probe over the region bp 5046 - 5490; probe 21 lies at bp 

12791 - 13152. Total RNA (5pg) from adult testis (T) and adult liver (L) were hybridized 

to each riboprobe, sizes of specific protected fragments are indicated.
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additional probe, probe 19s, located between bp 5046 and 5490 (figure 8). These data 

demonstrate that this adult testis transcript extends from at least bp 5046 to 13149 into both 
arms of the inverted repeat and is therefore more than 8103 bp in size.

3 .4 The adult testis Sry transcript in transgenic mice 

In an attempt to identify the approximate position of the promoter of the minor adult testis 
transcript, the mice transgenic for a 14.6 kb Sry clone (clone p741) were studied. Previous 

experiments using RT-PCR (Koopman et al., 1991) had demonstrated that in the 32.10 
transgenic line the transgene was expressed in the developing gonad at 11.5 àpc, but the 

nature of the transcripts in the genital ridge and adult testis were not known. If the 
transgene were expressed in the adult testis of this line, the implication would be that the 

adult testis promoter lay within the p741 clone. (Genital ridge expression is addressed in 
chapter 4.)

XX Sry male mice lack germ cells in the adult testis due to the presence of two X 
chromosomes and the absence of other Y-linked genes necessary for spermatogenesis. 
Therefore, in order to look for the expression of the transgene, XY transgenic mice must 

be examined. So that the transgene expression could be distinguished from the endogenous 
Sry expression, the sequence of Sry from different strains of mice was first obtained. The 
Sry locus in the AKR strain of mouse contained several polymorphisms when compared to 
the 129 Sry from which the transgene was derived (personal observation but also see 

Coward et al., 1994). These localized in particular to the GAG repeat region 3' of the HMG 
box spanned by probe 8 (SfaNI - Hindlll in figure 6). Because the 32.10 transgenic line 

shows incomplete penetrance, producing some XX transgenic females, the latter mice can 
be crossed with XY^^ males to produce X Y^^Sry  transgenic males which have normal 

testes. By using probe 8 in an RNase protection assay it was possible to distinguish the 

transgene expression from the endogenous AKR Sry expression (figure 9). A major 

protected fragment of 282 nt entirely due to expression of the transgene, was observed. 

This site corresponds to the position of the splice donor and by inference implies that this 

transcript is likely to be circular. These data imply that the adult testis promoter lies within 
the 14.6 kb genomic clone and that this 14.6 kb genomic fragment also contains, within the 

message produced, all other elements required for circle formation.
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Figure 9. Analysis of expression of Sry in the adult testis of mice transgenic for a 14.6

kb genomic fragment.

Using antisense probe 8 (highlighted SfaNI / Hindlll in figure 6) subcloned from a 129 Sry 

genomic clone, an RNase protection analysis was undertaken. 5pg of RNA was assayed in 

each lane. The AKR adult testis RNA shows no protected fragments due to the presence 

of polymorphisms within the region of Sry spanned by the probe. The 129 adult testis RNA, 

a positive control, gives a major 282 nt protection and, as before (figure. 6), full protection 

of this probe indicates the presence of a minor long transcript. When an XX&y female 

transgenic of the 32.10 line (the transgene being derived from a 129 Sry genomic clone) is 

mated to a XY AKR male the resulting offspring have both the 32.10 transgene and the 

endogenous AKR Sry. The 32.10 x AKR adult testis RNA shows a major protected 282 

nt and a minor 516 nt fi*agment corresponding to the circular and unspliced transcripts. The 

expression is entirely due to the transgene.
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3 .5 Discussion

The RNase protection experiments have defined two Sry transcripts in adult testis. A 

relatively abundant 1.23 kb circular transcript and a minor linear transcript which is at least 

8103 bp long. The latter begins within the 5' arm of the inverted repeat and extends through 

the 2739 bp unique region to an unknown distance into the 3' arm of the inverted repeat. 

One explanation for the formation of the circular transcript is that the homologous 5' and 

3’ arms of the large transcript pair so that a stem loop structure is formed. Within the loop 

the splice donor at position bp 9432 is perceived by the splicing machinery as being 5' of the 

splice acceptor at bp 8201. A normal splicing event then leads to the generation of a 

circular exon of 1231 bp (figure 10). Under such a scheme it might be predicted that 

expression fi’om Sry genomic fragments linked to pSV2neo (as is the case for the Sry 

construct in the cell line SN18) would be affected by deletions within the arms of the repeat 

or mutations affecting the splice donor or splice acceptor. Initial experiments by B.Capel 

examining the transcript expressed by constructs deleted for a region of the inverted repeat 

have noted a change in size. Northern analysis has demonstrated a shift in size of the 

transcript fi*om 1.3 kb to -8 kb. These data support the hypothesis that the deletions disturb 

the domains responsible for the formation of a circle. Other more precise mutational 

analyses are being undertaken by A Swain who is examining the effect of mutating the splice 

donor or splice acceptor sites.

The fact that the circular RNA represents more than 90% of Sry transcripts in the adult 

testis, indicates that its formation is favoured over that of a linear molecule (assuming that 

there are no differences in relative stability). No other products resulting from the splicing 

event have been detected by RNase protection. Such products might be expected to have 

a branched structure, with a 5' cap and poly(A) tail, assuming it were processed normally 

(Chang and Sharp, 1990). The failure to identify any of the products of such a structure 

implies that the remainder of the transcript is not stable and is likely to be rapidly degraded.

Experiments by Capel et al. (1993b) have demonstrated that the linear transcripts are 

present in the nucleus and the circular exon has undergone transportation from the nucleus 

and is present within the cytoplasm. This tends to support the hypothesis that the long linear
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Figure 10. Model to explain the generation of the circular Sry RNA.

Transcription from a spermatid specific promoter within the inverted repeat leads to a pre- 

RNA that extends from the 5' arm of the repeat. The formation of a stem-loop structure 

would result due to the homology between the 5' and 3’ ends of the transcript. Due to this 

unusual structure the splicing machinery mis-interprets the location of the splice donor (SD) 

and the splice acceptor (SA) bringing the two sites together generating a circular exon of 

1231 bp.
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molecule is an unpolyadenylated pre-mRNA, such molecules are likely to be retained in the 

nucleus (Eckner et a l, 1991). Despite findings by Huang and Gorman (1990) that the 

process of polyadenylation is necessary for efficient exportation of messages from the 

nucleus, the circular exon which clearly lacks a polyA tail, appears not to be prevented from 

transportation into the cytoplasm. The process of splicing may by itself be sufficient to 

remove any nuclear retention signals and allow transportation. (Eckner et al., 1991).

Experiments have shown that the regulatory elements necessary for expression in the adult 

testis lie 5' of bp 5046 (the most S' site examined by RNase protection) but within the p741 

14.6 kb Sry clone. Little is known about the location of the 3' end of this transcript except 

that it occurs downstream of bp 13149 (the most 3' site examined by RNase protection) and 

all the information necessary for the transcript to form a circle occurs within the p741 clone. 

Transcription termination may, in reality, occur many kb downstream and it is unclear 

whether this transcript is even polyadenylated. In the genital ridge transcript (see chapter 

4), despite the presence of both splice acceptor and splice donor, circular transcripts are not 

formed presumably due to the absence of the S' arm of the inverted repeat within the 

transcript. The formation of a circle, representing approximately 90% of transcripts, 

appears to be favoured over the linear form (which is only just detectable by RNase 

protection).

Within the 1.23 kb circular transcript there is a long ORF, with a potential ATG start codon 

at bp 8295 six bases upstream of the HMG box conserved motif. This ORF extends around 

the circle, through the splice junction, and ends at bp 8250 which could yield a protein, if 

translated, of 393 amino acids. The question as to whether the circular transcripts present 

in the cytoplasm are translated has been examined. On a sucrose polysome gradient Sry 

transcripts are associated with the monosome and free message ribonucleoprotein fi-actions 

that are not actively translated (Capel et al, 1993b). Treatment of the gradient with EDTA 

to dissociate polysomes shifts the actively translated transcripts into the fi*ee population. 

This had little or no effect on Sry, but did shift the loaded fi’action of the protamine 

transcript (a translated control) to less dense fi-actions of the gradient. These data imply that 

Sry is either not translated at all or it is translated inefficiently. In addition, the fact that the
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circular transcript lacks both a cap site and polyA tail implies that translation would be 

further inhibited (Hershey, 1991). If such a circular transcript is not translated or translated 

very inefficiently then the role of Sry in the adult testis is unclear. There may be no cell 

autonomous function, since sperm deleted for Sry form normally in chimaeric

mice and are capable of giving rise to offspring (Gubbay et al., 1990b; Lovell-Badge and 

Robertson, 1990). Many genes are transcribed in the adult testis in a different form and 

often no function has been identified. For example, the Hox-A4 gene is transcribed in the 

embryonic spinal cord and in the adult testis where no function has been established. 

Northern analysis has demonstrated transcripts of different sizes, which are likely to differ 

at their 5' end (Rubin and Nguyen-Huu, 1991). For the c-<ibl gene, transcripts differ in their 

choice of polyadenylation site (Meijer et al., 1987). Other examples include the 

transcription activator protein CREB where different transcripts are generated by alternative 

splicing; the fer  transcript present in the adult testis encodes a truncated protein (Fischman 

et ai, 1990). It may be that in at least some of these examples the generation of alternative 

transcripts in the adult testis is used as a method of downregulating or inactivating 

expression post-transcriptionally. Truncating a protein may remove important functional 

domains whereas choice of polyadenylation signal could drastically alter the stability of the 

message. All genes so far identified as being located on the Y chromosome are expressed 

at some point during spermatogenesis, Sry expression may therefore, just reflect a general 

transcription from the Y chromosome. Post-transcriptional modification and translational 

inactivation, in this case, may therefore be achieved by circularization.

If circularization of Sry transcripts is a method of inactivation then it is unclear how this is 

achieved for human SRY where no circular transcripts have been identified (Capel et a i, 

1993b). Of course, because the transcript present in the developing gonad of humans has 

not yet been defined it could be that this differs fi'om the transcripts so far identified in adult 

testis, NT2.D1 cells and transfected cell lines (Vilain et a i, 1992a; Behlke et a i, 1993; 

Clépet et a i, 1993; Su and Lau, 1993).

Circular RNA molecules may be fairly common - they will be missed in many cloning 

experiments because they lack ends. Cocquerrelle et a i (1993) describe a number of "mis-
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splicing" events involving the human proto-oncogene ets-1 locus which lead to the 

formation of circular RNA molecules containing exonic sequences. They hypothesize that 

these unusual splicing events occur as a result of the presence of particularly long introns 

(15 and 30 kb) flanking a number of exons (separated by shorter (<3 kb) introns). In 

addition both exon shuffling and the presence of additional spliceosomal proteins allows the 

circularization event to occur. This process is clearly not fully understood, however there 

are certain similarities between the circularization events occurring for both the ets-1 gene 

and Sry. Notably the ets-1 locus contains large intronic sequences and the Sry locus 

encompasses a large inverted repeat, these features may allow a misinterpretation of the 

exonic order by the spliceosomal components resulting in the formation of circular exons. 

Continued experimentation and comparisons will allow further insights to be gained into the 

splicing process. It is of additional interest that the ets-1 circular molecules, like Sry, are 

localized in the cytoplasm and actinomycin D chase experiments have demonstrated they are 

relatively stable. Such stability is likely due to the lack of 3' and 5' ends which acts as a 

protection against exonuclease activity. Although actinomycin chase experiments have not 

been carried out for Sry similar results would be expected.

Small circular RNAs which may represent viroid RNA have been identified associated with 

stunting syndrome in carnations. Such RNA molecules are capable of forming single or 

double hammerhead structures which may mediate self-cleaving and replicate cell- 

autonomously (Hernandez et al., 1992). Similarities of Sry with such viroid-like molecules 

are limited to the circular nature of the RNAs.

In the light of the identification of other transcripts as being circular molecules and the 

possibility that the splicing events leading to circularization tend to arise as a result of the 

splicing machinery misinterpreting splicing signals it seems likely that these circular 

molecules may be more common. It is also likely that many studies have identified circular 

transcripts, but these were interpreted as PCR and reverse transcriptase artefacts.
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Chapter 4: Results and Discussion 

The genital ridge Sry transcript

Examination of adult testis RNA demonstrated that in this tissue the Sry transcript is a 1.23 

kb circular molecule which is likely to be spliced from a large transcript. Such a splicing 

event may arise as a result of the unusual nature of the Sry genomic locus in mice which is 

bounded by a large inverted repeat. This transcript appears not to be loaded onto 

polysomes, it can have no cap nor polyA tail and is therefore very unlikely to be translated 

efficiently. Furthermore, there is no evidence for any critical function for these transcripts 

in spermatogenesis, as XY germ cells deleted for Sry are able to give offspring. It was, 

therefore essential to examine the nature of the transcript expressed in the indifferent gonad 

where the gene is known to function.

The Sry transcript expressed within the adult testis is far more abundant than that in the 

genital ridge. For example, the use of northern analysis clearly gave a signal corresponding 

to the circular transcript in testis, however, no convincing signal was obtained with genital 

ridge RNA. In collaboration with B.Capel, 11.5 d^c genital ridge cDNA libraries, cloned 

into both phage and plasmid vectors, were made and screened using a number of different 

probes 5’ and 3’ of the HMG box. No positive Sry clones were identified out of a total of

2.3 X 10  ̂screened, although the libraries were shown to be representative. Sry may have 

been missing from these libraries because of its low level of expression but it may also show 

a low cloning efficiency, as this has been observed with many Sry genomic clones. The 

sequence contains many repeats which are assumed to lead to instability. Attempts at over

expressing Sry in tissue culture systems from large genomic fragments either produced Sry 

RNA in its circular form (e.g. SNI8) or failed to produce Sry transcripts at all. Primer 

extension has also been attempted but failed to give a signal above background. A number 

of different approaches were therefore used to define the genital ridge transcript without 

knowing its size and with the knowledge that it was rare.

One of the most sensitive techniques which can be used to analyse a message is RT-PCR. 
However, an RT-PCR walk across the locus gave unreliable and often misleading data. 

Different primer pairs were found to work with different efficiencies and sometimes not at
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all, particularly as the mRNA being examined was present at a very low level. The use of 

5' and 3' RACE-PCR also failed to yield any convincing results. For this technique to be 
successful the ends of the transcript need to be known to within approximately 600 bp and 

the presence of certain sequences, for example micro-satellites, within the fragment to be 
amplified can be very inhibitory. RNase protection, unlike the majority of other techniques 

which can be used to analyse RNA, examines the RNA directly without using reverse 

transcription intermediates and is therefore less prone to artefacts. It is a sensitive technique 

allowing rare transcripts to be detected but it is also quantitative. This makes it easier to 
judge the significance of any result.

4 .1 Mapping of the Sry transcript in the developing gonad 

RNase protection experiments were initially carried out using probe 4 (figure 11) which 
spans the HMG box region. A protection walk was then carried out moving in both a 5' and 

3' direction using overlapping probes. A subset of the probes used are shown in figure 11. 
In all cases 11.5 d^c genital ridge, adult testis (>6 weeks), SN18, and liver RNAs were used.

4.1.1 5 'analysis of >5rv
A protected fi*agment of 97 nucleotides (nt) seen with probe 2 reveals the use of the splice 
acceptor site (see chapter 3) at position bp 8201 (numbering as Genbank accession number 

X67204) in adult testis RNA (figure 12). Using genital ridge RNA, no 97 nt fragment was 
observed with this probe, indicating that there is no splicing at this site. However, there are 

three major and one minor protected fi-agments of259-272 nt which are likely to correspond 
to multiple transcription start sites. Three different probes of varying sizes over this region 

have revealed the use of the same sites (data not shown), which map between bp 8027-8039. 
None of these sites is adjacent to an AG characteristic of splice acceptors, transcription fi'om 

these sites could be due to two upstream AT rich regions which are possibly degenerate 
TATA boxes. There may also be some transcription initiation further 5' as shown by the 

faint band at 371 nt corresponding to complete protection of the Sry sequences in the probe. 
However, this is a very minor component of the total transcripts (less than 5%). Protection 

assays using antisense probe 19s, spanning the region bp 5046-5490, demonstrate that no 
genital ridge transcripts extend into the 5' arm of the inverted repeat unlike in the adult testis 

(figure 13).
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Figure 11. RNase protection walk through the Sry genomic locus.

(A) Diagrammatic representation of the Sry genomic locus. RNase protection probes 

were used in a walk 5' and 3' from the sequence encoding the HMG box (box at bp 8310- 

8546) to map Sry transcripts in the developing male gonad and the adult testis. The 

highlighted probes are those used for experiments shown in figure 12, restriction sites used 

to generate these probes are indicated. Probes include regions of polylinker sequence (not 

indicated).

(B) Summary of the RNase protection results for testis and genital ridge samples using 

probes highlighted in (A). Numbers refer to the sizes of the protected fragments. The major 

RNA species detected are represented by the solid line and minor (<10%) by the dashed line.
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Figure 12. RNase protection using probes highlighted in figure 11 A.

Probe 4 protects the region encoding the HMG box for both adult testis and genital ridge 

transcripts; probe 2 and 21 highlight the transcription start and the polyadenylation site of 

the genital ridge transcript; probe 2 and 8 mark the splice acceptor and splice donor of the 

testis transcript; probe 16 gives a partially protected fragment ( • )  representing the minor 

polyadenylation site (<10%) of the genital ridge transcript (as identified by RACE-PCR). 

Total RNA; 5pg of testis (T), liver (L); 2pg SN18 (S) or 5 pairs of pooled unsexed 11.5 6pc 

genital ridges (G) were hybridized.
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Figure 13. RNase protection analysis using probe 19 (sense).

The use of the sense probe 19 (figure 11 A), equivalent to using an anti-sense probe spanning 

the region bp 5046-5490), in an RNase protection analysis demonstrate that only testis and 

no genital ridge transcripts extend into the 5' arm of the inverted repeat. Total RNA was 

hybridized; 5pg of testis (T), liver (L) and 5 pairs of 11.5 dpc XY genital ridges (G) were 

analysed.
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In order to verify the RNase protection data, 5’ RACE-PCR was carried out (in 

collaboration with B.Capel) using primers just 5' of the HMG box (Y1 IB and BYl A). A 

broad band was detected at the size expected from the RNase protection data. The band 

was excised, ligated into a Bglll / Clal digested vector and a number of clones were 

obtained and sequenced. The majority (7 out of 11 clones) demonstrate transcription 

initiation between bp 8035 and 8039. This is in approximate agreement with the protection 

data. Although the protection identified two additional neighbouring sites it is possible that 

the PCR amplification does not favour these. Four other shorter clones were obtained 

further 3’; - two at bp 8107 and two at bp 8099. These sites may correspond to rare 

transcription initiation sites not detected by the protection assay or, more likely, may arise 

due to PCR slippage along the very T rich microsatellite. No clones were identified as 

extending beyond bp 8035. In combination with the protection data this implies that there 

is no additional exon spliced to this site.

4.1.2 3' analysis of Sry

3' of the HMG box probes 5,6  and 7 show complete protection of Sry sequences with both 

genital ridge and testis samples. As expected, protection of probe 8 with testis RNA gives 

a major 282 nt fi’agment (figure 12) which is consistent with the splice donor at position bp 

9432 (see chapter 3). In the genital ridge a minor proportion (<10%) of the transcripts also 

appear to splice here, but the majority extend further 3'. In fact, full protection of Sry 

sequences is observed with probes 9 to 20. Despite the presence of two AATAAA 

consensus polyadenylation sequences which are spanned by probes 11 and 14, no major site 

of splicing or polyadenylation is apparent until probe 21. With this probe a 176 nt protected 

fi-agment can be observed. This corresponds to the major polyadenylation site of the genital 

ridge transcript although -25% of the transcripts extend further.

3’ RACE-PCR confirmed the position of the major genital ridge polyadenylation site to be 

at bp 12969, 16 nt downstream from an AATAAA consensus polyadenylation signal. 3' 

RACE analysis of regions throughout the 3' end of the genomic locus (in collaboration with 

B.Capel) identified another site at bp 11575/6, but this is clearly a minor polyadenylation 

site. When the probe covering this region (probe 16) was used in RNase protection it gave
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a protected fragment of the expected size ( • o n  figure 12) at low levels (< 10% of total 

signal). Furthermore, two rounds of PCR amplification were required to recover this RACE 

product compared with just one for the major polyadenylation site.

The data presented above are consistent with the majority of the active Sry transcripts within 

the genital ridge comprising a single exon beginning 5' of the HMG box at bp -8035 

extending through the HMG-box DNA binding motif, CAG repeat and into the 3' arm of the 

inverted repeat to bp 12969.

4.2 Analysis of the ORF 

There are three ATGs 5' of the region encoding the HMG box (marked by m / M in figure 

14). The first and second ATGs are followed by short ORFs of 9 and 3 amino acids 

respectively. The third ATG (at position 8295) is followed by a large ORF of 395 amino 

acids (figure 14 and 15), encoding a protein containing the HMG box DNA binding domain. 

This domain is flanked by a short 2 amino acid N-terminal domain and a long 314 amino 

acid C-terminal domain which is characterized by a large repeat rich in glutamines and 

histidines. InMw5 musculus domesticus Sry alleles this glutamine repeat is truncated by the 

presence of a stop codon (TAG figure 14) thereby producing an ORF of 234 amino acids 

(see section 4.5). Downstream of this region the next largest ORF within the Sry 

transcription unit could encode 141 amino acids. However, this ORF which begins at bp 

11475, contains a large microsatellite with a variable TC nucleotide repeat and has a poor 

translation initiation consensus sequence around the ATG.

4.3 Homology between mouse and human SRY 

Regions of homology may denote functional protein domains or positions of common 

regulatory elements. However, comparison of the human adult testis transcript with the 

mouse genital ridge transcript reveals a number of clear differences (figure 16). Mouse Sry 

has a large 5’ UTR o f-273 nt followed by an ORF of 395 amino acids and a large 3' UTR 

of 3481 nt. Human SRY has a shorter 5' UTR of -77 nt, an ORF of only 204 amino acids 

and a short 137 nt 3’ UTR (figure 16A). Within the transcription units the only extended 

region of homology is confined to the HMG domains (89% identity). However, two short
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Figure 14. Features of the mouse Sry locus.

The nucleotide 1 (and also amino acid 1) corresponds to bp 8303 within the 14.625 kb 

genomic clone. The long open reading frame of the gene is shown as a large box with the 

initiator methionine (M); red bands mark glutamine repeats; the HMG box is highlighted in 

magenta; the 5' and 3' untranslated regions are shown as thin blue boxes. Features of 

interest are shown: the TATTA degenerate promoter element, three transcription initiation 

points, two short open reading frames (m); the SA and SD refer to the splice acceptor and 

splice donor sites used by the transcript expressed in the adult testis; transcript instability 

sequences (ATTTA) and polyadenylation signals (AATAAA). The inverted repeat is shown 

by arrows. Also marked is the TAG stop codon identified in domesticus type Sry sequences 

and the position of the variable number of glutamines (-).
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Figure 15. The Sry open reading frame.

The diagram shows the Sry open reading frame emphasizing the nature of the large 

glutamine / histidine repeat region at the carboxy terminal. The HMG box is highlighted in 

red.
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Figure 16. Comparison of human and mouse SRY.

(A) The human adult testis and mouse genital ridge SRY transcripts are shown using the 

HMG box as a reference point for alignment. Homology outside the 79 amino acid HMG 

box (hatched) is poor and the structure of the two genes is very different. Mouse Sry has 

a very short 2 amino acid N-terminal domain (speckled) and a large 314 carboxy terminal 

which are 57 and 68 amino acids respectively in human SRY. 5’ and 3' untranslated regions 

(shown as small wavy boxes) are also of different lengths.

(B) Two areas of homology between mouse and human SRY 5' of the HMG box are 

shown, the first abuts the transcriptional start sites, the second lies 2-3 kb further upstream.
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273 3481

Mouse

Human

B

7 9 0  0 GTTTTGCTTGACAGTATCTAGGTTCATGAGATGGCTTCAAAGTAGATTAG 7 9 4 9  M 

7 8 4 6  GTTTTGCTTGAGAATGAATACATTG. TCAGGGTACTAGGGGGTAGGCTGG 7 8 9 4  H

7 9 5 0  TTGGGCTGGACTAGGGAGGTCCTGAAGGAGGAGGGATAAATATTTTCTTA 7 9 9 9  M 

7 8 9 5  TTGGGCGGGGTTGAGGGGGTGTTGAGGGCGGAGAAATGCAAGTTTCATTA 7 9 4 4  H

80  0 0 CACACGTTAA. ATATTAAAATCTTTGTTACAAGCACATTTTGGTCA.GT 8 0 4 6  M 

7 9 4  5 CAAAAGTTAACGTAACAAAGAATCTGGTAGAAGTGAGTTTTGGATAGT 7 9 9 2  H

6 0 3 9  AATCCACAAATGACATGGAGAAACAAT. AGCAGAAACTCTCCAGAG. . . .  6 0 8 3  M 

6 3 4 9  AATCCTCAAAAGAAACCGTGCATCCACCAGCAGTAACTCCCCACAACCTC 6 3 9  8 H

6 0 8 4  . . . .AAAGAGACATAAGCACCCATTGGGATGGATATA.TTTGTATTCATT 6 1 2  8 M 

6 3 9 9  TTTCATCCAGTCCTTAGCAACCATTAATCTGGTTTTAGTCTCTATTCATT 6 4 4 8  H

6 1 2 9  TGTGTT 6 1 3 4  M

6 4 4 9  TGCCTT 6 4 5 4  H



regions of lower homology have been identified outside the transcripts, both lying 5' to the 

HMG box (figure 16B). One region of-150 bp in length is located at the human and mouse 

transcription start sites and shows 62% homology; a second region lies -1520 bp upstream 

of the human and -1900 bp upstream of the mouse start sites and is 68% homologous over 

95 bp. Examination of the GCG Wisconsin data base has failed to identify any transcription 

factor binding sites at either location common to both human and mouse.

4.4 Analysis of Sry transcripts in transgenic mice 

In order to demonstrate that all the regulatory elements necessary to produce a correctly 

initiated transcript in the 11.5 dpc genital ridge were contained within the p741 14.6 kb 

genomic clone, transgenic mice were examined. Examination of XXSry transgenics 

demonstrates that expression occurs using the same transcription start sites as their XY 

siblings (figure 17). However, transcripts are present at a somewhat lower level 

(approximately 40%). This low level of expression may be responsible for the incomplete 

penetrance of the sex-reversal in the 32.10 transgenic line on different genetic backgrounds 

(see Chapter 7). The XX transgenics do not express a circular Sry transcript in the 

developing gonad. This is recognized by the absence of the 97 nt protected fragment which 

is seen in the adult testis control RNA sample. In combination with the transgenic 

experiment discussed in chapter 3 this demonstrates that all the regulatory elements 

necessary to produce circular spliced transcripts in the adult testis and a linear transcript in 

the developing gonad are contained within the 14.6 kb transgene.

4.5 Quantitative time course of Srv and Amh expression 

Previous experiments examining the expression of Sry have used a non-quantitative method 

of RT-PCR which has defined the window of expression loosely. Using the quantitative 

method of RNase protection and accurately staged samples, a fine timecourse of Sry 

expression was undertaken. This timecourse has been carried out using probe 2 (figure 11) 

which can distinguish a spliced (97 nt protected fragment) testis type of transcript from a 

linear (-270 nt protection) genital ridge transcript.
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Figure 17. Analysis of expression of Sry in the developing gonad of mice transgenic for

a 14.6 kb genomic fragment.

Sry expression was analysed in an RNase protection using anti-sense probe 2 (figure 11) to 

distinguish linear and circular transcripts. 5pg of total RNA from adult testis and liver was 

assayed. In addition RNA was isolated from the 11.5 6pc gonads (G) of XX embryos 

derived from the 32.10 transgenic line on a CBA background (Tg) and their XY non- 

transgenic siblings. The number of genital ridges used in each lane are indicated. A 

protected fragment o f-270 nt demonstrates normal linear Sry transcription in the 32.10 

transgenic line. The 97 nt fragment representative of the splice donor of the adult testis 

transcript is not seen in any of the gonad lanes.

- 101 -



Linear
transcript

XX Tg G XY G
---------------1 r
x4 x2 x4

I!*-

,
#  1

. %
4  270

Circular
transcript 4  97



Figure 18. Timecourse of expression of Sry in the developing gonad and testis.

Sry expression was analysed in an RNase protection assay using anti-sense probe 2 (figure 

11) to distinguish linear (large 270 nt protection) and circular (small 97 nt protection) 

transcripts. Total RNA was prepared using 225 blastocysts (B), 5pg ofpost partum testis 

and adult liver, and RNA was also prepared from four pairs of accurately staged sexed XY 

genital ridges, 3/4 of each of these RNA samples was used, the remaining 1/4 was used in 

a similar ̂ /w/z timecourse (figure 19).
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Figure 19. Timecourse of expression of Amh in the developing gonad and testis.

Amh expression was analysed in an RNase protection assay using an anti-sense probe 

spanning the 5' end oïAmh. One major (• )  and two minor (O) transcriptional start sites are 

indicated. Total RNA was prepared using 5pg of post partum testis and adult liver, and 1/4 

of the RNA isolated from four pairs of accurately staged sexed XY genital ridges, the 

remaining 3/4 of the RNA was used in a similar Sry timecourse (figure 18).
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Figure 20. Timecourse of expression, comparing Amh and Sry.

RNase protection data for expression of Sry and Amh in males were quantitated using a 

Molecular Dynamics computer imaging system. The relative amounts of Sry and Amh 

transcripts were plotted taking expression of Sry at 18 tail somites and oïAmh at 30 tail 

somites to be 100%.
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Sry expression is first observed in its linear form at 11/12 tail somite stage, expression peaks 

at 18 somites turning off just after the 27 tail somite stage (these stages are equivalent to 

about 10.5 dp>c, 11.5 dpc and just before 12.5 dpc respectively). Sry in the post partum 

testis gives rise to its circular form at 28 dpc, approximately coincident with the first wave 

of spermatogenesis and development of round spermatids (figure 18).

The anti-MüUerian hormone gene has been proposed as a direct target for the action of SRY 

(see for example Haqq et al., 1993, 1994). Ain Amh timecourse was undertaken to define 

its temporal window of expression precisely in relation to the expression of Sry. A probe 

over the region of the Amh transcription start site was used for this analysis. Three 

transcription start sites were identified, the major one lies ~10 nt upstream of the ATG 

(similar to that observed in human AM7/). Full protection of Amh sequences in the probe 

corresponds to a mRNA being transcribed fi*om a neighbouring ubiquitously expressed gene 

(see chapter 6). This signal can therefore be used as a "loading control" allowing the 

quantity of RNA used to be normalized. Using the same samples as were used for Sry, 

expression of Amh is first seen at the 18 tail somite stage and increases. After 7 dpp 

transcript number gradually declines, reaching a low level at 43 dpp (figure 19). 

Phosphoimager quantitation of the Sry timecourse and an Amh timecourse has allowed 

expression to be represented graphically (figure 20). Amh expression initiates when Sry 

expression is at its peak but continues to increase after Sry transcription is turned off.

4.6 Discussion

Methodical use of RNase protection mapping in combination with 5' and 3' RACE-PCR has 

been used to accurately determine the transcription unit of the Mus musculus musculus 

mouse Sry gene within the developing gonad. The majority of transcripts comprise a single 

exon of4942 bp, which initiate 283 bp 5' of the HMG box and extend into the 3' arm of the 

inverted repeat. This confirmed at least two predictions. First, there is no splicing within 

the single long ORF. Secondly, the genital ridge transcript starts within the unique region 

of the Sry genomic locus, whereas the testis transcript initiates somewhere within the 5' arm 

of the inverted repeat. This suggests that there must be two promoters for mouse Sry, a 

distal one specific to the germ cells of the adult testis and a proximal one specific to the
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somatic cells of the genital ridge. Large transcripts produced from the distal promoter 

would lead, via an unusual splicing event, to the formation of a circular transcript which is 

unlikely to be efficiently translated, whereas transcription initiating from the proximal 

promoter would lead to a normal linear transcript presumed to give rise to functional SRY 

protein.

The protein encoded by Sry can now be predicted with more certainty based on this detailed 

analysis of the transcription unit. 5' of the HMG box within the transcription unit, there are 

three ATGs at bp 8193, 8242 and 8304. From these ATGs extend ORFs of 9, 3 and 395 

amino acids respectively. The scanning model of translation initiation (Kozak, 1983) 

suggests that the 408 ribosomal subunit binds at the S' capped end of the mRNA and 

advances in a 3' direction until the first AUG is reached. If the first AUG occurs in an 

optimal context (as defined by mutational analysis (Kozak, 1986b, 1987a, b; Grünert and 

Jackson, 1994) to be g c c A/G c c A U G G A/C U, the underlined bases at positions -3, 

+4 and +5 are critical (the A of AUG being +1)) then the 408 subunit stops and binds 

accessory proteins to allow translation to be initiated. A poor sequence context allows the 

408 subunit to keep scanning. It is the third of these ATGs that lies in an almost optimum 

locale (see table 2), from which a large ORF containing the HMG box, extends. However, 

the first ATG is flanked by a reasonable translational initiation sequence, agreeing at the 

critical position -3 and must be considered as a site from which some translation might 

occur. The short ORF associated with this ATG may, in the event of translation being 

initiated, allow scanning of the ribosomal 408 unit to resume until the next suitable ATG is 

reached (Kozak, 1983). A feature of the 5’ UTR is the presence of a TCTG microsatellite. 

This might give rise to secondary structure which could reduce translational efficiency from 

any of the ATGs (Pelletier and 8onenberg, 1985; Kozak, 1986a, 1990). The presence of 

multiple upstream ATGs and possible secondary structure might act to dbwnregulate 

translation of an already rare Sry transcript. The 5' UTR of human SRY as defined in testis, 

NTERA-2 cl.Dl and transfected cell lines does not show any of these features (Vilain et al., 

1992a; Behlke et al., 1993; Clépet et al., 1993; 8u and Lau, 1993). However, the single 

ATG lies in a non-optimal context which may also lead to inefficient translation (see table 

2).
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Table 2. Translation initiation consensus sequences (according to Pelletier and 

Sonenberg, 1985; Kozak, 1986a, 1990)

Position -6 -5 -4 -3 -2 -1 1 2 3 4 5 6

Consensus g c c A/G c c A Ü G G A/C U

First ATG T Q Q A T T A U G T T C

Second ATG A G Q C A c A U Q A T A

Third ATG Q A G A G £ A II Q Q A G

Human ATG T T G A Q A A u Q C A A
Consensus sequence is shown with critical bases capitalized, positions of agreement are 

underlined.

The large ORF of mouse SRY (395 amino acids) is comprised of the 79 amino acid HMG 

box flanked by a short two amino acid N-terminal domain and a 314 amino acid C-terminal 

domain characterized by a glutamine / histidine rich repeat region. The ORF of human SRY 

is completely different. It is considerably smaller, comprising only 204 amino acids with the 

HMG box flanked by a 57 amino acid N-terminal domain and a 68 amino acid C-terminal 

domain. Furthermore, the glutamine repeat which appears as the major feature of the C- 

terminal domain of the mouse SRY protein is completely absent in human SRY. Glutamine 

repeats, such as the one present in mouse SRY, have been identified in the context of genes 

which are associated with a number of diseases including spinal bulbar muscular atrophy, 

Huntington disease and Spinocerebellar ataxia type 1 (for brief review see Green, 1993). 

A direct correlation between the number of glutamines and the onset of disease has been 

made. This can either be by expansion or by contraction of repeats (Huntington’s Disease 

Collaborative Research Group, 1993; Mhatre et a l, 1993; Orr et a l, 1993; androgen 

receptor gene associated with prostrate cancer (Schoenberg et a l, 1994)). The role of 

glutamine repeats in the function of proteins is yet to be fully understood. Glutamine 

repeats which occur in transcription factors may act as activation domains (Gerber et a l,

1994); removal or addition of extra glutamines modifies the properties of such a region 

(Mitchell, P. J. and Tjian, 1989). As human SRY lacks a glutamine repeat its mode of
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action may be different from the mouse protein. Perhaps the human protein needs to 

interact with an additional protein which contributes an activation domain. However the 

importance of this domain to SRY function in the mouse is difficult to understand.

Sequence analysis of the ORF of SRY in a variety of mouse species (Coward et al., 1994) 

has identified a mutation (marked by TAG at amino acid 234 in figure 14) within the GAG 

/ glutamine repeat of mice with a Mus musculus domesticus Y chromosome. The data 

presented here demonstrate that this mutation does lie within the ORF and leads to a 

truncation of the protein product with loss of approximately half of the repeat region. Such 

Sry alleles clearly function suggesting that this domain is not very important. It has been 

proposed that the presence of other polymorphisms within the locus may be responsible, in 

conjunction with this stop codon, for cases of sex-reversal when the Y chromosome of 

certain M.m.domesticus mice is placed on a C57BL/6 background. For example, in Sry 

from the Poschiavinus Y chromosome, one particular glutamine repeat region (marked by 

in figure 14) is contracted by a single amino acid, in the case of AKR an additional 

glutamine is present. The modification of the glutamine repeat may result in alteration of 

an activation domain thereby altering the interaction of SRY with target DNA or other 

proteins. However, recent data by P.Tucker (personal communication and Miller et al.,

1995) have suggested that polymorphisms are frequent within this region of the SRY ORF 

in wild mice. Sex-reversal seen with Sry alleles which have variations in the repeat sequence 

may therefore reflect differences elsewhere, for example in regulatory regions.

Wfithin the large 3' UTR (3481 nt) there are several features which may affect the stability 

of the RNA and efficiency of its translation. The presence of four ATTTA sequences, 

between bp 9720 and 9790, may have a role in destabilising the RNA. Such sequences have 

been found in other genes e.g. GM-CSF and c-fos (Shaw and Kamen, 1986; Wilson and 

Treisman, 1988) where it is believed that an ARE-binding protein interacts with these 

sequences to stimulate deadenylation (for review see Sachs, 1993; Decker and Parker, 

1994). Polyadenylation itself is also likely to be carefully controlled. Within the long 3' 

UTR there are three AATAAA consensus polyadenylation signals but the first two are not 

used. The third, at which the majority of transcripts are polyadenylated, also has a (GT)n
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(T)n domain 17 nt downstream of the AATAAA which may be important in poly A site 

selection (Levitt et a i, 1989). Clearly there is selective use of a polyadenylation site. By 

using the third AATAAA signal a large 3’ region extending into the inverted repeat is 

maintained within the transcript. The further examination of the transcript has demonstrated 

an additional polyadenylation site at bp 11575/6. This is representative of a minor (<10%) 

proportion of the total transcripts and is preceded by an unusual AATATA signal. This site 

has also been identified independently by P.Koopman (personal communication). The 

human SRY transcript is different in this respect as well. All transcripts polyadenylate at the 

first AATAAA signal outside the ORF.

The presence of a wide variety of features contained within the Sry transcript, namely 

multiple ATGs, microsatellites in the 3' and 5' UTRs, ATTTA destability sequences and 

specific choice of polyadenylation sites, all imply post-transcriptional regulation that may 

have a role influencing the rate and period of translation. This is in addition to the precise 

temporal and quantitative transcriptional regulation of the gene. In humans, there is no 

evidence for tight regulation of expression, in fact expression has been observed, at least at 

a low level, in many tissues (Clépet et al., 1993). Perhaps this supports the idea that the 

presence of an interacting protein is necessary to trigger the activity of SRY in a tissue 

specific manner.

From 28 dpp Sry transcripts are seen in the testis in their circular form. This coincides 

approximately with the first occurrence of round spermatids (Nebel et al., 1961; Bellvé et 

al, 1977). Such data are consistent with expression of Sry in purified round spermatids in 

testis cell separations (Rossi et al., 1993) and the fact that Sry expression is absent in adult 

testes of XX Sxra males which are devoid of germ cells (Koopman et al., 1990). It seems 

likely that these transcripts are non-functional and may just reflect de-regulated expression 

of genes on the Y chromosome. RNase protection experiments have demonstrated that the 

testis germ cell "primary" transcript is more than 8 kb. Analysis of the 32.10 transgenic line 

on an AKR background has demonstrated that the promoter elements of this transcript lie 

in the 5' arm of the inverted repeat within the p741 14.625 kb clone. This is different from 

that used in somatic cells in the genital ridge. The latter is presumed to be in the unique
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region flanking the observed initiation sites. The distal promoter gives a transcript 

containing both 5' and 3’ arms of the inverted repeat which could hybridize to form a stem 

loop structure allowing splicing from splice donor and acceptor to give a circular exon. No 

circular transcripts have been identified in the genital ridge as the splice acceptor is not used 

(probe 2, figure 12), despite the transcript containing both splice acceptor and donor. The 

simple explanation is that the genital ridge RNA cannot form a stem loop as it lacks 5' 

inverted repeat sequences.

Experiments have not identified any transcription initiation or polyadenylation for the adult 

testis transcript. Presumably when the RNA is spliced to give the 1.23 kb circle the 

remaining "intron", which will be mostly double stranded RNA, is rapidly degraded. Under 

these circumstances the presence or absence of a polyA tail would have no affect on the 

stability of the remaining transcript fragments. Although the data presented here 

demonstrates that the adult testis transcript promoter is likely to lie in the 5' arm of the 

inverted repeat within the 14.6 kb clone its precise position has not been mapped. Since the 

sequence surrounding this promoter is repeated at the 3' end of the Sry locus it might be 

expected that antisense transcripts would arise. The use of sense riboprobes over the region 

of the HMG box have failed to detect any antisense transcripts in the adult testis (data not 

shown). By sequencing further into the 3’ repeat it may be possible to identify 

polymorphisms which serve to prevent anti-sense transcription from occurring. Similarly, 

despite the knowledge that the promoter of the genital ridge transcript lies within the unique 

region, the whereabouts of any enhancer elements are unknown, but their location within 

the inverted repeat would result in the presence of two copies, possibly acting 

synergistically. This could explain why the inverted repeat structure is maintained. 

Conversely the inverted repeat structure of the Sry locus may be a relic of multiple copies 

of Sry. Recent work by Nagamine (1995) has identified multiple copies of Sry m a number 

of rodent species. Although Sry is present as a single copy in related European wild mouse 

species, Sry is present in 2-6 copies in the Asian mouse species M.caroli, M.cooki and 2-13 

copies in the related murid species Pyromys saxicola, Coelomys pahari, Nannomys 

minutoides, and Rattus norvégiens. Because copy numbers do not correlate with known 

phylogenetic relationships it is difficult to know what the ancestral copy number is.
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Therefore, the presence of the inverted repeat in M.musculus may have been created simply 

by a reduction in the number of copies of Sry.

Recent experiments by a number of groups have identified expression of Sry at a third stage 

of development, namely the pre-implantation embryo (Gaudette et al., 1993; Zwingman et 

ai, 1993; Boyer and Erickson, 1994). These authors used RT-PCR based techniques which 

are capable of detecting trace amounts of transcript and it is difficult to know the 

significance of much of this work. Analysis of blastocyst RNA for expression of Sry (lane 

B figure 18) in an RNase protection experiment failed to detect any transcripts. The RNase 

protection assay should have been sensitive enough, to detect the 3.2 x 10̂  copies of Sry 

that Gaudette et al. (1993) suggested were present in a single blastocyst. There is no 

obvious role for Sry in pre-implantation development. Although it has been proposed that 

it could account for differences in the growth rates of XX and XY pre-implantation embryos 

(e.g. Zwingman et a i, 1993). There are an increasing amount of data demonstrating that 

in eutherian mammals XY conceptuses are more advanced than XX conceptuses of the same 

gestation age (see e.g. Scott and Holson, 1977; Avery et a i, 1992). This XX-XY 

developmental difference is present before gonadal sex differentiation and cannot therefore 

be due to gonadal hormones. A recent study by Burgoyne et a i (submitted 1995) has 

attempted to identify whether the effect is due to an increase in growth due to the presence 

of the Y chromosome or a groAvth retardation effect due to the presence of two Xs. By 

comparing the growth rates of XX and XXY fetuses, they found that the Y chromosome 

is responsible for the accelerated development. However, the growth advantage was still 

maintained in mice carrying the Y^"^  ̂chromosome (deleted for Sry), demonstrating that Sry 

contributes little, if at all, to the pre-implantation XY difference. The findings of Zwingman 

et a i  (1993) are consistent with the Sry transcripts in the pre-implantation embryo being 

circular as in the adult testis. Perhaps any transcription of Sry in the pre-implantation 

embryo is the same as in spermatids and reflects de-regulated expression.

Alignment of the transcription initiation sites for the mouse and human transcripts reveals 

two regions of limited homology. One abuts the initiation sites, but considerable differences 

are still apparent. In human SRY this region is very G rich and there is no obvious TATAA
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box element whereas in the mouse this region is very AT rich (TTAAATATTAAAAT) 

possibly representing a slightly degenerate and expanded TATA box. The lack of any 

consensus TATA box may be responsible for the presence of multiple initiation sites for both 

human and mouse SRY. Additional elements often associated with promoter regions appear 

to be lacking, for example there are no obvious Spl binding sites. The other region of 

homology lies 1520 bp 5' of the mouse and 1900 bp from the human transcription initiation 

sites. However, a search of the transcription factor binding site database (GCG Wisconsin) 

identified no common sites in this region.

The regulation of Sry must involve a combination of transcription factors which define the 

level of expression and the spatial and temporal pattern. Such factors must be present in 

both male and female embryos. It is important to define the profile of Sry expression 

precisely to correlate it with cellular and molecular events. The data presented here are in 

approximate agreement with those reported previously (Koopman ei al., 1990; Rossi et al., 

1993), however such data were obtained with pooled material from only crudely staged 

embryos. The use of carefully staged embryos allows independent comparisons with 

expression profiles of other genes. Sry transcription begins after the genital ridge has 

developed as a prominent structure (-10.5 dpc, 11/12 tail somites). This process is believed 

by many to involve a mesenchymal to epithelial transition. This must however, begin at 

approximately 10 dpc. From this data, it appears that Sry expression is not coincident with 

this, but occurs later presumably within cells committed to the supporting cell lineage. Sry 

transcripts accumulate over the next 24 hours, reaching a peak a t-11.5 dpc (18 tail somites) 

and then decline sharply so that none are detected 22 hours later. Morphological 

organization of cells in the genital ridge to form testis cords occurs over this period. It is 

assumed that Sry is responsible for triggering the differentiation of Sertoli cells, but it is 

clearly not required for the maintenance of the differentiated state.

Any direct downstream target gene for SRY would be expected to begin its expression 

shortly after Sry expression is initiated. One of the first products known to be made by 

Sertoli cells is AMH. Previous experiments had suggested that there was little or no overlap 

between Sry and Amh expression (Koopman et al., 1990; Münsterberg and Lovell-Badge,
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1991) making it unlikely that there was a direct link between the two. However, it is clear 

that Amh transcripts begin to accumulate once Sry transcription is at its peak. There is still 

a 20 hour delay after Sry transcription has started, which allows room for intervening 

step(s), but it is at least formally possible that there is a direct interaction between SRY and 

Amh. Attempts to demonstrate binding of SRY to the Amh promoter region have been 

unsuccessful for some (Harley et ai, 1994; Shen et a i, 1994), although others (Haqq et a i, 

1993,1994) report binding at reasonable aflSnities in vitro. However, the regulatory regions 

oïAmh have not been well defined in vivo. A recent candidate for a role in activating Amh 

is the steroidogenic factor SFl. Expression studies in the rat have demonstrated that there 

is a sexually dimorphic pattern of expression, presumably triggered by Sry, which may 

regulate (Hatano et a i, 1994; Shen et a i, 1994). Preliminary experiments examining 

SFI expression in the mouse have demonstrated that prior to 11.5 àpc SFl is expressed in 

the XX and XY developing gonad. After 11.5 àpc expression in the developing testis 

increases. It is unclear whether this increase represents an upregulation of SFl expression 

by each cell or whether it corresponds to an increase in the size of the testis and hence a 

general increase in the number of cells expressing SFl. In the context of the precise pattern 

of Sry expression which has now been established, it will be possible to understand whether 

a role in testis development is likely for other genes expressed in the developing gonad.
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Chapter 5; Results and Discussion 

Sox-3 an X-linked gene related to Sry

5.1 Introduction

Sexual reproduction with some degree of gamete dimorphism is nearly universal amongst 

eukaryotes. The most familiar form of genetic sex determination involves structurally 

distinct sex chromosomes. The commonest is male heterogamety, males carry X and Y 

chromosomes, females are XX. With female heterogamety females are ZW and males are 

ZZ. Substantial evidence exists which imply that the X and Y or Z and W were originally 

homologous chromosome pairs. For example, in lower vertebrates where a chromosomal 

sex determining mechanism has been shown to exist e.g. Xenopus laevis, the X and Y sex 

chromosomes can not be distinguished cytologically (Ohno, 1967). In species with basic 

sexual dimorphism, which differ from each other by presumably only a few sex specific loci, 

local races have been identified which have either recently evolved male heterogamety or 

female heterogamety e.g. moon-fish {Xiphophorous maculatus) (Gordon, 1947). Thirdly, 

several genes on the X chromosome have homologues on the Y. For example, in the 

cyprinodont fish Oryzias latipes, the X-linked gene r (white) is a recessive allele of the gene 

R (ruby) which is found on the Y (Aida, 1921). Similarly, a sperm motility factor Ubel has 

homologues on both the X and Y chromosomes in mouse (Mitchell, M. J. et al., 1992) and 

RPS4 has copies on both the X and Y of humans (Hamvas et al., 1992).

The commonly accepted explanation for the divergence of the sex chromosomes in higher 

vertebrates is that they begin as ordinary autosomes that happen to carry a major sex 

determining locus. This situation is only viable if the sex determining locus remains isolated 

during meiosis of the heterogametic sex. A recombination event over this region would 

have the affect of bringing male and female determining factors onto the same chromosome 

with chaotic results. It is the loss of recombination around the sex determining locus that 

causes the degeneration of the Y chromosome. The need to maintain pairing at meiosis, so 

that proper chromosome segregation can be effected, has been achieved through the 

evolutionary maintenance of a region of sequence identity - the pseudoautosomal region. 

This region in the mammalian Y undergoes recombination with the X. This region may not
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be fixed. For example, it is likely that in primates a pericentric inversion of the Y 

chromosome encroached into the former pseudoautosomal region so allowing the area of 

non-recombination to spread (Yen et al., 1988). Moreover, no homology has yet been 

found between human and mouse pseudoautosomal regions.

The advantage of recombination is the reason for the existence of sexual reproduction - it 

allows favourable mutations which arise in different individuals to ultimately combine into 

the same genome. If there is no recombination two advantageous mutations can arise in the 

same line only if the second mutation arises in the offspring of the first. What is more, 

removal of deleterious mutations fi*om the gene pool is only possible by death. Muller 

(1964) hypothesized that in non-recombining populations, if advantageous mutations 

(including reverse and suppressor mutations) are disregarded, there is a "ratchet” mechanism 

- a mutation load smaller than that already existing cannot arise. With every mutation the 

ratchet turns and the species becomes more heavily loaded by mutations. In recombining 

populations mutational load is decreased by crossing over and the ratchet can be reversed 

(Felsenstein, 1974). By forcing autosomal haplotypes in Drosophila melanogaster to 

segregate like nascent Y chromosomes. Rice (1994) was indeed able to demonstrate that 

the lack of recombination was responsible for lowered fitness due to the accumulation of 

mutations.

As recombination is suppressed at and around the sex determining loci in the heterogametic 

sex, deleterious mutations tend to arise in neighbouring linked genes due to Muller's ratchet. 

Charlesworth (1978) has used this hypothesis to explain the mechanism of X chromosome 

dosage compensation and the further degeneracy of the Y chromosome. As mutations arise 

on the Y chromosome any mutation that enhances the rate of transcription of X 

chromosome loci in males relative to the rate of the Y will be at an advantage. The end 

result is a largely inert Y chromosome and a male X that is transcribed at twice the rate as 

a female X, as is the case for D.melanogaster.

The screening of a mouse 8.5 àpc embryonic cDNA library with the human 57^7 HMG box 

identified four related clones Sox-1, Sox-2, Sox-3 and Sox-4 (Gubbay et al., 1990a). No
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homology between Sry and Sox genes has been found outside this conserved motif. In order 

to establish an evolutionary relationship between Sry and other Sox genes such homology 

is not necessary. Knowledge of the sequences of SRY from a number of primate and mouse 

species has demonstrated that regions outside the HMG domain are highly polymorphic. 

If these domains prove to be functional then it is likely that they are subject to strong 

evolutionary pressure (Tucker and Lundrigan, 1993; Whitfield et al., 1993) so much so that 

comparisons of mouse and human SRY show no discernable homology over these regions. 

If the same genes in different species show no other conserved domains then the lack of 

homology between SOX genes and SRY outside the DNA binding domain is understandable.

SRY and SOX genes are presumed to be transcription factors which bind to DNA and either 

activate or repress transcription in conjunction with other factors. SRY protein has been 

shown to bind DNA in a sequence specific manner in vitro, with high affinity to AACAAT 

(see section 1.11.2) (Harley et al., 1992). Similar studies have demonstrated that the HMG 

box of SOX-3 can bind to the same sequences in vitro but with a somewhat lower affinity 

than SRY (S.Sockanathan personal communication).

A comparison of all the Sox genes with Sry has demonstrated that Sox-3 shows the greatest 

degree of similarity at both the DNA and amino acid level (63% identity, 82% similarity). 

Cloning and sequencing of human SOX genes has also shown that S0X3 is the gene most 

similar to SRY. Mapping studies of S0X3 have been undertaken in humans, marsupials and 

mice demonstrating it to be X-linked. In the mouse the use of an interspecific backcross 

pedigree analysis has identified the location of Sox-3 to be 7.4 ± 5 centiMorgans distal to 

hprt in the mouse (Collignon et al., 1995). Similarly in humans, using a panel of somatic 

cell hybrids containing different terminal deletions of the long arm of the X chromosome, 

followed by a more detailed analysis using cell lines containing micro-deletions, S0X3 was 

found to map within a 5 MB region between Xq 26 - 27 (DXS51 - DXS9S) (Stevanovic et 

a l, 1993).

With the identification of an X linked gene with homology to Sry, and encoding a protein 

with similar DNA binding properties to SRY, there arose the possibility that Sox-3 could be
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an ancestor of the sex determining gene. Expression studies were carried out in the hope 

of identifying a pattern of expression that might imply a role in the sex determining pathway. 

In humans, using a sensitive RNA-specific RT-PCR assay, expression was identified in a 

wide range of foetal (brain, spinal cord, adrenals, liver, thymus, spleen and pancreas) and 

adult (liver, spleen and heart) tissues (Stevanovic et al., 1993). Such a PGR analysis is very 

sensitive and capable of detecting aberrant expression. In the mouse the easier access to 

samples has allowed a more thorough analysis to be carried out. Collignon et al. (1995) 

have used a combination of northern analysis and in situ hybridization. When compared to 

the results obtained for human S0X3 a more restricted pattern of expression has been 

identified in the mouse. The only adult tissue to express Sox-S was the testis. In the embryo 

a detailed examination of 8.5 - 13.5 dpc embryos has demonstrated an expression pattern 

confined to the developing central nervous system. Within the CNS expression appears to 

be further defined, exclusion from certain structures is apparent such as the optic cup and 

areas of weaker and stronger expression are contained within the boundaries of specific 

rhombomeres. No further sites of expression, including the developing male or female 

gonad, were identified in this study.

There remained the possibility that the level of Sox-3 was too low to be detected by these 

techniques. RNase protection was therefore carried out to further examine the expression 

of Sox-3. Initial experiments focused on defining the Sox-3 transcription unit in more detail 

so that a suitable probe could be found for RNase protection studies.

5.2 Primer extension analysis 

A Sox-3 cDNA of960 bp had been cloned by J.CoUignon from an 8.5 àpc embryonic library 

which contained an ORF containing the HMG-box DNA binding domain. The absence of 

a termination codon implied that this cDNA was not full length. In order to obtain further 

information, including the complete ORF and possible promoter region, a genomic clone 

was isolated from a 129/Sv mouse library by J.Gubbay and partially sequenced by M.Cohen- 

Tannoudji. The complete ORF, assuming Sox-3 is a single exon, is 375 amino acids. The 

79 amino acid HMG box is flanked by a 66 amino acid N-terminal and a long 230 amino 

acid C-terminal domain. 5' of the initiator methionine (ATG), which lies in a good context

- 121



for translation initiation (Kozak, 1986b, 1987a, b; Grünert and Jackson, 1994), there is a 

possible promoter region (figure 21). In order to demonstrate that there is no additional 

exon 5' of the original cDNA clone and to map the transcriptional start site, a primer 

extension analysis was performed.

Three primers were used SOX3.3, SOX3.4 and SOX3.5 (figure 21). Results obtained from 

an initial primer extension using SOX3.3, which lies within the ORF, allowed positioning 

of two other primers SOX3.4 and SOX3.5. These were then used to define the transcription 

start site to within a base (the data from a primer extension using SOX3.4 is shown in figure 

21).

5.3 RNase protection analysis 

For expression studies, RNase protection analysis was undertaken. A probe spanning a 

region extending 5’ of the HMG box (XmnI, within the HMG box, to Ddel (shown in figure 

21)) was hybridized to genital ridge, liver, kidney, testis and embryonic head. An Sry probe 

(probe 4 figure 11) was hybridized to the same RNA samples. As expected Sry expression 

was observed in 11.5 àpc male genital ridge and in adult testis but in no other tissue (figure 

22a). Sox-3 transcripts were identified at a relatively high level in embryonic head and adult 

testis. In addition expression was observed in male and female 11.5 d^c genital ridge at the 

same or a somewhat higher level than Sry.

The identification of Sox-3 expression in the developing gonad prompted a more detailed 

analysis. Examination of Sox-3 expression in mice mutant at the W locus might allow a cell 

type to be assigned. In such mice germ cells fail to proliferate or migrate as the embryo 

develops, so no germ cells colonize the genital ridge. The expression of Sry in the 

developing gonad is known to be independent of the presence of germ cells (see section 

1.12). In these mice, despite the complete absence of germ cells, testis determination occurs 

normally. If the expression of Sox-3 were to be similarly independent of the presence of 

germ cells then a role in sex determination might look more promising. RNase protection
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Figure 21. Primer extension analysis of the Sox-3 transcript.

A primer extension analysis is shown using the primer SOX 3.4. The precise position of the 

transcriptional start site was identified by aligning the primer extension product with the 

sequence of a Sox-3 genomic clone. The Sox-3 sequence is shown with the transcriptional 

start site identified by the primer extension analysis marked (▼). 5' of this site a

TATAATAA promoter-like element is located. The three primers SOX 3.3, SOX 3.4 and 

SOX 3.5 used in the analysis are highlighted. The Ddel site used to clone a probe for 

RNase protection analysis is similarly marked. In addition the open reading frame is shown 

in bold face. Total RNA (5pg) of 11.5 dpc head, 19.5 dpc brain, adult liver, adult kidney, 

adult lung and yeast tRNA were analysed.
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Figure 22. RNase protection analysing expression of Sox-3 in the developing gonad.

(A) Sox-3 expression using a probe XmnI (within the HMG box) to Ddel (marked in 

figure 21) was used to study expression in the developing gonad. Sox-3 expression was 

compared to Sry expression using a probe spanning the HMG box (probe 4, figure 11). 

Total RNA isolated from adult tissue (lOpg) and RNA prepared from four pairs of genital 

ridge (GR) were analysed.

(B) Using the same probe as above Sox-3 expression was examined in the genital ridge 

of homozygous We mutant mice, which lack germ cells in the developing gonad.. Total 

RNA isolated from adult tissues (lOpg), RNA prepared from single pairs of genital ridge 

(either W® homozygous or wild type) or approximately lOpg 11.5 6pc limb RNA were 

analysed.

- 125-



We/W e

W e/W e

a
11.5 H ead

11.5 c Tg R
11.5 GR 
Liver 
Kidney

Testis
Testis
10.5 H ead

11.5 c Tg r

11.5 GR 
Liver 
Kidney

Testis 
t  Testis

10.5 Head

Co
0
X1
Co

CO
q



was therefore carried out on homozygous embryos and their wild type siblings. Figure 

22b shows that Sox-3 is expressed at the same level in mutant and wild type embryos and 

is therefore not dependent on the presence of germ cells. Sox-3 was also found to be 

expressed at a low level in the 11.5 âpc limb bud (approximately five times more limb RNA 

was used than genital ridge RNA).

The general embryonic expression pattern identified by RNase protection may reflect a 

somewhat leaky expression of Sox-3 with up-regulation in certain tissues (e.g. CNS and 

gonad).

5.4 Discussion

Sox-3 is one of a family of genes that have homology to the HMG-box DNA binding domain 

of Sry. At least 20 Sox genes have been identified have been identified in the mouse. The 

majority of these genes are expressed in the developing embryo. Wright et al. (1993), for 

example, carried out an RT-PCR analysis of the 11.5 d^c mouse embryo using degenerate 

primers to the HMG box and identified 13 Sox genes, Sox-1 to -5 and Sox-7 to -14. Sry is 

the only member of this family for which a function is known, although mutation and 

expression studies have recently implicated SOX-9 in both skeletal development and sex- 

reversal (see chapter 7). The embryonic expression pattern of Sry reflects its role in testis 

development. Expression studies of a number of Sox genes have been undertaken. The Sox 

genes most similar to Sox-3 are Sox-1 and Sox-2 both of which have been found to bind to 

the same DNA sequence as Sry. All three of these genes are expressed in the developing 

CNS (CoUignon and Lovell-Badge, 1995) but with differences. The expression of Sox-3 is 

restricted to neuroectoderm derivatives save for weak expression in the olfactory placode. 

Sox-2 is expressed in additional sites such as gut endoderm and placodermal ectoderm. Sox- 

I  is also expressed in the lens. It seems likely that these three genes have roles in the 

development of the CNS.

I  with
Stevanovic etal. (1993) have identified a male patient, LL556J  ̂mental retardation who has 

a deletion of 6MB which includes S0X3. Other clinical disorders have been mapped to the 

5 MB region containing S0X3 (within DXS51 and DXS98) notably Boijeson-Forssman-
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Lehmann syndrome (Turner etal., 1989) and X-linked recessive centronuclear / myotubular 

myopathy (Liechti-Gallati et al., 1991). SOXS is therefore a candidate gene for these 

syndromes. The observation in mice that the CNS expression pattern of Sox-3 is almost 

completely overlapped by the expression patterns of Sox-1 and Sox-2 may account for this 

mild phenotype in the human patient LL556. The very fact that Sox-1 ,-2 and -3 can bind 

to the same DNA sequence in vitro may allow a degree of complementation.

Could Sox-3 be involved in gonadogenesis? It is expressed in the developing gonad at a 

similar time as Sry and can bind to the same DNA sequence in vitro. In addition to mental 

retardation, patient LL556 had partial primary testicular failure (as was the case in two other 

males in the same family). The fact that testis development occurred at all tends to imply 

that S0X3 has no role in testis formation (although it is possible that another SOX gene 

expressed in the developing gonad can compensate for its absence). Because no XX females 

homozygous for mutations in S0X3 have been identified it is impossible to rule out a role 

in ovarian development. The "premature ovarian failure" gene has been mapped to Xq21.3 

- q27 (Krauss et al., 1987), close to the position of S0X3. The phenotype of affected 

females includes irregular menses and premature menopause. There is however no direct 

link of S0X3 with this phenotype (Stevanovic etal., 1993). S0X3, as a transcription factor, 

might have a role in activating the ovarian pathway. Perhaps SRY protein competes with 

S0X3 for the same target site(s) to trigger testis determination and male development

In order to establish that Sox-3 is the evolutionary ancestor of Sry it will be necessary to 

examine Sox-3 and Sry gene sequences in other mammals. \Yith the identification of a Sox-3 

like sequence in a lower vertebrate, namely the chick, (L.Perez personal communication and 

Uwanogho et al., 1995) it will be interesting to see whether it is expressed in the genital 

ridge and whether it has a role in sex determination. If Sox-3 is not the direct evolutionary 

ancestor of Sry then the high degree of homology within the HMG box has to be attributed 

to similar functioning or mechanism of action. A detailed examination of Sox-3 may, 

therefore provide an insight into the operation of Sry in sex determination.
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Chapter 6; Results and Discussion 

Identification of a spliceosome factor

In the mouse, Amh is expressed in the developing testis from 11.5 dpc. Transcripts rapidly 

accumulate reaching a peak just prior to 7 àpp, after which they decline gradually so that 

almost none are detectable at 43 àpp. In the female, Amh transcripts are present only in the 

adult ovary (Miinsterberg and Lovell-Badge, 1991). It is obviously important that AMH 

is not present during female development, so the gene must be carefully regulated. 

However, in addition to defining the window of Amh expression, experiments described in 

chapter 4 identified an additional transcript in all tissues. This transcript has since been 

shown to be present at approximately the same level in both male and female, embryonic as 

well as adult RNA samples (data not shown). During these investigations D Dresser 

realized that a domain lying 5' of the Amh locus contained an ORF. This region had 

previously been considered a regulatory feature of the locus due to the near perfect 

sequence identity between mouse and human. The EMBL nucleotide database was searched 

using this mouse sequence. Homology was established with the cDNA of the human 

spliceosome gene SAP62 (Bennett, M. and Reed, 1993). Alignment of the SAP62 cDNA 

with the upstream sequence of the human AMH locus, revealed regions of perfect identity 

separated by domains of almost no homology. The presence of good splice donor and 

acceptor signals at the boundary of these regions, implied that the gaps in homology were 

introns. When these putative introns were removed from the genomic sequences it aligned 

perfectly with the human SAP62 cDNA sequence. A similar alignment for mouse Amh / 

Sap62 is shown in figure 23, in addition the probable intron / exon boundaries are indicated.

The following experiments describe the partial characterization of the ubiquitous Sap62 

gene. A likely polyadenylation site and a transcriptional start site are identified.

6.1 Amh and Sap62 are transcribed independently 

Using subcloned fragments from different regions of the Scq?62 and Amh loci an RNase 

protection study was undertaken with the hope of identifying specific transcripts from each 

of the two genes. Five probes were derived from genomic DNA over the region (figure 24):
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Figure 23, Alignment of human SAP62 cDNA sequence and the inferred cDNA 

sequence of mouse Sap62.

The human cDNA sequence of SAP62 (Bennett and Reed, 1993) is aligned with mouse 

Sap62 sequence (inferred from the genomic sequence of Miinsterberg and Lovell-Badge 

(1991) and Guerrier unpublished data). The inferred positions of the introns are marked / 

above the human sequence (top row) and by \ below the mouse sequence. The sequence 

of human exon 3 (marked by If) to exon 8 has been confirmed by the genomic sequence of 

Guerrier et al. (1990).
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Probe D covers the 5' region of the cDNA of Sap62; probe A spans the boundary between 

the last intron and exon of Sap62-, probe B spans the end of the open reading frame of 

Sap62, and extends into the region between the two genes; probe B' covers the 

transcriptional start site of Amh\ and probe C spans the last intron and exon of the Amh 

gene. For these experiments two tissues were analysed with the hope of being able to 

distinguish transcription from the two genes; 7 àpp testis RNA, known to express high 

levels of Amh, and adult liver RNA, not expressing Amh. Sap62 was expected to be 

expressed ubiquitously. The sense probe of B (Bs) was used as a negative control. The 

probes used in the protection analysis are represented diagrammatically in figure 24 which 

also shows the positions of the introns and exons of the AMH and SAP62 genes from both 

the human and mouse loci.

The results from the RNase mapping are shown in figure 25 and 26. The use of probe B' 

(previously used in the Amh timecourse in chapter 4) demonstrates the presence of multiple 

start sites ( •  - major site, o _ minor sites) for the Amh transcript. Expression is only 

observed in the testis sample and not in the liver. The use of probe C clearly delineates the 

boundary between the last intron and exon of Amh, giving a protected fragment of 208 nt 

with testis RNA In addition, there appears to be some transcription in the liver sample. 

These are unlikely to represent legitimate Amh transcripts because probe B' demonstrates 

unequivocally that there are no transcripts initiating at the Amh transcriptional start in liver 

RNA. One explanation is that a proportion of the transcripts detected with probe B' and C 

(represented as a full protection in figure 25, ►), have spliced to the splice acceptor at this 

intron / exon boundary. Such anomalous transcription of Amh has previously been observed 

in RT-PCR assays undertaken by Chelly ei al. (1989) who suggested that many genes, 

including Amh, underwent leaky "illegitimate" transcription.

With probe B a major protection of -200 nt was seen with both liver and testis samples 

(figure 25). Examination of the genomic sequence, around the position inferred by this 

protection analysis, reveals the presence of a non-canonical polyadenylation signal, 

ATTAAA, located -20 bp upstream. Such polyadenylation signals are relatively common, 

a study of the Genbank data base by Wilusz et al. (1989) demonstrated that although the
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Figure 24. The structure of the SAP62 and AMH locus in human and mouse.

A scale map of the known exons and introns of the human and mouse SAP62 and AMH 

genes is shown. The position of the steroidogenic response elements (AD4BP / SFl) are 

marked and the transcriptional start sites of human and mouse AMH and mouse SAP62 are 

shown with arrows. The assignment of the start site for mouse Sap62 is only provisional 

and awaits primer extension studies for confirmation. The positions of the probes used for 

the RNase protection analysis are indicated.
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Figure 25. RNase protection mapping of Amh and Sap62 transcripts.

RNase protection analysis using antisense probes A, B, B*, C and sense probe Bs (as shown 

in figure 25). Probe A spans the last intron / exon of the mouse Sap62 gene; probe B spans 

the putative polyadenylation site of Sap62\ probe B' spans the transcriptional start site of 

Amh, probe C spans the last intron / exon junction of Amh, and probe Bs is the sense probe 

of B. Sizes of specifically protected fi-agments are indicated (-»); in addition the full length 

minor products (►) and the major ( • )  and minor (O) transcriptional start sites oïAmh are 

also marked. Total RNA (5pg) extracted from adult liver (L) and 14 àpc testis (T) was 

assayed in each track, the liver sample of probe B was underloaded.
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Figure 26. RNase protection examining the putative transcriptional start site of Sap62. 

The use of probe D (figure 25), spanning the beginning of the open reading frame of Sap62, 

gives a major protected fi-agment of-143 nt. This site may correspond to the transcriptional 

start site of the Scq?62 gene but awaits primer extension analysis for confirmation. In 

addition, a minor full length product is apparent (481 nt). Total RNA (5pg) extracted from 

adult liver (L) and 14 d^c testis (T) was assayed in each track.
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AATAAA signal occurred upstream of the polyadenylation site in 90% of genes other 

signals were used, the most common (6%) being ATT AAA. Within the similar region of 

human SAP62 an ATTAAA signal is also present. Further experiments (such as 3’ RACE- 

PCR) will be necessary to prove that the polyadenylation of the Scq>62 gene occurs at this 

site. If this is the polyadenylation site then the distance between the Scq)62 and Amh 

transcription units is just 309 bp. By inference, the distance separating human SAP62 and 

AMH is 649 bp.

Two additional probes were used to further characterize Sap62. Probe A which spans the 

"last" intron / exon of Sap62 gives, as expected, a protected fragment of 227 nt for both 

liver and testis RNA (figure 25). Making use of the homology established between mouse 

Scq)62 genomic sequence and the human cDNA obtained by Bennett and Reed (1993) the 

start of the ORF of mouse Sap62 was identified and a region cloned (probe D). In an 

RNase protection assay a major protected fi’agment of 143 nt is obtained (figure 26). 

Examination of the genomic sequence S' of this protected fi*agment has failed to reveal the 

presence of any obvious promoter elements (e.g. TATA box, SPl binding sites). However, 

many housekeeping genes have TATAA-less promoters for example the human 

topoisomerase Ha gene (Hochhauser et al., 1992) or the human ADP-ribosylation factor 

3 gene (Haun et at., 1993). Unlike these two genes the promoter of the DNA 

Methyltransferase gene also lacks CG-rich elements (Rouleau et a l, 1992). In the majority 

of genes which lack a TATAA element within the promoter (such as the three genes above) 

multiple transcription initiation sites are the norm. However, with probe D only a single 

protected band (of about 143 nt) is observed. This may represent an additional intron / exon 

junction. Furthermore, the presence of a minor full length protection of the probe tends to 

imply that transcription initiation may occur further S'. This hypothesis can be tested by S' 

RACE-PCR and primer extension experiments, using a reverse primer within Sap62.

A minor full length protection (►) is present with each of the probes used in these analyses. 

The use of the probe Bs (the sense probe of B) gave no protected fragments, demonstrating 

that the full length protection observed with probe B (and by inference all the other full 

length protections) is not due to DNA contamination. These data imply that a transcript.
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expressed in all tissues examined, extends from a region 5' of the Sap62 locus to 3' of the 

Amh locus.

6.2 Discussion

The protection analysis undertaken here has demonstrated the close proximity, only 309 bp 

between transcription units, and independent transcription of two genes, the 

developmentally regulated Amh gene and the ubiquitous Sap62 gene. In addition a 

proportion of Sap62 transcripts fail to terminate or polyadenylate in the intergenic region 

and continue into the Amh gene.

The close proximity of Amh and Sap62 must have existed in the common ancestor of 

humans and mice. This suggests that there may be a functional constraint which has 

maintained their adjacent positions. Why would these two, apparently unrelated genes, be 

maintained in such close linkage?

There are several other instances where genes have been identified lying in close proximity 

to each other. This can be a result of gene duplication occurring by unequal crossover and 

repair. Initially such duplicated genes would be expected to show similar expression and 

function, for example the mouse gap junction genes for connexin 31.1 and 30.3 (Hennemann 

et al., 1992). However, over a period of time the process of evolution may lead to the 

assumption of different functions and expression patterns. For example, the dipteran 

secretory proteins SP38.40 A and B are located just 346 bp apart, the A gene being 

expressed in the larval fourth instar and very little in the prepupal stages whereas the B gene 

shows the opposite expression pattern (Galli and Weislander, 1993). Multiple gene 

duplication can lead to the formation of clusters of genes which may share similar function, 

examples include human pregnancy specific glycoprotein genes (Thompson et at., 1990) and 

theXenopus laevis FAX zinc finger encoding transcription unit genes (Nietfeld et a i, 1993). 

Gene duplication events create extra genetic material which can undergo modifications and 

undertake different and often more specialized roles.

The role of SAP62 in the formation of the pre-spliceosome is beginning to be understood
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(Sraknis and Reed, 1994). A spliceosome is composed of small nuclear ribonuclear 

proteins, snRNPs, and other spliceosome accessory proteins of which SAP62 is one. These 

interact with pre-mRNA in a defined temporal order. The spliceosome passes through a 

number of transitions, from the E (commitment) pre-spliceosome to the A pre-spliceosome 

to the B spliceosome and then the C spliceosome. SAP62's role lies in the A pre- 

spliceosome where it is responsible for cross-linking the 3' portion of the pre-mRNA. In 

addition, SAP62 is believed to interact with SAPl 14 within the splicing factor SF3 A which 

is essential for pre-spliceosomal assembly (Bennett, M. and Reed, 1993). Such roles for 

SAP62 are completely different in every respect to the developmental role that AMH has. 

Despite the linkage between the two genes there appears to be no functional relationship.

The lack of any homology between Scq)62 m&Amh suggests that they are unrelated and one 

would not have arisen from the other by gene duplication. Their close proximity is more 

likely to have arisen by either a translocation event or a deletion of the region separating the 

two genes. Given that the transcriptional start site oîAmh lies only 309 bp downstream of 

the Sap62 this raises certain questions about the dependence that Amh has on the presence 

of the spliceosome gene for its correct function. The movement of a gene to a different 

location by a translocation event can disrupt the function of another gene. This interference 

may be severe, if the insertioiî'bccurred into an open reading frame or more subtle, if the 

regulation of the gene is disturbed. Because enhancer elements often lie many kb away and 

need not be tissue specific some translocation events might remove a gene from its enhancer 

and place it under the control of an enhancer regulating another gene. For example, the rat 

TM (a Tropomyosin) gene is located 1.45 kb downstream of a gene N5 (unknown 

function). Both genes are expressed differently both temporally and spatially but an 

enhancer separates them both (Herrera and Ruiz-Opazo, 1990).

Does the 309 bp region separating the Sap62 and Amh transcription units contain the correct 

regulatory information to drive Amh's expression in the complex developmental pattern or 

does Sap62 influence the expression of Amhl Figure 27 shows a comparison of human 

(Cate etal., 1986; Guerrier eta l, 1990), bovine (Cate et a l, 1986), rat (Haqq et a l, 1991) 

and mouse (Miinsterberg and Lovell-Badge, 1991; D. Guerrier unpublished data) AMH
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Figure 27. Comparisons of mouse, rat, bovine and human AMH sequences upstream of

the open reading frame.

Alignment of the upstream sequences of mouse (Miinsterberg and Lovell-Badge, 1991), rat 

(Haqq et a l, 1991), bovine (Cate et a l, 1986) and human (Guerrier et a l, 1990) AMH 

demonstrates the presence of a conserved AD4BP / SFl binding site and a TATAA box 

promoter element which is somewhat degenerate for human AMH.
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mouse (Miinsterberg & Lovell-Badge 1991) atggg agctactcaa ggacagctca ggc.ctctgc
rat (Haqqe/a/., 1991)  cgacccaa ggacacctc. ggc.ctctgc
bovine (Cate et a/., 1986) . . . . t  cacaggccac acaca.ctgt atcgctgctc
human (Guerrier e/a/., 1990) atgtt gacacatcag gcccagctct atcactgggg

mouse a g tta t.ggg cccagctc. t  gaggacagaa a . . gcccttt gagacagtcg
rat agtt.g .ggg gctggctc.t gaggacagaa a ..g c c t t t t  gagacagccg
bovine a .ggagatag gcaggcacgt tggaacagaa gggg. . c t t t  gag. . ggac.
human agggagatag gctgcca ... .gggacagaa agggctcttt gagaaggcc.

mouse
rat
bovine
human

mouse
rat
bovine
human

mouse
rat
bovine
human

I- - - - - - - - - - -
cctcccacct gctgggcatg aaaag. . . tg ccaggcactg tcccccaagg 
cctcccacct gatgggcatg caaagcgcag ccaggcactg t.ccccaagg
ca t.aggcct cccaggctca c  a gcaggcacca gccttcaagg
a c t. ctgcct ggagtggggg c ..................g ccgggcactg tcccccaagg

 1
t c a c . .c t t t  ggtgttgata ggggcgt.cc ctcccaagca agca.. . .at 
t c a c . .ctca ggggttgata gaggtgt.cc c t c c . . . . ca agca.. . . ct 
tcatgtccca ggaggagata g.ggaccgcc ctgcaccaca aacagctctg 
tcgcggc.. .  agaggagata ggggtctgtc c t g . . . caca aacaccccac

ir
ctggctcagc catacatata agcagggcca cccggacctt gctg. . tacc 
ctggctc. . g aatgcatata agcaggacca cccagaccct gcca. . tgcc
c tc cc tc t..................tataa agtagggcag cccagcccct ggaagctccc
cttccactcg gctcact.ta  aggcaggcag cccagcccct ggcagcaccc

AD4BP/SF1 
Binding site

TATAA
Box

mouse accATGCAGG GGCCACA 
rat accATGCAGG GGCCA. . 
bovine aggATGCCCG GTC. . . .  
human acgATGCGGG ACC. . . .

Open Reading 
Frame



sequences over the 200 bp immediately upstream of the start of translation. Certain 

conserved motifs are present. A TATA box element is present in mouse, rat and bovine 

sequences but is somewhat degenerate in the human (TTAA). About 100 bp further 

upstream there is an AD4BP / SFl binding site (C/T)CAAGGTC (Morohashi et al., 1992). 

This element has been identified as a common c/5-acting element in the genes of all the 

steroidogenic cytochrome P-450s which catalyse the conversion of cholesterol to 

corticosteroids (Morohashi et ai, 1992). Disruption of this site in the promoter of rat Amh 

has been shown to reduce AMH activity in tissue culture systems (Shen et at., 1994). These 

data imply that SF-1 / AD4BP can bind to this motif and, in conjunction with other factors, 

is responsible for activating expression of Amh.

There could be two ways in which Amh's expression could be influenced by Sap62. 

Enhancer elements associated either upstream, within introns or even within the Sap62 

transcript itself may influence Amh expression. A large number of oestrogen response 

elements (EREs) both partially complete palindromes and half sites are positioned around 

the Amh locus. EREs are found in the promoter of oestrogen-inducible genes. The 

oestrogen receptor binds to the sequence 5'-GGTCAnnnTGACC-3' as dimers (for review 

see Gronemeyer, 1991). Being palindromic EREs can function in either orientation (Klein- 

Htpass et al., 1988). In addition they can operate upstream or downstream of the gene they 

are enhancing. Some functional EREs have been shown to activate transcription at a 

distance of more than 3 kb (Klein-Hitpass et al., 1988). In the case of the ovalbumin gene 

a number of half palindromic motifs (TGACC; GGTCA) have been identified as acting 

synergistically. Each site binds oestrogen receptors (ER) with low efficiency but together, 

pairs of half sites, were found to bind cooperatively (Kato et al., 1992). For Amh some of 

the EREs may be important. Guerrier et al. (1990) have shown that the presence of a partly 

degenerate ERE in the upstream region of Amh, is capable of triggering expression in the 

presence of oestrogen. It is interesting that this site lies in an intron of Sap62. No other 

obvious promoter or enhancer elements appear to be present in the vicinity of Amh.

The very fact that Sap62 is a ubiquitously expressed gene may influence the expression of 

Amh. Given that a proportion of Sap62 transcripts fail to terminate and run into the Amh
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gene it is possible that the chromatin structure of the Amh and surrounding regions would 

be maintained in an open state. If this were the case the open structure of the loci might 

allow transcription factors to bind to the regulatory sequences of Amh unhindered by the 

chromatin.

In order to test these hypotheses transgenic experiments, using reporter constructs, are 

being undertaken. Preliminary data suggest that 300 bp of sequence upstream of the Amh 

transcriptional start site is sufficient at least to initiate expression within the male gonad at 

approximately 12.5 àpc (D.Guerrier, N. Vivian, D.Dresser personal communications). At 

present it is unclear whether the level and profile of expression is correct or whether 

additional regulatory sequences are required. In addition more data are required to 

determine if the position of integration of the transgene is important for its expression. Such 

an effect would be expected if chromatin structure is critical for the expression of Amh.
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Chapter 7: General Discussion

It has been over four years since Sry sequences were first cloned. However, despite 

considerable efforts it has taken until now to understand at least what the major transcripts 

look like. The unusual structure of the adult testis transcript, the low level of expression in 

the developing gonad and the problems associated with cloning Sry inserts have all caused 

problems. This lack of basic information has hampered several types of study. For example, 

attempts to understand the regulation of Sry requires knowledge concerning the 

approximate position of promoter elements and identifying downstream genes requires 

knowledge of the amino acid sequence. However the effort seems to have been worthwhile.

The transcript found in the round spermatid germ cell portion of the adult testis is a 1.23 kb 

circular molecule. This is a very novel finding. The mRNA is presumed to arise as a result 

of the inverted repeat structure which bounds the Sry locus. Evidence presented in Chapter 

4 is consistent with transcription beginning from a distal promoter lying in the 5' arm of the 

inverted repeat. This would produce a large RNA molecule extending through the HMG 

box DNA binding motif and into the 3’ arm of the repeat. This large message is likely to 

form a stem loop due to homology between the arms of the inverted repeat. The splicing 

machineiy scanning along the length of the transcript mis-interprets the arrangement of the 

splice acceptor and splice donor resulting in the formation of a circular molecule. No 

transcription initiation nor polyadenylation sites have been identified. Furthermore, no 

function has been attributed to the Sry transcript in the adult testis and additional 

experiments by B.Capel have demonstrated that the circle is not loaded onto polysomes and 

is therefore unlikely to be translated.

In the developing gonad, where Sry must function, the transcript is completely different. 

Transcription from a proximal promoter located in the unique region of the locus produces 

a message of4942 bp. This initiates 5' of the long open reading frame, extends through the 

HMG box motif, through a CAG repeat and into the 3' arm of the inverted repeat.

Understanding the transcript reveals the use of alternative promoters, multiple transcription
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and translation initiation sites, putative message stability sequences, long 3' UTR and choice 

of polyadenylation site. While none of these are unique to Sry, to find them all in one gene 

seems extraordinary. This is compounded by the strange nature of the protein with a 

histidine / glutamine rich domain. This region is variable in length between mouse species 

(and even within individuals in a species). Further comparisons of Sry sequences with other 

mammals show that the whole locus is evolving rapidly. These findings have prompted the 

unusual suggestion that it is undergoing positive selection.

The latter would be easier to believe if some function had been assigned to the non-box 

regions which show most rapid changes. In humans, fi*om many XY females looked at, only 

a single mutation has been identified outside the HMG box within the ORF, and even this 

is not proven to be the cause of sex-reversal (Tajima et al., 1994).

Evidence for a role for the non-box regions of the mouse protein seems stronger, but is also 

far from proven. Recent work undertaken by Dubin and Ostrer (1994) using a GAL4- 

responsive reporter gene linked to mouse Sry has mapped, using an in vitro assay in yeast, 

an activation function to the glutamine / histidine rich domain. It seems, therefore, that 

mouse SRY could function as a transcriptional activator with separate DNA binding and 

activating domains. Further characterization of the activation domain by Dubin and Ostrer 

(1994) demonstrated that the terminal fifty amino acids are not important for this function. 

A number of groups (e.g. Coward etal. (1994); Tucker and Lundrigan (1993) and personal 

observation) have identified many polymorphisms within the transcription units of 

domesticus and musculus Sry alleles It would be of interest to identify whether the 

activation properties of SRY remain when the ORF is truncated to amino acid 234 (the 

precise position of the TAG stop codon present in domesticus alleles), and whether the 

addition or removal of individual glutamines has any affect. However, for these experiments 

to be more meaningful some kind of in vivo assay is required, such as a transgenic 

homologous recombination strategy. In a similar way as mutations in the HMG box have 

been shown to cause sex-reversal by affecting DNA binding properties in human SRY, it may 

be possible to correlate the effect of certain mutations with sex-reversal and the correct 

functioning of the putative activation domain.
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For domesticus Sry alleles the fact that testis determination occurs normally suggests that 

the overall length of the glutamine repeat is unimportant for function. However, associated 

mutations / polymorphisms present in other regions of the locus, such as regulatory 

elements, may be responsible for the sex-reversal seen with some of these Sry alleles on a 

C57BL/6 background.

The other problem that has to be addressed is why are the human and mouse predicted 

proteins so different? This could reflect a difference in functioning or mechanism of action 

of the two proteins. Dubin and Ostrer (1994) could not detect any activation domain in 

human SRY with their GAL4 assay. If SRY is directly involved in activating target genes, 

then this would imply that the human protein needs to interact with a separate protein 

containing an activation domain. Work undertaken by Koopman et a/. (1991) demonstrated 

that human SRY was not capable of causing sex-reversal in mice. This does not prove that 

the two proteins function differently. Preliminary studies investigating the expression of the 

human SRY transgene in mice have revealed a complex expression pattern, with different 

transcripts. Future experiments should focus on swapping domains, such as the ORFs or 

transcription units, between human and mouse SRY. In this way it may be possible to 

identify important functional domains.

The quantitative assay which has been refined and presented in this thesis lays the foundation 

for work examining cases of sex-reversal due to mis-expression of Sry. Such mis-expression 

may be quantitative and / or temporal. In collaboration with P.Burgoyne preliminary 

experiments examining Amh in Mus domesticus poschiavinus on a C57BL/6 background 

have demonstrated that expression is delayed. This is not very surprising because testis 

formation is delayed. Future experiments will identify the profile of Sry expression.

Initial work examining the expression of the 14.625 kb (p741) transgene in a line of 

transgenic mice (32.10), is beginning to establish a link between the level of Sry expression 

and the fi"equency of sex-reversal. When the transgene is placed on an MFl background XX 

sex-reversal occurs rarely, out of 150 XX transgenics examined one was found to be a 

bilateral hermaphrodite (N. Vivian personal communication) although in these mice Amh is
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Figure 28 Expression of Amh in the 32.10 x MF 1 XX transgenics.

Amh expression was analysed in an RNase protection assay using an anti-sense probe 

spanning the 5’ end oïAmh. 5pg of liver (L) and RNA isolated from 12 dpc (A) and 14 àpc 

(B) genital ridges were assayed. Numbered lanes represent XX transgenics from the 32.10 

line crossed to an MFl background. XX and XY lanes are non-transgenic sibling gonads. 

Single pairs of gonad were examined in each lane. Expression of Amh can be seen in lane 

5 (arrow in part A) and in lane 1 (part B). Undigested probe is shown (P).
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Figure 29 Expression of Sry in the 32.10 line of transgenics.

Sry expression was analysed in an RNase protection using anti-sense probe 2 (figure 11) to 

distinguish linear and circular transcripts. 5pg of total RNA from adult testis and liver was 

assayed. In addition RNA was isolated from the 11.5 dpc gonads (G) of XX embryos 

derived from the 32.10 transgenic line (Tg) and their XY non-transgenic siblings. 

Expression of the transgene was examined on an MFl and CBA backgrounds. The number 

of genital ridges used in each lane are indicated.
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expressed in a higher proportion (10%) of XX transgenics (figure 28). On a CBA 

background sex-reversal occurs more fi’equently (approximately 60% of XX transgenics). 

Using RNase protection these XX transgenics have been examined for Sry at 11.5 àpc. In 

the case of the transgene on an MFl background no expression has been detected, on the 

CBA background expression of Sry occurs at approximately 50 - 60% of the level when 

compared to their XY siblings (figure 29). These analyses are preliminary, future 

experiments will examine Sry expression using the more sensitive technique of RT-PCR to 

identify whether all or a few of the XX transgenics are expressing Sry on an MFl 

background at a very low level. However, to really understand how SRY functions it is 

important to identify other genes in the pathway.

The proteins responsible for activating Sry itself must comprise a unique combination in the 

indifferent gonad of both XX and XY embryos. A number of genes have recently been 

identified which may have roles in sex determination either directly by functioning within the 

testis determination pathway or indirectly by being important in the formation of the gonad. 

A gene SFl / AD4BP which is known to be responsible for the development of 

steroidogenic organs (Lala etal., 1992; Honda et al., 1993) has been found to be expressed 

in the developing gonad and may have a significant role in testis determination (Hatano et 

ai, 1994; Luo et a i, 1994; Shen et al., 1994). Shen et al. (1994) have provided evidence 

that SF1 can bind upstream of the transcriptional start site and regulate Amh. However, 

preliminary experiments have shown that SFl is expressed prior to gonad differentiation in 

both males and females suggesting that primary Sertoli cells provide at least one additional 

factor required for Amh expression. This factor could be SRY, although the delay of 24 

hours between the expression of Sry and Amh implies that at least one other gene could be 

important in the pathway. A targeted disruption of the SFl locus produced mice exhibiting 

adrenal and gonadal agenesis, with both XX and XY mice retaining normal feihale internal 

and external genitalia (Luo et al., 1994). Such data are consistent with SFl directly 

regulating W/w/z expression to cause the regression of Müllerian ducts and the production of 

testosterone to cause development of Wolffian ducts. However, this phenotype would 

result simply by disrupting gonadal development.
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The skeletal malformation syndrome campomelic dysplasia (CD) is associated with XY sex- 

reversal and variable gonadal dysgenesis (Foster et al., 1994; Wagner et al., 1994). 

Recently Foster et al. (1994) and Wagner et al. (1994) have independently mapped CD in 

humans to 17q24.1 - q25.1, the same position as the SRY related gene S0X9. Mutation 

analysis and sequencing have demonstrated that CD and sex-reversal can be caused by 

mutations within S0X9. The reason for the variability of sex-reversal associated with CD 

is unknown. S0X9 could be required in a cell type that interacts with *S7?F-expressing pre- 

Sertoli cells to form testis. Alternatively S0X9 could be involve in the migration of 

mesenchymal cells from the mesonephros into the genital ridge. Disruption of this pathway 

could lead to a variable sex-reversed phenotype.

In addition to being important in Wilms' tumour, the WTI gene has been linked to urogenital 

development (van Heyningen et al., 1990; Pelletier et al., 1991b). Mutations in the WTI 

gene in humans associated with Denys-Drash syndrome and a targeted knockout of WTI in 

mice have been found to produce genital abnormalities (Pelletier et al., 1991a; Kreidberg 

et al., 1993). In the case of Denys-Drash syndrome the phenotype is variable male 

pseudohermaphroditism, with individuals having ambiguous external genitalia or a normal 

female phenotype with an XY karyotype (Pelletier et al., 1991a). WTI is expressed in both 

human and mouse developing testes (Pritchard-Jones et al., 1990; Pelletier et a l, 1991c) 

and is believed to have a role in the transition from mesenchymal tissue to epithelium 

(Pritchard-Jones et a l, 1990; Hastie, 1993). WTI may be required for early commitment 

and maintenance of gonadal tissue. Although it has been proposed that WTI may in some 

way interact with SRY (Pelletier et a l, 1991c), it seems equally likely that its role lies in the 

formation of the gonad, with the failure resulting in an essentially female phenotype.

A region present on the X chromosome has been implicated as being important in sex 

determination. Duplication of the 20 MB region Xp21.2 - p22.1 gives XY sex-reversal. 

The detailed screening of XY females for sub-microscopic duplications has led to the 

identification of a 160 kb region. The gene for adrenal hypoplasia congenita (AHC) lies 

within this region. Increasing evidence suggests that the same gene may also be responsible 

for the dosage sensitive sex-reversal DSS (Bardoni et a l, 1994; Muscatelli et a l, 1994;

- 155-



Zanarla etal., 1994; A.Swain personal communication). This gene is therefore referred to 

as DAX-1 (Dosage sensitive sex-reversal and Adrenal hypoplasia congenita on the X 

chromosome 1). It is unclear exactly what role this gene has in sex determination. All 46, 

XY patients which are deleted for DAX-1 or carry mutations within the gene, have normal 

male external genitalia, although suffer from hypogonadism (Muscatelli et a i, 1994; Zanarla 

et a i, 1994). DAX-1 is therefore unlikely to have a major role in testis determination. XX 

females heterozygous for DAX-1 mutations are fertile but homozygosity has not been 

identified. Bardoni et al. (1994) have proposed that DAX-1 may provide a link between the 

ovarian and testicular pathways. In normal males, ovarian development and DAX-1 function 

are repressed allowing testis formation. A double dosage of DAX-1 with a functional SRY 

gene may hamper the repression of the ovarian pathway, leading to gonadal dysgenesis and 

phenotypic sex-reversal. Alternatively DAX-1 may compete with SRY for binding sites or 

with interacting proteins as has been hypothesized for S0X3. Both DAX-1 and S0X3 are 

X linked and may represent an ancestral dosage sensitive sex determining system similar to 

those of D.melafjogaster and C.elegans.

Additional genes will be identified as being important in sex determination. At present no 

convincing candidate has been identified linking Sry and Amh. The work described in this 

thesis provides a framework to base future experiments examining SRYs role as a 

transcription factor and has defined a temporal series of events critical in the testis 

determination pathway.
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