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In memory of Pepe and Arturo.



...Many times I've been alone
and many times I've cried.
Anyway you'll never know
the many ways I've tried...

(Lennon & McCartney)

Little darling, it’s being a long cold lonely winter.
Little darling, it feels like years since it’s been here.
Here comes the sun, here comes the sun and I say

It’s alright!

(G. Harrison)
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Abstract

The aims of my thesis were to characterize the regulatory elements of the mouse gene
Sry, the testes determining factor, and of the mouse gene Dax-1, a candidate for an
ovary determining gene; and to analyze their function during development.

The first strategy used was to map DNAse I hypersensitive sites (DHSs) in the regions
flanking the open reading frame (ORF) of Sry, as it has been found that DHSs often
correspond to DNA sequences that function as regulatory regions. No DHSs were
found in the first four kb surrounding the ORF.

Another strategy for finding regulatory regions was to use transgenic mice harbouring
lac-Z reporter constructs with different amounts of flanking genomic sequence.

None of the transgenic reporter constructs with Sry sequences were found to be
expressed at a high enough level for the detection of B-galactosidase expression by
staining with X-gal. The endogenous low levels of expression and the complex

genomic structure of Sry might account for this result.

Since Sry expression is tightly regulated during development, we attempted to
misexpress it to see if it produced an abnormal phenotype. Three lines carrying Sry
under the control of a constitutive promoter were produced. No obvious phenotype has

been observed to date.

Dax-1 has at least two important sites of expression: the developing gonads and the
adrenal glands. Reporter constructs with Dax-1 genomic sequences allowed us to
define upstream regions responsible for expression in these two tissues. Within 18 kb 5'
of the ORF we have found a gonad-specific and an adrenal-specific expression

element.

In order to study the function of Dax-1 in the sex determining pathway, transgenic
animals with extra copies of this gene have been produced. Male to female sex-reversal
was expected. Up to now, no sex-reversal has been found in these animals, however the

level of expression may be too low.
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Chapter 1: Introduction

1.1 Sex

In the context of evolution, the sole goal of every organism in this planet is to reproduce.
This can be achieved sexually or asexually. Most animal species use sexual
reproduction; but sexual reproduction has an evolutionary problem. If a sexual
population is made to compete against an asexual one in the same conditions, the
asexual population will soon have an advantage and displace the sexual one (Maynard
Smith, 1978;Williams, 1975). So why sex hasn’t disappeared? Sex mixes together the
genes of two organisms. What advantages does this mixing give to the organisms?
Many different hypotheses have been postulated. Some claim that sex exists to repair
damaged genes or to get rid of accumulating mutations (Bernstein, et al.,
1985;Kirkpatrick and Jenkins, 1989;Kondrashov, 1988). Others claim that sex is
needed to combat parasites (Hamilton, et al., 1990;Hamilton and Zuk, 1982;Lively, et
al., 1990). A parasite has to find a way of getting into its host, so parasites are always
evolving mechanisms to "fool" the defence barriers of the host. In long-lived species,
parasites have time to overcome the defence barriers. By the time the host has to
reproduce, is better if the offspring are given different defences by mixing their own
defences with someone else's. There is a better chance that parasites already adapted to
their host individual, won't be adapted to the new combination of genes. In any case,
sex is the most widely used way of reproduction, and having two sexes is the most
typical form. Therefore, understanding how an organism becomes one sex or the other

is a question that has fascinated humanity since a long time ago.
1.2 Sex Determination vs Differentiation

Sex determination is the process which selects if an organism will be male or female.
Sexual differentiation is the process by which an organism develops as a male or

female individual.

Considering the immense variety of ways in which sex is determined in nature, only
some examples of sex determination in vertebrates and invertebrates will be reviewed
here. In some species, sex is determined by the genetic components of the fertilized egg.

In others, it is a matter of environmental conditions.
1.3 Environmental sex determination.
Environment can determine sex in many different ways. In most turtles and

crocodilians, sex is determined by the temperature at which the egg is incubated. In
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turtle species, females are generally produced when the eggs are incubated at high
temperatures (30°C and above), and males when eggs are incubated at low temperatures
(22-279C); whereas the converse is true for most crocodilian species (Ferguson and
Joanen, 1982;Head, et al., 1987;Janzen, 1992). In many of these cases, administration
of estradiol will counteract the masculinizing effects of the male-producing
temperature. So it has been proposed that temperature and estradiol act in a common
pathway in temperature-dependent sex determination (Johnston, et al., 1995;Wibbles,
et al., 1994). In other organisms, sex can be determined by the location of the developing
embryo. One example is the case of the worm Bonellia viridis. The females of this
worm live in small burrows and have a long proboscis which protrudes for food
collection. Male worms are considerably smaller than the females. If a larva comes
into contact with the proboscis of an adult female, it will move on to the uterus of the
female and differentiate into a male, living there as a parasite, fertilizing the eggs of
the female. Larvae that fail to reach a female develop into females themselves (Bacci,
1965). Experiments in which larvae are cultured with and without an exogenous
proboscis indicate that this effect may be mediated by a substance secreted by the
proboscis. However the finding that some males are produced even in cultures without a
proboscis and some females in cultures with a proboscis, suggests that some intrinsic
factors may exist such as a genetic predisposition to one sex or the other (Leutert, 1975).
Another example of position-dependent sex determination can be found in Crepidula
fornicata, a snail. Here, individuals pile on top of each other to form a mound. Young
individuals are always male, but soon after, their male reproductive system
degenerates. Their future sex is determined depending on the position in the mound. If
it is attached to a female, it will become male. If it is removed from its attachment, it
will become a female. The presence of large number of males will cause some of them
to become females. However, once an individual is a female, it can never become a

male (Gilbert, 1994).

It is known that daylength, crowding and nutritional status can also affect sex
determination in a variety of species, as in aphids (Richards and Davis, 1977) or some
species of fish (Bacci, 1965;Mittwoch, 1973). Overall, not much is known of the

molecular mechanisms by which environment decides the sex of any organism.

1.4 Genetic Sex Determination.

When sex is determined by genetic components, the sex of the organism is set from the
moment of conception. In this way, each individual will develop into a predestined
sexual fate. Amongst the organisms that have their sex determined genetically, there
are some very well studied examples, specifically, Drosophila melanogaster and

Caenorhabditis elegans. In both of these organisms somatic sex determination,
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germline sex determination, and dosage compensation (a mechanism that equalizes X
chromosome expression between the two sexes despite their disparity in X chromosome
dosage) are controlled by means of a chromosomal signal known as the X:A ratio (X
chromosomes to autosomes ratic). A variety of mechanisms are used for establishing
and implementing the chromosomal signal, and these do not appear to be similar in the

two species.

1.4.1 Drosophila.
An X:A ratio of 1:1 gives a female, while a ratio 1:2 gives a male (Bridges, 1921). The
first step in the sex determining cascade is to assess this ratio. There are genes linked
to the X chromosome that act as numerators and genes linked to autosomes that act as
denominators (Fig. 1.1). Two of the numerator genes are sisterless a (sis-a) and
sisterless b (sis-b)(Cline, 1988). When two copies of these genes are present, the
feminizing switch gene Sex-lethal (SxI)(Cline, 1986) is turned on. In XX embryos Sx/ is
activated during the first two hours after fertilization producing a specific female
transcript (Bopp, et al., 1991). Early Sx/ function is necessary for both the female
development pathway and for dosage compensation. When Sx! is non functional in an
XX organism, the male phenotype emerges and the X chromosomes are transcribed
more rapidly (to the same degree as the single X in XY embryos) (Cline, 1983). This
gives an overproduction of X gene products that is lethal to the embryo. In order to be
activated, in addition to the sis genes, SxI needs the products of the daughterless (da)
(Cline, 1989), hermaphrodite (her) (Pultz and Baker, 1995) and runt (Duffy and Gergen,
1991) genes. Maternal expression of da is essential for the activation of Sx/ at early
stages (Salz, et al., 1989). The her gene has both a maternal and a zygotic function
required for normal female development. Maternal her function is needed early in the
hierarchy as a positive regulator of Sxl. Zygotic her function is needed later for female
sexual differentiation (Pultz and Baker, 1995). Runt acts as a position-specific element
necessary for the uniform expression of Sx/. Loss of this gene results in a failure to
activate Sx/ in the central region of female embryos (Duffy and Gergen, 1991). This
gene is located in the X chromosome, so it might also be one of the numerator elements

of the X:A signal.

One of the major denominator elements appears to be the deadpan (dpn) gene (Younger-
Shepherd, et al., 1992). Males with too high ratios of sis-b to deadpan activate Sx/ and
die, while females with too low ratios fail to activate Sx/ and also die. The gene products
of da, sis-a, sis-b, and deadpan are all transcription factors of the basic helix-loop-helix
(bHLH) family. bHLH proteins form homo- or heterodimers via the HLH domain
(Murre, et al., 1989). By dimerizing, they bring together their basic domain, enabling
them to bind to DNA in a sequence-specific manner (Ferre-d'Amare, et al., 1993).

Therefore, it is possible that da, sis-a, sis-b and deadpan form heterodimers with one
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another. It has been shown that da/sis-b heterodimers bind several sites on the Sx! early
promoter with different affinities and consequently adjust the level of active
transcription from this promoter (Cabrera and Alonso, 1991). The dpn product represses
this da/sis-b dependent activation by specifically binding to a unique site within the
promoter (Hoshijima, et al., 1995). Another gene that has also been implicated in the
regulation of the activation of Sx! is extramacrochaetae (emc). This gene is also an
HLH protein, but lacks a basic domain so it is unable to bind to DNA (Ellis, et al.,
1990).1t represses activation of Sx/ by inhibiting the binding of the da/sis-b
heterodimers to DNA (Van Doren, et al., 1991). In this complex of activation/repression
of Sxl, at least two other genes are known to participate: Groucho (gro), whose protein
binds specifically to dpn and seems to act as a corepressor (Paroush, et al., 1994); and
snf (sans-fille, although it is not true that mutants lacking this gene just produce no
daughters; they are completely sterile), which is a positive regulator of Sx/ in both the
germline and the soma (Salz, 1992). When Sx! is activated from the early promoter by
all these genes, the transcript produced is automatically spliced into a female specific
mRNA that codes for a functional protein. This protein functions as a splicing factor
that removes the male exon from the transcript that is produced later, from the late
constitutive promoter (Sakamoto, et al., 1992). The male exon includes a stop codon in
the RNA transcript, so no protein is produced when this exon is not removed, as is the

case in normal XY embryos where no early Sx! transcript is produced.

The next gene in the pathway is transformer (tra) (McKeown, et al., 1988). Sx!/
regulates somatic sex determination by controlling the processing of tra mRNA. tra
mRNA is alternatively spliced in males and females. There is a female-specific
mRNA and a non-specific mRNA found in males and females. This non-specific
transcript contains a termination codon early in the message so the protein is non
functional. Sx/ protein is thought to activate a female specific 3’ splice site in the ¢ra pre-
mRNA causing it to be processed in a way that removes the exon which codes for the stop
codon (Nagoshi, et al., 1988). To achieve this, Sx! protein blocks the binding of the
splicing factor U2AF to the non-specific splice site by specifically binding to the
polypyrimidine tract adjacent to it. This causes U2AF to bind to the lower affinity 3’
splice site generating the female specific transcript (Varcarcel, et al., 1993). The
protein produced by this message acts together with the product of the transformer 2 (tra-
2) gene to control the sex-specific alternative splicing of transcripts from the doublesex
(dsx) gene. The tra-2 gene uses alternative promoters and splicing patterns to generate
four different mRNAs that together encode three putative RNA-binding polypeptides.
Only the products expressed in somatic tissues function to regulate the RNA splicing of
doublesex. The products expressed in the male germ line play an unknown, but

essential, role in spermatogenesis (Mattox and Baker, 1991). It is proposed that tra-2
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binds to the transcript of the doublesex (dsx) gene only in the presence of the female

specific tra protein (Mattox and Baker, 1991).

Doublesex is active in both males and females, but its primary transcript is processed
in a sex-specific manner by tra and tra-2. The transcript produced when tra is present
encodes an active protein that inhibits male development. On the other hand, when tra
is not produced, dsx is spliced in the default male specific manner. This transcript
encodes an active protein that inhibits female traits and promotes male ones (Ryner
and Bruce, 1991). When dsx is absent, both the male and female primordia develop and
intersexual genitalia are produced. Thus, the main role of dsx is to actively inhibit the
development of the inappropriate genitalia.

Once this cascade of genes has been established, the complete male or female phenotype
depends on the further interactions of dsx with its target downstream sex
differentiation genes, many of which are known (Bownes, 1994;Chase and Baker,

1995;McKeowm and Madigan, 1992).
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determination.
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1.4.2 C. elegans

As in Drosophila, sex in Caenorhabditis elegans is determined by a regulatory cascade
of several interacting autosomal and X-linked genes in response to the X/A ratio (Madl
and Herman, 1979). XX animals (high X/A) develop as self-fertile hermaphrodites,
and XO animals (low X/A) develop as males. Three regions of the X chromosome
containing sex determining signals have been defined (Akerib and Meyer, 1994). In
one of these regions, a gene, encoding an RNA binding protein was found. Analysis of
transgenic animals carrying extra copies of this gene led to the proposal of this gene as
a candidate for a primary sex-determining signal. This gene has been called fox-1

(for feminizing locus on X) (Hodgkin, et al., 1994).

xol-1 (for XO-lethal) is the earliest-acting gene in the known hierarchy that controls
sex determination and dosage compensation (Miller, et al., 1988). The primary sex-
determining signal (the X/A ratio) directs the choice of sexual fate by regulating xol-1
transcript levels: high xol-1 expression during gastrulation triggers male
development, whereas low expression at that time permits hermaphrodite development
(Fig. 1.2). Inappropriately high xol-1 expression causes hermaphrodites to activate the
male program of development and die from a disruption in dosage compensation
(Rhind, et al., 1995). Xol-1 represses the function of the sdc genes. The sde-1, sde-2 and
sdc-3 genes may be analogous to the Sx/ gene in Drosophila in that they affect both sex
determination and X chromosome dosage compensation. The sdc genes are repressors
of the function of the her-1 gene (DeLong, et al., 1993;Nusbaum and Meyer,
1989;Villeneuve and Meyer, 1987). her-1 activity is required for male development. It
appears to be a secreted product functioning non-cell autonomously (Perry, et al., 1993).
When sdc genes are inactive because of the high expression of xol- 1, the activity of her-1
is high. With high activity of her-1, the activity of tra-2 and tra-3 genes is repressed.
tra-2 and tra-3 seem to be repressors of the activity of the fem genes, so in their absence,
(being repressed by her-1 activity) the activity of the fem genes is high. The activity of
the fem genes deactivate tra-1. The tra-1 gene is the terminal regulator in the sex
determination pathway, directing all aspects of somatic sexual differentiation (Hunter
and Wood, 1990). In this case, where tra-1 is inactive, the individual develops as a
male. Conversely, when xol-1 is expressed at low levels (XX individuals), the activity
of the sdc genes is high and the whole cascade is changed. her-1 activity is now low; tra-
2 and tra-3 activities are high; the fem genes are inactive; and tra-1 is active so the

individual develops as an hermaphrodite.

A model proposed by Kuwabara, et. al. (1992) integrating the genetic pathway with the
cellular mechanisms states that tra-2, being an integral membrane protein, binds the

fem proteins when her-1 is not bound to it. tra-1 would be free to enter the nucleus and
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bind to DNA to initiate transcription. When her-1 is present, it binds to tra-2,
preventing it from binding to the fem proteins. The fem proteins would then bind to tra-
1 preventing its translocation to the nucleus, and therefore preventing its activation of

downstream genes (Fig. 1.3).
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1.4.3 Mammals

In mammals, even though they also have an X and a Y chromosome, the mechanism
used to determine sex is quite different from the examples mentioned above. In the late
1950s, three groups (Ford, et al., 1959;Jacobs and Strong, 1959;Welshons and Russell,
1959) showed that male development is determined by the presence of the Y
chromosome, rather than the number of X chromosomes. Thus, XO individuals develop
as females while XXY develop as males. In the late 1940s, Jost and colleagues (Jost,
1947) had shown that the testis is needed to develop secondary sexual characteristics in
the male. By removing the developing gonads of rabbit foetuses in utero he obtained
female development of the reproductive tract and external genitalia whether the
castrated organ was a testis or an ovary. Therefore, female development seemed to be
the default pathway. Combining these two findings, it became apparent that a
dominant-acting factor on the Y chromosome was directing the development of the
gonads into testes, and hence, male development. This factor has been called “testis
determining factor” (T'DF in humans, Tdy in mouse). It was proposed that TDF would
switch the development of the indifferent gonad from the default ovarian pathway into
the male one, and the subsequent production of hormones by the developing testis would

lead to the further development of secondary male sexual characteristics.

1.4.4 More variations in genetic sex determination

As in the case of environmental sex determination, where many different

mechanisms have evolved, genetic sex differentiation has also been very creative. In
some birds, reptiles and fish, the presence of a chromosome also determines the sex but
in this case the heterogametic sex is the female. Females have a Z and a W
chromosome, while males have two Z chromosomes. It is believed that in some cases
there could be a feminizing signal in the W chromosome (Lacroix, et al., 1990). In other
cases it could be the number of Z chromosomes which determined sex. Another
interesting example is the wood lemming, which posses three sex chromosomes, X, X*
and Y. XY are males, while X*Y, X*X* and XX are females. It is believed that the X*
chromosome is a mutant X chromosome which overrules the masculinizing effect of the

Y chromosome (Lau, et al., 1992).

1.5 Organogenesis of the genital system

1.5.1 The urogenital system

A unique feature of the developing gonad is that it is a bipotential organ, capable of

differentiating either into an ovary in females or a testis in males. The gonads develop
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together with the kidney system and a series of interconnecting ducts and excretory

pathways known as the urogenital system.

The urogenital system starts its development by the differentiation of the intermediate
mesoderm and the formation of the nephric ducts on both sides of the dorsal aorta.
These ducts arise in the mesoderm ventral to the anterior somites at around 8 days post
coitum (dpc) in mouse. The cells migrate caudally inducing the adjacent mesenchyme
to form the pronephric tubules in the anterior region. This anterior region degenerates,
but the more caudal regions of the pronephric duct persist and continue to grow
caudally. This growing duct is referred to as the Wolffian duct. Two sequential sets of
tubules differentiate adjacent to the Wolffian duct both spatially and temporally, the
mesonephric tubules in the middle region and the metanephric tubules in its most
caudal part. These tubules seem to be induced by the growth of the Wolffian duct itself.
The gonads will develop in the inner region of the mesonephros at about 10.5 dpc in the
mouse. The mesonephros degenerates later in development. The metanephros will

give rise to the definitive kidney, Fig 1.4 (Herzlinger, 1994).

A second duct system, the Miillerian duct, starts its development parallel to the
Wolffian duct at around 11 dpc. It is believed that its development somehow depends on
the integrity of the Wolffian duct. Later in development, the Wolffian ducts will give
rise to the male reproductive tract: the vas deferens, epididymis and seminal vesicle.
The Miillerian ducts will give rise to the female reproductive tract: oviducts, uterus and
upper vagina. Therefore, in each organism, according to its sex, one set of these ducts
must be eliminated. In males, the developing testes produce Anti-Miillerian Hormone
(AMH) and testosterone. AMH induces the regression of the Miillerian ducts while
testosterone induces the differentiation of the Wolffian ducts. In females, in the
absence of both hormones, the Wolffian duct degenerates and the Miillerian duct
differentiates. In this way, only one reproductive tract system develops in each
individual, Fig. 1.5 (Behringer, 1995).
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Figure 1.4: Development of the mammalian urogenital system
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Figure 1.5: Sexual differentiation in mammals.
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1.5.2 The indifferent gonad

During its early stages, the developing gonad appears identical in both male and
female individuals. It is composed of several cell types: germ cells, which will give
rise to sperm in testes and oocytes in ovaries; supporting cells, which will give rise to
Sertoli cells in males or follicle cells in females; steroidogenic cells, differentiating
into either Leydig or Theca cells in male and female respectively; and connective
tissue, which constitutes the blood vessels and tunica in both testes and ovaries, and
gives rise to myoid cells in males and stromal cells in females. Apart from the germ
cells, whose origin and migration to the gonads is well described (see below), it is not

yet clear how the other cell types of the gonad originate.

Witschi (1951) (Witschi, 1951) claimed that the major constituent cells of the testes were
of mesenchymal origin, while the ovary was predominantly composed of cells coming
from the coelomic epithelium. He even thought that sex differentiation depended on the
interaction of the cortical (female) region versus the medullary (male) region. He
based this model on studies in amphibian gonads. Now there is evidence that this may

not apply to mammals (see below).

On the other hand, many investigators suggest that the cells giving rise to the gonads of
both sexes come from the mesonephros.(Kanai, et al., 1989;Merchant-Larios,
1979;Satoh, 1985;Wartenberg, 1982). It has been shown by whole mount staining against
laminin that there are cellular bridges extending from the mesonephric tubules to the

gonad primordium (Karl and Capel, 1995).

Others think that they come from the coelomic epithelium (Allen, 1904;Smith and
MacKay, 1991;Torry, 1945;Whitehead, 1904;Yoshinaga, et al., 1988). Pores going from
the surface epithelium to the interior of the gonad through which cells could be
invaginating have been found (Capel and Lovell-Badge, 1993).

In vitro organ cultures have shown that the mesonephros needs to be present, adjacent to
the gonad at 11.5 dpc in order for the testicular cords to develop (Buehr, et al.,
1993;Merchant Larios, et al., 1993). When marked cells from the mesonephros were
followed at 11.5 dpc through development it was found that myoid and endothelial cells
migrate from the mesonephros to the gonad at this time(Moreno-Mendoza, et al., 1995).
By 11.5 dpc, the gonad consists of small compact clusters of primordial germ cells
surrounded by somatic cells. There is a fine meshwork of laminin localized at the

surface of the cells throughout the gonad.
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1.5.3 Origin, migration and fate of the primordial germ cells

In all vertebrates the primordial germ cells (PGCs) are migratory. They appear
extraembryonically, distant from the gonad (Nieuwkoop and Satasurya, 1979) to which
they migrate via passive and active migration mechanisms. In the mouse, PGCs can
first be located (at about 7.5 dpc) at the base of the allantois, posterior to the definitive
primitive streak in the extraembryonic mesoderm (Ginsburg, et al., 1990;Lawson and
Hage, 1994;0zdzenski, 1967). They can be identified by their ultrastructural
morphology and surface alkaline phosphatase activity. By the end of gastrulation,
PGCs can be seen in the endoderm that will give rise to the hindgut. Later they are
found in the hindgut endoderm (8 dpc). This region invaginates, introducing the germ
cells into the embryo, where they become embedded in the hindgut wall (9 dpc). From 9
dpc to 11 dpc, PGCs migrate out of the hindgut endoderm and through the dorsal
mesentery, around the dorsal aorta and the coelomic angles towards the genital ridges.
By 12.5 dpc most of the PGCs are found aggregated in tight clumps in the gonad (De
Felici, et al., 1992;Wylie and Heasman, 1993).

Signals inducing the start of migration, its direction and the time and place to stop it
are largely unknown. However, the participation of growth factors released by the
genital ridges and the modulation of interactions with different cell types and
extracellular molecules are thought to be important (Donovan, 1994). It has recently
been shown that PGCs actively extend long processes, establishing nets which link
them to each other. These processes appear as soon as PGCs leave the hindgut and it is
possible that they play an important role in the aggregation of PGCs in the gonad
(Gomperts, et al., 1994). PGCs proliferate from 50 per embryo at 8 dpc to about 25 000 per
embryo at 13.5 dpc. The appearance and behaviour of PGCs seem much the same in
males and females until 13 dpc, when they proceed through sexually different
pathways. In testes, PGCs stop mitotic proliferation and enter a quiescent period which
is resumed only after birth. In females, PGCs stop proliferating and enter the prophase
of the first meiotic division at 13.5 dpc. PGCs of both sexes which do not reach the
gonads, enter the first meiotic prophase simultaneously with those that reached the

ovary (McLaren, 1995;Upadhyay and Zamboni, 1982).
1.5.4 Testis Differentiation

At around 11.5 dpc the male indifferent gonad starts differentiating. By 12.5 dpc it can
clearly be recognized as a testes. Two main characteristics mark the appearance of the
testes: the differentiation of the supporting cell lineage into Sertoli cells, and the

formation of the seminiferous cords. The current model of sex determination proposes

that the testis determining gene induces somatic cells to develop into Sertoli cells
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(Lovell-Badge and Hacker, 1995), which produce AMH. The Sertoli cells are then
thought to induce the differentiation of the testosterone producing cells (Leydig cells).
Leydig cells can be seen as interstitial cells outside the seminiferous cords. Intimate
contact between the pre-Sertoli and the germ cells is achieved through long pre-Sertoli
cytoplasmic processes. The primitive sex cords aggregate into larger seminiferous
cords, and become completely surrounded by basal lamina components to which early
myoid-like cells are attached. A thick cellular layer rich in extracellular matrix, the
tunica albuginea, separates the seminiferous cords from the surface epithelium. Blood
vessels and mesenchymal cells in the stromal compartment make the seminiferous
cords very conspicuous, so that at 12.5 dpc the testis is clearly distinguishable from the
ovary. At 13.5 dpc the seminiferous cords are tightly packed and occupy most of the
gonad except for a small region of disorganized cells lying between the mesonephric
tubules and the newly formed cords. These cells are assumed to form later the rete
testis, the ducts that will provide the link from the seminiferous cords to the excretory

channels.

Evidence indicates that germ cells are not necessary for the development of the testes
since both mutants and chemically treated animals lacking germ cells show normal

testis cord formation(Merchant-Larios and Coello, 1979;Mintz and Russell, 1957).
1.5.5 Ovary differentiation

If the trigger that leads to male development does not occur during the receptive period
of the indifferent gonad, the default ovarian pathway of development proceeds. While
testis differentiation can be clearly seen at 12.5 dpc, at this stage the ovary still
resembles an indifferent gonad. It contains a loosely organized system of
cords(Byskov and Lintern-Moore, 1973) referred to as the intraovarian rete. A common
basal lamina surrounds the branching system of intraovarian rete cords and on the
inside surface the cells of the intraovarian rete make direct contact with small groups
of oogonia. Some authors believe that the intraovarian rete cells are the precursors of
the follicle cells (Byskov, 1978). At the hilus of the ovary, which is towards the cranial
end, the cords make contact with a loosely defined mass of epithelial cells, the
interconnecting rete, which joins to the mesonephric tubules (extra ovarian
rete)(Byskov and Lintern-Moore, 1973). Between 15.5 dpc and birth, the intraovarian
rete cords become more clearly defined and increase in length, creating a series of
strands that connect at one end to the surface epithelium and at the other to the extra
ovarian rete (Byskov, 1978). At birth, the intraovarian rete cords have a rosary-like
appearance. The oocytes have expanded, particularly in the central region of the ovary.
During the first week after birth, the intraovarian cords individualize forming

follicles which only contain one germ cell in them (Odor and Blandau, 1969). The
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remnants of the extra ovarian rete lose contact with the Wolffian duct at one end and
the intraovarian rete on the other, becoming isolated as a mass of epithelial tissue, the
rete ovarii (Byskov, 1978). By two weeks after birth, the ovary consists of many isolated
follicles surrounded by a single layer of follicle cells and a thick basal lamina. The
supporting cell lineage becomes the granulosa cells, while the mesenchyme becomes
the theca cells. The granulosa cells are equivalent to the supporting Sertoli cells of the
testis, and they too are capable of producing AMH, although they only produce it after
birth. The theca cells are the steroid producing cells. Theca and granulosa cells form
the follicles of the ovary which surround each oocyte. The initial development of the
somatic components of the ovary does not seem to be dependent upon the presence of
germ cells. However, without the presence of oocytes, follicles fail to form. The

epithelial cells remain as intraovarian rete cords, and no theca cells are formed.
1.6 Testis Determining Factor

The search for the “testis determining factor” in mammals took a long time. The first
candidate proposed for TDF was the H-Y antigen (Wachtel, et al., 1975). This was
discovered by studying skin transplants between genetically identical mouse strains.
The males accepted the female transplants, but not the other way around. Therefore it
was proposed that a gene on the Y chromosome, Hya, produced a surface antigen that
was being rejected by the females. At this time the Y chromosome was thought to carry
very few genes and perhaps only one, TDF. Hya was put forward as a candidate
essentially only because it was the ﬁrst Y-linked gene for which there was an assay.
Later, it was demonstrated that Hya was not necessary for testis development because

mice without it developed normal testes (McLaren, et al., 1984).

From examining certain cases of human gonadal dysgenesis, another candidate for
TDF was proposed. Page and his colleagues found an XX male with only 280 kb of Y
specific DNA, and an XY female with a Y deletion that overlapped this region. The
analysis of these patients suggested the position of TDF to be in a 140 kb region and the
ZFY gene was found there (Page, et al., 1987). This gene was strongly conserved and
was present on the Y chromosomes of all eutherian mammals examined.
Nevertheless, embryos carrying a Y chromosome known to be mutant in T'dy (Ytdym]l)
(Lovell-Badge and Robertson, 1990) have normal Zfy expression in genital ridges,
despite them developing as females (Gubbay, et al., 1990b). ZFY was definitively
excluded as a candidate for TDF when four XX individuals with testicular
development were found to have inherited a fragment of a Y chromosome that did not
include ZFY (Palmer, et al., 1989). Analysis of these patients defined a region of 35 kb
that must contain TDF. In this region a gene called SRY (sex determining region Y,

Sry in mice) was identified (Gubbay, et al., 1990a;Sinclair, et al., 1990).
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The evidence equating SRY/Sry with TDF is very strong. It is expressed between 10.5
dpc and 12.5 dpc in the developing mouse testis, just prior to its differentiation.
(Koopman, et al., 1990). It encodes a DNA binding protein consistent with its presumed
regulatory role (Gubbay, et al., 1990a). Mutations within the DNA binding domain of
SRY were associated with male to female sex reversal (Berta, et al., 1990;Harley, et al.,
1992). And the strongest evidence is that female to male sex reversal was found when a
genomic fragment of 14 kb carrying the mouse Sry gene, and no other, was introduced
as a transgene in XX embryos (Koopman, et al., 1991). This latter experiment showed
that Sry is not only involved in testis determination, but that it is the only gene from the

Y chromosome required for this process.
1.7 Genes involved in sex determination or differentiation.

With the finding of Sry, the major switch of the male determining pathway was found.
Nevertheless, as in the organisms described earlier, this gene is only the beginning of
a regulatory cascade that must act in order to form a male individual. A number of
genes critical for the development and differentiation of the gonads have been recently
described. Among them, Dax-1 and Sox-9 have been implicated in the sex determining
mechanism. AMH is known to be a sex differentiation gene. WT-1 and SF-1 have been
shown to be necessary for the development of the gonad, and SF-1 could be a sex
differentiation gene as well. WT-1 might even be involved in regulating Sry.
Nevertheless, it is still not clear how they work or at what point on the pathway towards
sexual differentiation they act. A brief description of what is known about these genes

follows.

1.7.1 Sry
Both human and mouse SRY/Sry genes reside on the short arm of their respective Y
chromosomes, although they differ in their position, and the Y chromosomes are very
different (Fig. 1.6). Human SRY is located 5 kb away from the pseudoautosomal
boundary (Palmer M.S. et al., 1989), while mouse Sry is located at the opposite end of
the chromosome from the pseudoautosomal region (McLaren, et al., 1988;Roberts, et al.,
1988). The mouse Sry ORF is contained within 2.8 kb of unique sequence flanked by
inverted repeats of at least 15.5 kb (Gubbay, et al., 1992) (Fig. 1.7).
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It is known that mouse Sry is expressed in embryonic genital ridges (between 10.5 and
12.5 dpc) and in adult testes. Its precise timing of expression seems crucial as some
experiments suggest that if SRY action is delayed by more than 14 hours, testis
differentiation fails to occur (Palmer and Burgoyne, 1991). This suggests that during
normal development, the gonad might only be receptive to the male trigger for a short

period.

In the mouse, it has been found that the embryonic and adult transcripts differ (Hacker,
et al., 1995). They have different start sites, the adult transcript initiating somewhere
upstream of the embryonic one. The adult transcript was found to give a circular RNA
(Capel, et al., 1993); presumably arising from normal splicing processes as a
consequence of the unusual inverted repeat structure surrounding the Sry locus in the
mouse (Fig. 1.8). It has been shown in vitro that the inverted repeats are indeed
necessary for the formation of the circular transcript (Dubin, et al., 1995). It has been
found that circular transcripts can be translated if they have internal ribonucleosome
entry sites (IRES)(Chen and Sarnow, 1995). Nevertheless, no such sites have been
found in the circular transcript of Sry and experiments to show attachment of this
transcript to ribosomes failed (Capel, et al., 1993). Therefore it is not clear whether this
RNA has any function at all. There is no evidence for circular transcripts from SRY

in humans or other non-mouse species.

The embryonic transcript comprises a single exon of 4942 bp (Fig. 1.9)(Hacker, et al.,
1995). It starts within the unique region of the locus, 283 bp 5’ of the HMG box. The
transcript extends into the 3’ arm of the inverted repeat, and possesses an unusually
long 3’ untranslated region (UTR) (3481 nucleotides). In this UTR, putative RNA
destabilizing signals and multiple polyadenylation signals have been found. Three
ATGs and a TCTG microsatellite have been found in the 5' UTR. All these signals in
the UTR may account for the very low level of expression of this gene.

The protein encoded by Sry is a member of a superfamily of DNA-binding proteins
characterized by having a domain referred to as a High Mobility Group (HMG) box
(Gubbay, et al., 1990a) (Fig. 1.10). This box is present in chromatin proteins, in general
transcription factors for nucleolar and mitochondrial RNA polymerases and in gene-
and tissue-specific transcriptional regulators (Jantzen, et al., 1990). Some HMG box
proteins show little DNA sequence specificity, but it has been shown that human SRY
binds DNA in a sequence specific manner having high affinity in its interaction with

DNA (Harley, et al., 1992). A consensus DNA binding sequence has been found for it
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Figure 1.8: Model for the formation of the adult circular transcript of Sry

Transcription from the spermatid-specific promoter within the inverted repeat leads to
a pre-RNA that extends from the 5' repeat, through the unique region, and into the 3'
repeat. Homology between the 5' and 3' ends of this RNA molecule would allow a stem
loop structure to form. The circle is form by the splicing between the splice acceptor (SA)
and splice donor (SD) sites (from Capel, et. al., 1993)
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Figure 1.9 Schematic representation of Sry embryonic transcript.

The long ORF of the gene is shown as a large box with the initiatior methionine (M),
red bands mark glutamine repeats; the HMG box is highlighted in magenta; the 5' and
3' untranslated regions are shown in blue boxes. Features of interest are shown: the
TATTA degenerate promoter element, three transcription initiation points, two short
ORF (m); SA, splice aceptor and SD splice donor sites used by the transcript expressed
in the adult testis; transcript instability sequences (ATTTA) and polyadenylatiuon
signals (AATAAA). The inverted repeat is shown by arrows. Also marked is the TAG
stop codon identified in domesticus type Sry sequences (taken from Hacker, A. et. al.
1995).



7+44

2/
2

X

.60

222
)) (0 ) % 0 %

>2 /[?

+ .60
)) (0
2 2
><%%96
+0+4 "%0 8



Figure 1.10 Schematic representation of the Sry open reading frame.

The diagram shows the Sry ORF 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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(AACAAT). Outside the HMG box there is little homology between SRY in different
species. The mouse SRY protein has a glutamine-histidine rich repeat C-terminal to
the HMG box, which is not present in human SRY. This repeat is polymorphic in
different mouse strains. It has been suggested that this could account for the sex
reversal found when the Y chromosome from certain Mus musculus domesticus
strains are bred into a strain which normally has a Mus musculus musculus Y,
C57BL6 (Coward, et al., 1994). However, recent evidence suggests that this is not the
case (Carlisle, et al., 1996)

It is still not known if SRY acts as a transcriptional activator or repressor. There have
been claims of it being both. Some genetic evidence discussed by McElreavey et al
suggests it could be a repressor (McElreavey, et al., 1993). On the other hand, regions of
glutamine-histidine rich repeats have been found to be activator domains in some
proteins (Gerber, et al., 1994). Consistent with this, biochemical evidence presented by

Dubin and Ostrer show that SRY can function as an activator (Dubin and Ostrer, 1994).

Sry exists as a single copy gene in most mammalian species including the mouse
species Mus musculus, M. spicilegus, M. macedonicus, and M. spretus, which are
closely related european species. Nevertheless, it has been found that in the more
distant asian species, M. caroli, M. cervicolor, and M. cookii, up to six copies of Sry
exist. In some related murid species Pyromys saxicola, Coelomys pahari, Nannomys
minutoides, Mastomys natalensis, and Rattus norvegicus, up té 13 copies of Sry can be
found (Nagamine, 1994). These data, together with the finding of great divergence at
the DNA sequence and amino acid level shows that Sry is a very rapidly evolving
gene. This could contribute to the reproductive isolation needed for speciation(Tucker

and Lundrigan, 1993;Whitfield, et al., 1993).
1.7.2S0x-9

Patients with a skeletal disorder known as campomelic dysplasia (CD) show XY sex-
reversed female phenotypes in approximately 75% of cases. Cytogenetic analyses of
five XY sex-reversed translocation patients revealed that a region of chromosome 17
(q23-25) was involved. Cloning of a translocation chromosome breakpoint from a sex-
reversed patient, followed by mutation analysis of an adjacent gene, indicated that
SOX-9, an SRY-related gene, was involved in both bone formation and control of testis
development. (Foster, et al., 1994;Wagner, et al., 1994). Mutations in SOX-9 were found
to be present in only one allele of the gene suggesting that sex reversal and CD could be
due to haploinsufficiency of the SOX-9 gene product. In contrast with SRY, mutations
in SOX-9 are not concentrated within the HMG box, but distributed throughout the gene.
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There is no obvious difference between mutations that cause sex reversal and those that
not. Two patients with typical features of CD were found in which the same mutation, a
single base pair insertion causing a frameshift, caused sex reversal in one but not in
the other. This could be explained by the haploinsufficiency giving rise to a certain
level of protein. This level could be just on the threshold, affected by other factors like
genetic background, in which sometimes it would cause sex reversal and sometimes

not.

The pattern of expression of Sox-9 in developing gonads has recently been studied in
mice. It was found to be expressed in a low level in indifferent gonads of both sexes at
10.5 dpe. At 11.5 dpc, when Sry is being expressed, the expression of Sox 9 in testes
increases, while in ovaries it disappears. It is interesting that this same pattern of
expression was found in developing gonads of chick embryos, where no Sry is present.
It seems that Sox-9 is an important gene for determining Sertoli cell differentiation

which has been conserved during evolution(Morais da Silva, et al., 1996).
1.7.3 Dax-1

In humans, male to female sex reversal has been observed in individuals with
duplications of the short arm of the X chromosome(Bardoni, et al., 1994;Fechner and al,
1993;German, et al., 1978). It has been shown that sex reversal results from the presence
of two active copies of an Xp locus. That locus has been named DSS (Dosage Sensitive
Sex reversal). It has been proposed that DSS, when present in two active copies, could be
overriding the testis-determining mechanism. By mapping the duplication
breakpoints in sex-reversed, Xp-duplicated patients and by localizing submicroscopic
duplications of an XY sex reversed female, DSS was localized to a 160 kilobase region
of chromosome Xp21. Some cases of male individuals which have DSS deleted have
been found, so it seems that this locus is not required for testis differentiation. It has
been proposed that DSS could have a role in ovarian development and could be involved

in the sex determining pathway (Bardoni, et al., 1994).

Adrenal Hypoplasia Congenita (AHC) is an inherited disorder of adrenal gland
development. Two forms of it can be found, an autosomal recessive form, and an X-
linked form. The X-linked AHC is characterized by the absence of the permanent zone

of the adrenal cortex and by structural disorganization of the glands.

Hypogonadotropic hypogonadism (HHG) is commonly associated with the X-linked
AHC. AHC was mapped to the Xp21 region, the same region where DSS maps. A gene
was cloned from this region by searching for expressed sequences. Analysis of this

gene indicated that functional deficiency for this gene was responsible for AHC as
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AHC patients lacked or had mutations in this gene. This gene has therefore been
called DAX-1 (for DSS-AHC critical region on the X chromosome, gene 1)(Zanaria, et
al., 1994).

The DAX-1 open reading frame encodes a protein of 470 amino acids (Fig. 1.9). 225
amino acids in its C-terminal domain show similarity to the ligand-binding domain
of the nuclear hormone receptor superfamily. This domain has been shown for other
members of the family to be important for hormone binding, dimerization and
transactivation. There is some evidence that DAX-1 could be binding DNA as a
homodimer (Zanaria, et al., 1994). On the other hand, the amino-terminal domain of
DAX-1 shows no similarity to the DNA-binding domains of the steroid receptor
superfamily. The DNA-binding domain of this family is highly conserved among its
different members and is composed of two zinc fingers. In contrast, the DNA-binding
domain of DAX-1 contains a novel N-terminal repetitive structure, organized into four

incomplete repetitions of alanine- and glycine-rich repeats.
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The common embryological origin of the steroidogenic components of the gonads and
adrenal glands, make it is possible for DAX-1 to be involved in the development of both
organs. The localization of DAX-1 within the DSS critical region, suggested that DAX-1
might correspond to DSS.

Mouse Dax-1 has been recently isolated and its pattern of its expression has been
analyzed during embryonic development (Swain, et al., 1996) see Chapter 4. It was
shown to be expressed in the developing adrenals and the hypothalamus. Furthermore,
consistent with the proposal of Dax-1 as a candidate gene for DSS, it was shown to be
expressed in the developing gonads with a sex-specific pattern. It starts its expression at
around 10.5 dpc both in males and females. In males it is then repressed by 12.5 dpc in
almost all the testes, except in cells which may give rise to the rete-testis. This pattern of
expression coincides with that of Sry (although Sry turns off completely). In females,
Dax-1 expression takes longer to be repressed, as it is seen strongly up to 13.5 dpc. From
then onwards, it is repressed, only detectable in the possible future cells of the rete-
ovarii and possibly in the external the rete-ovarii.

As both SF-1 and DAX-1 are members of the nuclear hormone receptor superfamily, it
has been proposed that they might interact, either at the level of gene expression or at
protein function. It is interesting that in the 5’ flanking region of both the mouse and

human Dax-1 genes, an SF-1 binding site has been found.

1.74 AMH
Anti Miillerian Hormone (AMH), also known as the Miillerian Inhibiting Substance
(MIS), is a member of the transforming growth factor- (TGF-8) family (Cate, et al.,
1986;Massague, 1990). AMH is an homodimeric glycoprotein expressed in Sertoli cells
of embryonic testes, and by granulosa cells post-nataly in the ovary (Miinsterberg and
Lovell-Badge, 1991). Secreted AMH protein is responsible for the regression of the
Miillerian ducts. AMH has been overexpressed in transgenic mice causing the
elimination of the Miillerian ducts in female embryos (Behringer, et al., 1990). In mice
lacking the AMH gene, females were found to be normal and fertile, but males
developed as pseudo hermaphrodites with both male and female reproductive tracts
(Behringer, et al., 1994). Testis development was not affected in these animals. The
putative receptor of AMH has been cloned in rabbit, rat and mouse (Baarends, et al.,
1994;Behringer, 1995;di Clemente, et al., 1994). Its pattern of expression (in the
mesenchymal cells adjacent to the Miillerian ducts) suggest that AMH mediates the
regression of the Miillerian ducts indirectly through mesenchyme tissue. Mice

lacking the AMH receptor are currently being produced (Behringer, 1995), so insights
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into the function of the AMH receptor during Miillerian duct regression will soon

arrive.
1.7.5 SF-1

Steroidogenic factor 1 (SF-1), also known as AD4BP (AD4 element binding protein) is a
transcription factor regulating the steroidogenic P-450 genes in steroidogenic tissues.
It is a member of the nuclear hormone receptor superfamily. This gene is homologous
to the nuclear receptor that regulates the fushi tarazu homeobox gene in Drosophila

(FZT-F1) (Lala, et al., 1992).

SF-1 transcripts are present in the gonads of both sexes early in mouse development.
The levels decline in females at about 12 dpc (Ikeda, et al., 1994) when morphological
differences are occurring, suggesting a role in sex differentiation. Studies in vitro
have shown that the SF-1 protein can bind to the upstream region of the gene encoding
AMH and activate transcription in co-transfection assays (Shen, et al., 1994).
However, because it is expressed at earlier stages in both sexes, SF-1 alone cannot
account for the testis- specific activation of Amh expression at 11.5 dpc. In SF-1
deficient mice(Luo, et al., 1994) the earliest stages of gonadogenesis are relatively
intact. The genital ridge forms, but from about 11.5 dpc, apoptosis is seen in the somatic
cells of the gonad and adrenal glands. The animals are born with a complete absence

of gonads and adrenals.
1.7.6WT-1

The Wilms’ Tumor gene (WT-1) plays a critical role in kidney and gonadal
development. In WT-1 deficient mice, no kidneys or gonads are formed(Kreidberg, et
al., 1993). It is observed, as in the case of SF-1, that the early formation of the genital
ridge is not disrupted, but the gonads don’t develop and degenerate. However, it has
been shown that the SF-1 and WT-1 genes are not dependent on each other for their
expression, so they must be needed in different pathways in the developing gonad(Luo,

et al., 1995).
1.8 Aims of this thesis

In order to obtain development of a complete organism with its hundreds of different
cell types, it is fundamental to achieve a precise regulation and timing of the
expression of many genes. Each cell type expresses a different set of genes at any given
time. This regulation can be accomplished at several levels.

First, by regulating the levels at which the gene is transcribed into RNA. Then, by
selecting the RNAs for nuclear processing, in this way regulating which of the RNAs
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get into the cytoplasm to become mRNA. Another step involves the selection of mRNA
for translation; and finally, selection of some proteins for modification to allow them

to be functional. All of these mechanisms can be used by a single gene.

In order to understand how a gene is regulated at the level of transcription, it is
important to find regulatory elements flanking the gene. Promoters and enhancers
are necessary for controlling the tissue specificity and temporal pattern of expression
of the genes. A promoter is typically located immediately upstream from the site where
transcription starts. The promoter site is required for the binding of RNA polymerase
II and the accurate initiation of transcription. An enhancer activates the utilization of
the promoter, controlling its efficiency and rate of transcription. They can activate the
promoter at great distances (even at 50 kb away from the promoter). Their activating
function is position independent because they can be either upstream or downstream of
the promoter and still be functional. They can even be in the introns or the
complementary DNA strand. It is thought that the way enhancers activate promoters is
by the interaction they have with transcription factors binding to them. Because
enhancers can be many kilobases away from the promoter, many different enhancers
can collaborate in determining whether the gene is activated or not.

The aims of this thesis were to find the regulatory regions of two crucial genes for the
sex determination pathway: Sry and Dax-1; and to study the possible involvement of
Dax-1 in the sex determining mechanism of the mouse. For these ends, several

approaches, both in vivo and in vitro were attempted.

42



Chapter 2: Materials and Methods

2.1 Commonly used solutions and enzymes.

1x Denhardt's: 0.02% (w/v) Ficoll (Type 400, Pharmacia), 0.02% (w/v)
polyvinylpyrrolidone and 0.02% (w/v) BSA (Fraction V, Sigma)

LB: 1% (w/v) bacto-tryptone, 0.5% (w/v) bacto-yeast extract and 170 mM
NaCl

1x MOPS: 20 mM 3-[N-Morpholino]propane-sulfonic acid, 5 mM Na Acetate
and 1 mM EDTA

PBS: 140 mM NaCl, 3 mM KCl, 10 mM NagHPO4 and 2 mM KH9POy4

1x SSC: 150 mM NaCl, 15 mM Na Citrate, pH 7.0

1x TAE: 40 mM Tris-acetate, pH 8.0, 1 mM EDTA

1x TBE: 89 mM Tris-borate, 89 mM boric acid and 2 mM EDTA

20X NET: 3M NaCl; 20 mM EDTA; 0.3 M Tris pH 7.5.

STET: 8% sucrose, 5% Triton X-100, 50 mM Tris, pH 8
and 50 mM EDTA pH 8

TE: 10 mM TrisHCI, pH 7.5, 1 mM EDTA

TER: 10 mM TrisHCI, pH 7.5, 1 mM EDTA, 30 ug / ml RNAse

Restriction enzymes, Boehringer Mannheim and NBL.

T3/T7 RNA polymerases, Promega

T7 DNA polymerase, Boehringer

T4 DNA polymerase, Boehringer

Klenow (large fragment of E. coli DNA polymerase I), Boehringer
DNAsel (RNAse free), Boehringer

Ribonuclease A, Sigma

Ribonuclease A/T1 mixture (Ambion)

RNasin, Promega

Calf intestinal phosphatase, Boehringer

T4 Ligase, NBL

Polynucleotide kinase, Pharmacia

Reverse transcriptase from Moloney murine leukaemia virus, BRL

Thermus aquaticus (Taq) DNA polymerase, Amplitag, Perkin Elmer.
2.2 Bacterial strains, plasmids

DH5 F": supE44AlacU169(¢80lacZAM15) hsdR1TrecAlendAlgyrA96thi-1relAl
F'[traD36proAB*lacl9lacZAM15] (Hanahan, 1983)

pBluescript KS+ or KS-, Stratagene

pUC18 or 19, NBL

pOK12 (Vieira and Messing, 1991)

43



2.3 Purification of DNA fragments from agarose gels

DNA was run in agarose-TBE gels and fragments purified with the QUIAEX DNA gel
extraction kit (QUIAGEN), or GeneClean II kit (Bio 101) using the manufacturer’s

protocol.

24 Spectrophotometric quantitation of nucleic acids

Nucleic acid concentrations were determined by measuring the UV absorption at 260 nm of
diluted samples on a spectrophotometer (Kontron, Uvkon 860). An OD2g0 absorption unit of
1 corresponds to approximately 50 mg/ml for double-stranded DNA, 40 mg/ml for RNA or
single-stranded DNA and 20 mg/ml for oligonucleotides of twenty bases.

2.5 Recombinant DNA techniques.

2.5.1 Preparation of competent bacteria.
50 ml of LB medium were inoculated with an overnight culture of E. coli and grown to an
0D600=0.5-0.6 at 37 °C. The 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
of RF1 (100 mM RbCl, 50 mM MnCl2, 30 mM potassium acetate, 10 mM CaCl2, 15% (w/v)
glycerol, pH 5.8) and incubated on ice for 25 minutes. The cells were re-pelleted for 30
minutes at 3000 rpm and resuspended in 1/12.5 of the original volume in RF2 (10 mM
MOPS, 10 mM RbCl, 75 mM CaCl2, 15% (w/v) glycerol, to pH 6.8). The cells were incubated
on ice for 15 minutes, and 200 pl aliquots were quickly frozen in dry ice/ethanol and stored

at-70 9C .
2.5.2 Transformation

Competent cells were thawed at 37%C and placed on ice. 50 ng of plasmid DNA (1-5 ul) or 10
ul of a ligation reaction were added to 50 pul of competent cells. Cells were incubated in ice
for 5 minutes, then at 42 °C for 45 seconds and then returned to ice for 10 minutes. Bacteria
were plated on LB agar plates (0.7%w/v agar in LB) containing the appropriate antibiotic
for selection. When f-galactosidase was used as a genetic marker, plates contained 0.5
mM IPTG (isopropyl-B8-D galactosidase) and 40 mg/ul X-gal. After o/n incubation at 370C,

colonies were selected for analysis.
2.5.3 Blunt End Ligations

Vector and fragment (1:3 ratio) DNA were added to 10 pl of ligation mix (2 ul of NEB 1
buffer (New England Biolabs), 4 pl 1 mM ATP, 1 pl 20 mM Hexamminecobalt (III) chloride
(HCC), 1 pl ligase (T4 DNA ligase, NEB) and 2 pl 0.3 M KCl) in a total volume of 20 pl. The

reaction was incubated at RT for 20 minutes.
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2.5.4 Cohesive End Ligations

Vector and fragment DNA (1:3 ratio) was added to ligation mix (1 pl of 10X T4 ligase buffer
(NEB), 1 pl of T4 ligase (NEB)) in a total reaction volume of 20 ul, and incubated o/n at
15°C.

2.5.5 Small scale plasmid isolation (minipreps):

2 ml cultures were grown overnight in LB media with the appropriate antibiotic. 1.5 ml of
each were spun down and most of the supernatant, except for about 100 pl, was poured off.
The pellet was then completely resuspended by vortexing and 0.3 ml of STET containing 1
mg/ml of freshly added lysozyme was “squirted” into it. This mixture was immediately
boiled for exactly 90 seconds, and microfuged at 4 °C for 10 minutes. The supernatant was
transferred to a new tube, an equal volume of isopropanol was added, vortexed to mix and
microfuged for 10 minutes at 4 C. All the supernatant was aspirated off and the pellet was
washed with 200 pl of 70% ethanol. The pellet was resuspended in 40 pl of TE if the plasmid

was used for sequencing or in 100 ul of TER if it was used for enzyme digestions.
2.5.6 Large Scale Plasmid Purification (maxipreps).

Maxipreps were prepared with the QUIAGEN Plasmid/Cosmid Purification Kit following

the manufacturer’s instructions.
2.5.7 Sequencing.

A modification of the Sequenase Version 2.0 t& DNA Polymerase Sequencing Protocol was
used (USB, Pharmacia).1 pl of primer (10 - 50 ng) and 1 pl of 1 N NaOH and 1 pl of primer
were added to 8 ul of plasmid DNA from a miniprep and incubated for 10 minutes at 68 °C. 4
pl of TDMN (280 mM TES (Sigma, free acid), 80 mM MgClg, 200 mM NaCl, 10 pl / ml of
concentrated HCI and fresh 52 mM DTT) were added, mixed by pipetting up and down, and
incubated at room temperature for 10 minutes. 3.5 ul of labelling mix (1 pul of 0.1 M DTT,
0.4 ul of 5X dGTP labelling buffer, 1.6 ul of H9O and 0.5 ul of 35 S-dATP were added
together with 5.5 pl of a 1:4 dilution of Sequenase in enzyme dilution buffer. This was
incubated for 3 minutes at room temperature. 2.5 pl of A, C, G, and T termination mixes
were added to four wells of a sequencing plate, and 3.5 pl of the template/primer/labelling
reaction were added, mixed up and down with a pipet and incubated for 5 minutes at 37 °C. 4
ul of stop buffer were added to each sample, and they were heated at 80 °C for 3 minutes just
before loading into the gel. The samples were run in a 6% (w/v) polyacrylamide, 8 M urea,
1X TBE gel.
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2.6 PCR techniques
2.6.1 Isolation of genomic DNA for PCR.

Genomic DNA for PCR was isolated from tails of 2-3 week born mice or from limbs of
embryos. Tissue was incubated for 5 to 16 hours at 50 °C in 100 pl of Tris (pH 7.5) 100 mM,
NaCl 100 mM, EDTA 1 mM, SDS 1% and proteinase K 100 pl/ml. An equal volume of
phenol:chloroform (1:1) was added, mixed for 20 minutes and microfuged for 10 minutes. 1
ul of the upper phase was used for a 25 pul PCR reaction. PCR was used to detect the presence
of the transgenes in the genome and reverse transcription PCR (RT-PCR) for detection of
mRNA.
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2.6.2 Oligonucleotides used:

oligo name: sequence: position in gene:

5’ oligos

BABBV5”: TGC TGC ACT GCT GGC GAA GC (347-366 in fB-actin)
BAHHAS5’ TGC GCC GTT CCG AAA GTT GC (398-417 in f-actin)
BACTINS5: AGC ACA GAG CCT CGC CTT TG (505-524 in f-actin)
ACSRY5” CCG ATC CTC TAG AGA GCA TG (junction fragment:

(525-531 in f-actin +
8294-8306 in Sry)

PZ5A: TAG TGT TCA GCC CTA CAG CC (8220-8239 in Sry)

pl194.1: TA GTT GGG CTG GAC TAG GG (7946-7965 in Sry)

lach’: GGA AAA CCC TGG CGT TAC CC (51-70 in lacZ)

HPRT.1A: CCT GCT GGA TTA CAT TAA AGC ACT G (exon 3)

myol: TTA CGT CCA TCG TGG ACAGCA T

1A: TCA AGT GCT GGA GTC TGA ACA TTG (37-60 in Dax-1)

6A: TGC TGA GAT TCA TCA ATA GC (244-260in Dax 1)

HDR": CTC CGC CTC CAA GGT CCA AG (1292-1312 in DAX-1 ¢cDNA)

HDD5": CTC CCT CCA GAC GTC CCG GG (10 b in intron + 1402-1411 in
DAX-1 ¢cDNA)

Y11A2: . GTC TAG AGA GCA TGG AGG GC (8293-8313 in Sry)

Y41A: CTA ACA GCT GAC ATC ACT (9414-9431 in Sry)

Zfy 1.8: GAC TAG ACA TGT CTT AAC ACT TGT CC

3' oligos

SRYRV3’: CAG GTG TGC AGC TCT ACT CC (8672-8653 in Sry)

SRYPST3: GTT GAG GCA ACT GCA GGC TG (8590-8571 in Sry)

pZ3’: AGA TGG GCG CAT CGT AAC CG (282-301 in lacZ)

HPRT.2A: GTC AAG GGC ATA TCC AAC AAC AAA C (exon 8)

myo2: TGG GCT GGG TGT TAG TCT TAT G (in myogenin)

Mut 3: TAC AAA TAT ACT ATG CGA GC (466-475 in Dax 1-mut)

7B: CCT AGT ACC ACACTC TTA GA (580-602 in Dax 1)

3B: GCA CAG AGC ATC TCC AGC ATC AT (321-343 in Dax-1)

HD3": GCA CTT GTG TGG CCC ACA TG (1651-1670 in DAX-1)

RGB: CAA GGG GCT TCA TGA TGT CC (1655-1684 in f-globin)

Y11B: CCA CTC CTC TGT GAC ACT (8546-8563 in Sry)

Y11B2: TGG CAT GTG GGT TCC TGT CC (8614-8633 in Sry)

YNLS-5’ CCT ATT GCA TGG ACA GCA GCT TAT G (in Zfy)
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2.6.3 Primer combinations and annealing temperatures

Gene Primer Fragment Annealing
screened: combination: size (bp): temperature:
ACSRY5 + SRYRV3 384 @60 °C
pFLAG+ ACSRY5 + Y11B 275 @580C
pVACS BACTINS’+ SRYRV3’ 404 @60 °C
BACTIN5’+ Y11B 295 @58 °C
pZ10+ PZ5A + pZ3 461 @58 °C
pZ11 pl194.1+ pZ3 703 @58°C
pLUG1 pl194.1+ pZ3 555 @58°0C
lacZ lac 5’ + pZ3’ 249 @58°C
Hprt HPRT.1A + HPRT.2A 352 (in ¢cDNA) @58-62 °C
Myogenin myo 1 + myo 2 249 @58-62 °C
6A+7B 358 * @62 °C
6a + mut 3 235 ** @62°C
Dax-1 1A + 3B 305 @62°C
6A + RGB 310 (in cDNA) @62 9°C
6A + RGB 890 (in genomic) @62°C
DAX-1 HDR5'+ HD3' 378 (in cDNA) @62°C
HDD5'+ HD3' 260 (in genomic) @62°C
Sry Y11A2 + Y11B2 340 @58 0C
(embryonic)
Sry Y41A + Y11B2 397 @60 °C
(adult)
Zfy Zfyl.8 + YNLS-5 180 @58-62 °C

* These oligos detect the endogenous Dax 1 gene. The transgene carries a mutation
engineered at position 465 (Amanda Swain, unpublished), so a Sac I site is created. After
the PCR amplification, the product can be cut with this enzyme in order to distinguish
between the transgene and the endogenous gene. After the digestion two fragments appear
of the following sizes: 137 and 221 bp.

** 6A and mut 3 only detect the transgene.
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2.6.4 Oligonucleotide Purification

Oligonucleotide primers were prepared by the service at NIMR. Typically, the oligos were
received in 2 ml of ammonia. These were vacuum dried (Speedvac) and washed three
times in 100% ethanol. The pellet was resuspended in 400 ul of water and precipitated with
40 pl of 3 M sodium acetate and 800 pl of 100% ethanol and spun for 10 minutes in a

microfuge.
2.6.5 PCR procedure

PCRs were carried out in a 25 pl volume containing 50 mM KCI, 10 mM Tris pH 8.3, 1.75
mM MgClg, 0.1 mg/ml Gelatin, 0.375 mM dNTP, 500-700 ng of each primer and 2 units of
Taq polymerase (Cetus). 1 pl of the DNA extracted from tails or limbs, or of the product of a
reverse transcription reaction (see below) was used as template. Reactions were overlaid
with mineral oil (Sigma) to prevent evaporation. The amplification was done in a Hybaid
thermocycler either in 0.5 pl eppendorf tubes or in 96 multiwell plates.

A first step of 3 minutes of denaturation at 94 °C was used with all the programs. Then, 30
cycles of 45 s at 94 °C, 45 s at different annealing temperatures depending of the primers
used, and 50 s at 72 9C were done. All programs ended with 10 minutes at 72 °C. 15 pl of the
reaction plus 10 pl of stop mix (TBE 1X, Urea 9 M, bromophenol blue) were run in 2%
agarose, 0.5X TBE gels to confirm the amplification of PCR products of predicted size.

2.6.6 RNA Purification for RT-PCR.

RNA was purified basically as described by (Chomczynski and Sacchi, 1987). Embryonic
tissues were dissociated in 500 pl of solution D (4 M Guanidinum thiocyanate, 256 mM
Sodium citrate, pH 7, 0.5% Sarcosyl and 0.1 M B-mercaptoethanol). 50 pl of sodium acetate 3
M, pH 4 were added and extracted with 500 pl of phenol (saturated in
water):chloroform:isoamyl alcohol (25:25:1). Samples were precipitated with 500 pl of
propanol for 3 hours at -20 °(, and spun for 15 minutes at 4 °C. Pellets were resuspended in
20 pl of TE. 5ul of these were used for a control PCR reaction to check for DNA
contamination. If DNA was present, 2.5 ul of 10X DNAse buffer (1M Sodium acetate, 100
mM MnCl2) and 40 u of RNAse-free DNAse (Boehringer) were added to the RNA samples
and incubated at 379C for half an hour. Another phenol:chloroform:isoamyl alcohol
extraction and propanol precipitation was carried out and the pellet resuspended in 15 pl of

TE.
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2.6.7 Reverse Transcription of RNA

10 pl of isolated RNA for RT-PCR were incubated for 5 minutes at 65°C. 20 ul of cDNA
synthesis buffer {50 mM Tris pH 8.3, 75 mM KCl, 5 mM MgCls, 0.5 mM dNTP, 10 mM
DTT, 2 pg of oligo dT primer (Boehringer) and 100 units of reverse transcriptase (BRL)}

were added and incubated for one hour at 37%C. 10 ul of this reaction were used for PCR.
2.7 Probe Labelling and Southern hybridization
2.7.1 DNA labelling

DNA was labelled, by random primer, with the Megaprime DNA labelling kit
(Amersham) following the instructions of the manufacturer. The reaction was done in 20
ul. If the probe was bigger than 400 bp, it was spun through a G50 Sephadex column for one
minute to eliminate the unincorporated nucleotides. When the probe was less than 400 bp, a
precipitation was done. 200 pl of precipitation mix (Tris 10 mM, pH 7.5; sonicated herring
sperm DNA, 0.5 mg/ml, EDTA 14.28 mM and ammonium acetate 2.57 M) and 400 pl of
propanol were added. The sample was voxjtexed vigorously and spun for 15 minutes. The
pellet was resuspended in 19 ul of water. Percentage of incorporation was measured in a
scintillation counter by Cherenkov counting. The probe was boiled for 3 minutes before

adding to the filters.
2.7.2 Oligonucleotide labelling

Two complementary oligonucleotides (P1: 5-GGC GTA ATA GCG AAG AGG CCC GCA
CCG, and P2: 5-AAG GGC GAT CGG TGC GGG CCT CTT GCG) were used for the detection
of lacZ after RT-PCR. 15 ng of each oligonucleotide were mixed with 1 pl of a mixture of 5
mM each dATP, dGTP and dTTP, 2 ul of Megaprime Labelling Kit Buffer, 5 ul of p32dCTP,
1 pl of Klenow enzyme and volume reaction adjusted to 20 ul. Polymerization was done at
RT for 20 minutes. 1 pl of dCTP (5 mM) was added and the reaction left for another 5
minutes. The reaction was stopped with 1ul of EDTA 500 mM. Precipitation was performed

as above to remove unincorporated nucleotides.
2.7.3 DNA Transfer and Hybridization

After electrophoresis, DNA was blotted to Hybond N+ membranes with 0.4 M NaOH, o/n.
When DNA fragments bigger than 100 bp were used as a probe, the filters were
prehybridized at 65°C for 3-6 hours in hybridization mix A (6X SSC, 5X Denhardt; 0.5% SDS
and sonicated herring sperm DNA 100ug/ml). The labelled probe was added, and left to
hybridize at 65°C, o/n. The filters were washed 3 times with 2X SSC; 0.1% SDS for 15
minutes at 65 °C and then two times with 0.1X SSC; 0.1% SDS for 15 minutes at 65°C. When
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DNA fragments of less than 100 bp were used as probes, prehybridization was carried out in
hybridization mix B (6X NET; 0.1% SDS and 10X Denhardt) for 3-6 hours at 37°C. The
labelled probe was added and hybridization was carried out at 50°C, o/n. The filters were
washed with 6X SSC; 0.1% SDS once at RT for 15 minutes and twice at 50°C, 15 minutes. The

filters were exposed to radiographic films or to the phosphoimager.
2.8 Protein detection

2.8.1 Sample preparation
Basically the protocol described in Harlow and Lane (1988). have been followed. The
sample was dissolved thoroughly in 10 volumes of sample buffer (2% SDS, 100 mM DTT, 60
mM Tris, pH 6.8, 0.01% bromophenol blue), boiled for 5 minutes and spun for 10 minutes.
The supernatant was recovered and 10 ul of it were loaded to a 6% acrylamide, 10% SDS,
Tris pH 8.8 gel.

2.8.2 Electroblotting
The transfer of the proteins to nitrocellulose membranes was done by electroblotting in a
semi-dry camera. The nitrocellulose filter was soaked in 1X semi-dry buffer (48 mM Tris
base, 39 mM glycine, 0.037% SDS, 20% methanol) and the proteins were transferred for one

hour.

2.8.3 Detection of the protein with antibodies
The nitrocellulose filters were washed in milk solution (5% powder skimmed milk, 0.05 %
Tween-20 dissolved in PBS) for 20 minutes. The antibody was added and left at room
temperature for one hour or overnight at 4°C. The filters were washed three times for ten
minutes with milk solution, and the secondary antibody was added and left for one hour at
room temperature. The filters were washed again three times for ten minutes at room

temperature. Detection of the antibody was done with the ECL kit (Amersham).
2.9 Production of transgenic mice
2.9.1 Mouse Stocks

All mice were from stocks maintained at the animal facilities at NIMR. They were kept
in a 12 hours light/12 hours dark cycle. Midday on the day of vaginal plug was taken to be
0.5 dpc. The stage of embryos was confirmed by examination of limb morphology and

comparison to the schedule outlined in Hogan, et al. (1986).
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2.9.2 Microinjections of fertilized mouse eggs.

The procedures used were essentially those described by Hogan et al. (1986). Ten 3-4 week
old (CBA x C57BL/10) F1 female mice were superovulated by injecting intraperitoneally
with 5 units (0.1 ml) of pregnant mares serum (Folligon, Intervet Laboratories) 48 hours
before and 5 units (0.1 m!) of Human Chorionic Gonadotropin (Choluron, Intervet
Laboratories) at 2 pm on the day of mating with (CBA x C57BL/10) F1 male mice. The next
day, oviducts from plugged females were removed and the fertilized eggs released by
dissection under M2 medium (Hogan et al., 1986). Hyaluronidase was added to a final
concentration of 300 mg/ml. The eggs were washed through six drops of M2 medium to
remove all cumulus cells and other debris and kept in a drop of M16 medium (Hogan et al.,
1986) equilibrated in a humidified incubator at 37°C with 5% of CO2, under liquid paraffin
(Boots), until injection. M2 and M16 media were made fresh, weekly from stock solutions

kept at -200C. Media were filter sterilized (0.22 mm) and stored at 4°C.

For the injection of the DNA, one cell embryos were transferred to a drop of M2 medium
under liquid paraffin in a depression slide and the purified DNA fragment was injected
into either pronucleus. Embryos were injected in batches of 30-50, and returned to M16
medium. The microinjection setup consisted of a Nikon Diaphot-TMD inverted
microscope or a Leitz DM IRB/E microscope fitted with Nomarski optics, combined with
Leitz-E micromanipulators. Fertilized eggs that survived the microinjection procedure
were reimplanted immediately or after o/n culture into the oviducts of pseudopregnant
females of 6-8 weeks, plugged on the same day of the reimplantation. Mice were
anaesthetised by intraperitoneal injection of 0.3 ml of 0.5 mg/ml midazolam (Hypnovel,
Roche), 2.5 mg/ml fluanisone and 0.079 mg/ml fentanyl citrate (Hypnorm, Crown
Chemical Company). The time was considered as 0.5 dpc if the eggs were reimplanted the
same day and as 1.5 dpc if reimplanted the next day. The embryos that developed were
either allowed to be born for the production of transgenic lines or harvested earlier for
staining with X-gal or for RT-PCR as "transients". Genomic DNA obtained from tail tips

or limbs (from embryos) was used in PCR reactions to detect the presence of the transgene.
2.9.3 X-Gal Staining.

Embryos injected with lacZ constructs were analyzed for B-galactosidase expression by
staining with X-gal (5-bromo, 4-chloro, 3-indolyl, B-D-galactosidase, Sigma). They were
dissected out of uteri and rinsed in phosphate buffered saline (PBS), opened so to expose the
gonads, and fixed with paraformaldehyde 2%; glutaraldehyde 0.1% in PBS 30 minutes at
49C. Embryos were washed 3 times with PBS at room temperature and stained with 0.5 ml
per embryo of staining solution (1 mg/ml X-gal, 5 mM K3Fe(CN)g, 6.5 mM K4Fe(CN)g, 20
mM MgCl2) during 24 hours at 37°C in the dark.
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2.9.4 Paraffin sections

After X-gal staining, samples were imbedded in paraffin for sectioning. Samples were
washed three times with PBS and desiccated by passages through rising concentrations (50,
70. 85. 95 and 100%) of ethanol. Afterwards, the samples were changed to histo-clear and
then imbedded in paraffin.

2.10 RNAse Protection.

2.10.1 Probe Synthesis
The linearized DNA template was gel purified. Then a phenol:choloroform:isoamyl
alcohol extraction was performed and the DNA precipitated with sodium acetate and
ethanol. DNA was washed with 75% ethanol and resuspended in TE at 0.5 mg/ml. 1 pl of
this DNA was added to a 20 pl labelling reaction 40 mM Tris-HC1 pH 7.9, 6 mM Mg Cl2 2
mM spermidine, 10 mM NaCl, 10 mM DTT, 2.5 mM ATP/CTP/GTP, 800 Ci/mmole 32yTp
(Amersham) and 20 units of the correct RNA polymerase. The reaction was incubated for
one hour at 37 °C. The DNA template was digested from the riboprobe by adding 1 pl of RQ1
DNAse (Pharmacia) and incubating for a further 15 minutes at 37 °C. 20 ul of formamide
dye (100% formamide, 10 mM EDTA, 0.1% Bromophenol blue/ Xylene cyanol) were added,
the sample heated at 90 9C for 3 minutes and loaded in a 6% polyacrylamide, 8 M urea gel,
run for about 1.5 hours at 50 Watts. The probe was then cut out from the gel and eluted in 400
ul of elution buffer (0.5 M Ammonium acetate, 1 mM EDTA, 0.1% SDS, 10 ug E. Coli tRNA)
for at least 3 hours at 37 °C. The elution buffer was transferred to a new tube and
precipitated with 2 volumes of 100% Ethanol and 0.3 M Sodium acetate for one hour on dry
ice. The pellet was resuspended in 20 pl of water and 1 pl was used for counting

incorporation of radioactivity.
2.10.2 Hybridization.

The RNA probe synthesized above was combined with the RNA samples using around
400,000 cpm of the probe per sample. They were vacuum dried and resuspended in 20 pl of
hybridization buffer (80% formamide, 40 mM PIPES pH 6.7, 0.4 M NaCl and 1 mM EDTA)
Samples were incubated for 5 minutes at 80 °C and transferred to 50 ®C and left to hybridize

o/n.
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2.10.3 Digestion

400 pl of digestion mix (NaCl 0.5 M, 10 mM Tris, 1 mM EDTA, 20 pg/ml RNAse A and 20
U/ml TI were added to each sample and incubated for 30 minutes at 37 °C. 20 pul of 10% SDS
and 50 pg of proteinase K were added and incubated for another 15 minutes at 37 °C. A
phenol:chloroform: isoamyl alcohol extraction was carried out, and the RNA precipitated
with ethanol on dry ice. Samples were dried under vacuum and resuspended in 4 pl of

formamide dye, boiled 3 minutes and loaded in a 6% polyacrylamide gel.

2.10.4 Probes
Probe 2: Nhe I (6937) to Xba I (8298) genomic fragment of Sry
Probe D: Sap 62 (Dresser, et al., 1995)
Probe Hha: PCR product of pFLAG construct from bp 300 in the -actin promoter to bp 8592
in Sry.
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Chapter 3: Sry regulation

3.1 Introduction

Sry is an extremely important gene (especially for women!) as it is responsible for
initiating male development. One big question is how does Sry carry out this function?
It is known that Sry is a transcription factor, so presumably the way it is eliciting male
development is by turning on genes and starting a cascade of gene activity leading to
the formation of a testis. It is also important to understand how this first trigger of the
cascade is being regulated. Therefore, we were interested in finding the regulatory
elements which convey on Sry its precise timing and place of expression. Sry must be
turned on at about 10.5 dpc by a factor present in both XX and XY genital ridges,
although its down regulation around 12.0 dpc could be male specific (Lee and Taketo,
1994). We tried to find regulatory elements in vitro, by mapping the DNAse I
hypersensitive sites in the Sry locus; and in vivo by using transgenic mice with
reporter genes attached to Sry sequences. We were also interested in understanding
why such precise timing of expression is needed. To address this question we tried
misexpressing Sry under the control of a constitutive promoter. Apart from being
expressed in the developing gonads, Sry is expressed in adult testes, so the regulation of
the activation of Sry at this stage was also studied. In addition, we searched the Sry
flanking DNA sequences conserved with other genes with the hope of finding specific

regulatory elements.

3.2: DNAse Hypersensitive Site Mapping

3.2.1 Introduction

Sry expression is tightly regulated during development. Its transcript is found only in
the male genital ridges of 10.5 to 12.0 dpc mouse embryos (Hacker, et al., 1995;Jeske, et
al., 1995;Koopman, et al., 1990). We were interested in finding the regulatory elements
responsible for this pattern of expression. The initial approach attempted was to map

DNAse Hypersensitive Sites (DHSs) in the Sry genomic locus.

It is known that the organization of the chromatin with respect to transcriptionally
active and inactive genes seems to play an important role in transcriptional
regulation, not only at a structural, but at a functional level. Weintraub and Groudine
(Weintraub and Groudine, 1976) showed that chicken globin gene DNA in actively
transcribing cells is preferentially sensitive towards digestion with DNAse I and that

it is relatively insensitive to this enzyme in non transcribing cells. It was found later



that the general sensitivity to DNAse I is not restricted to the coding region of active
genes, but extends to their flanking chromatin (Lawson, et al., 1980;Stalder, et al.,
1980). Within these regions of general DNAse I sensitivity, some sites hypersensitive
to DNAse I digestion have been found. These DHSs were mapped, ofiginally in viral
regulatory regions (Scott and Wigmore, 1979;Varshavsky, et al., 1978), and then in
cellular promoters (Wu, et al., 1979). In every case the DHSs were found to map to

sequences that control the transcriptional activity of neighbouring genes.

Two classes of DHSs have been found, ubiquitous and cell-type specific. It has been
proposed that ubiquitous DHSs mark the boundary of an active chromatin segment by
isolating other transcription units from the effect of enhancer elements present in this
segment (Chung, et al., 1993). Examples of this type of constitutive DHSs have been
found in the ends of the Drosophila 87A7 heat shock locus, and in the 5' region of the
human, mouse and chicken B-globin gene. The chicken 5' constitutive DHS was found
to isolate a reporter gene from the activating effects of a nearby B-globin control region
(Chung, et al., 1993). This supported the idea that certain chromatin elements serve to

block in one direction the interactions between activators and promoters.

The appearance of cell-type specific DHSs correlate with gene expression. They mark
short regions of nucleosome free chromatin 50-400 bp in length, which will be accessible
to specific noﬁ-histone DNA binding proteins (Emerson and Felsenfeld,
1984;McGhee, et al., 1981). Generally these regions behave as cell-type specific
enhancers or locus control regions. An example of this type of DHS can be found in the
Thy-1 gene, which is normally expressed in the brain and in the thymus. This gene
shows three DHSs, two constitutive ones, and one only present in tissues where the gene
is expressed (Spanopoulou, et al., 1988). Mapping of DHSs is therefore frequently used to
find cis-regulatory DNA elements in gene loci. We therefore decided to apply this
technique to the Sry locus.



3.2.2 Results

3.2.2.1 Thy-1 as a positive control

To establish the conditions for the DNAse I hypersensitive treatment, the Thy-1 gene
was used as a positive control. Thymus DNA was extracted and digested with
increasing concentrations of DNAse I (0-133.3 w/ml). It was then redigested with
BamHI and hybridised with a 780 bp probe (thy-1AB) (kindly donated by F. Grosveld's
lab), which includes the region from an Apal to a BamHI site (Fig. 3.1). A 1.1 kb band,
which is produced by the BamHI restriction site and the DNAse I hypersensitive site,
was detected. This revealed the DHS that maps inside exon three (Spanopoulou, et al.,
1988).

3.2.2.2 Mapping of Sry hypersensitive sites

As Sry is expressed both in embryonic genital ridges and in round spermatids in the
adult testis, we decided to look first for the DHSs of this locus using DNA‘extracted from
adult testis, as more DNA can be obtained from this tissue that from embryonic genital
ridges. Adult testes DNA was digested with DNAse in the same way as the thymus
DNA. For the detection of Sry DHSs, both testes and thymus DNAs were redigested with
Xbal and hybridized with probe 2XN2 (Fig.3.2 B). The Sry locus consists of a unique
region surrounded by an inverted repeat and therefore this probe recognises two
fragments (a 2.0 kb and a 3.1 kb) simultaneously (Fig. 3.2 A I and II). No DHS could be
detected with this probe. Another probe, 5XN3, hybridizes to a 4.7 kb band (Fig. 3.2 A I1I
and IV), which in reality represents two fragments, one on each side of Sry, within the

inverted repeat. No DHSs could be detected with this probe either.

3.2.3 Discussion

It had been found that Sry has two different transcripts, one in the embryonic gonads,
and another in the adult testes. It is still not known where the adult promoter and its
regulatory regions are, but we now know that a transgene of 13.6 kb is able to drive the
expression of Sry in adult testis (section 3.32). Therefore, it is assumed that all the
regulatory regions which enable Sry to be expressed in the testes must lie within this
13.6 kb fragment. However, using DNA extracted from adult testis we could not detect

any DNAse I hypersensitive site within the 7 kb surrounding the Sry ORF.
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Figure 3.1: Mapping of DNAse I Hypersensitive Sites in the Thy-I1 gene.

a) Thymus DNA was digested with increasing concentrations of DNAse I, redigested
with BamHI and hybridized with probe thy-1-AB. This revealed a 1.1 kb frament.

b) The genomic locus of Thy-1. Exons are depicted as boxes and introns and flanking
regions as lines. Filled boxes represent the coding part of the gene. The DHS revealed
by probe thy-1-AB is marked by an arrow
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Figure 3.2: Mapping of DNAse I Hypersensitive Sites in the Sry gene.

Thymus and testes DNA was digested with increasing concentrations of DNAse I,
redigested with Xbal and hybridized with probes 2XN2 and 5XN3.

A) Iand III, thymus DNA; II and IV, testes DNA. I and II, probe 2XN2; III and IV, probe
5XN3.

B) The genomic locus of Sry . The regions of homology with probes 2XN2 and 5XN3 are
shown.
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The finding of DNAse I hypersensitive sites has been correlated with regulatory
regions. It is speculated that in these regions the DNA has to be accessible to
transcription factors that bind to the DNA to activate transcription. These regions are
therefore nucleosome-free. Nevertheless, the underlying mechanism by which specific
transcription factors interact with the structural features of the chromatin is not yet
fully understood. Several reasons for not finding DHSs in the Sry locus can be

envisaged.

First, the contribution of DNA from round spermatids to the total testicular DNA used
in the analysis could be too low to be detected. The analysis with purified round

spermatids could be attempted.

Second, it might be that not all the regulatory regions are hypersensitive to DNAse I
digestion. In some genes the transcription factors might not displace the nucleosomes
for sufficient time to leave the DNA free to be attacked by the DNAse. A third
explanation is that Sry lies in a constituvely "open" region of chromatin so no
hypersensitive sites can be detected. However this is unlikely, as a gene lying in such a
region would be expected to be highly and/or widely expressed (which is not the case for
Sry). A fourth more likely explanation is that the Sry locus in adult testis DNA lies
within a "closed" region of chromatin (as would be expected for theSry locus in thymus
DNA). The fact that we could not detect any difference in DNAse I sensitivity between
testis and thymus DNA indicates that this may be the case. It is known that genes in
mature sperm do not show their usual tissue-specific DHSs (Groudine and Conkin,
1985). It seems that as DNA has to be packaged into the sperm head, the usual chromatin
structure is lost, acquiring one resembling more the structure of supercoiled DNA. It is
not known at which stage during spermatogenesis the normal DNA structure is lost. In
the study mentioned above it was shown that the characteristic tissue-specific DHSs
pattern is still found in spermatogonia, therefore DHSs are lost somewhere between
this stage and mature sperms. Presumably it correlates with the replacement of
histones with protamines in spermatids. Sry is expressed in round spermatids so the
simplest interpretation of these results is that no DHS were found because the chromatin

is already repackaged prior to Sry expression. This should be investigated further.

There is no obvious function to the adult testes transcript, and as it became clear that it
used a different promoter compared to the genital ridge transcript, we decided to stop the
analysis of the adult promoter and went on looking for regulatory regions of Sry in the

embryo.



However, analysis of DHSs in genital ridges is hampered by the quantity of material
required, which is about 100 pg of DNA. Around 1 pug of DNA is obtained from a pair of
developing gonads of 11.5 dpc, so a modified version of the DHS assay was attempted.
This procedure, which involved the digestion of the DNA with DNAse I, creation of
blunt ends on the DNAse treated DNA, ligation of primers to this blunt ends, and
amplification of the DNA, proved to be technically difficult. In addition, the inverted
repeat surrounding the Sry locus added extra complications to the assay. After several
attempts, the experiments were not successful. We decided to stop the in vitro assays
and look for the regulatory regions in vivo, using transgenic approaches described in

the following sections.

3.3 Transgenic Studies

3.3.1 Introduction

The in vivo approach undertaken to find regulatory elements for Sry expression was
the analysis of transgenic mice carrying theE. coli 3-galactosidase (lacZ) gene as a
reporter gene under the control of Sry flanking sequences. This approach has been
widely used to map cis-acting elements controlling gene expression because it has
several advantages over in vitro assays. First, for genes expressed in cells without
tissue culture counterparts, (as is the case for Sry), this approach is the only current
means of localizing regulatory elements. Second, the use of reporter genes driven by
flanking sequences of the gene of interest is the only means of demonstrating that an
element specifies expression exclusively in the appropriate cell type and with a correct
pattern of expression during development. Third, in cases where the gene of interest is
expressed in several different tissues, a transgenic approach is useful to analyze the
expression of the gene in different places at the same time. And lastly, many cases
have been reported where the cis-acting elements found in tissue culture systems were
found to be different from the ones found acting in vivo (Guy, et al., 1996;Hsu, et al.,

1995;Tripodi, et al., 1991;Zimmerman, et al., 1990).

The technique of finding regulatory regions with reporter genes consists, in brief, in
using all the known flanking sequences of the gene of interest to drive the expression of
a gene which is easily detectable, and which is not normally present in the mouse. One
of the most commonly used reporter genes is the E. coli lacZ gene because the production
of lacZ can be assayed very easily, in sifu, as a blue precipitate when X-gal is used as its
substrate (Sanes, et al., 1986). Once the correct pattern of expression of the gene of
interest is correctly mimicked by lacZ, serial deletions of the sequence driving this
expression can lead to the localization of cis-acting elements important for the tissue-

specificity and timing of expression of the gene.
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It had been shown that XX males were produced when a 14.5 kb genomic fragment of Sry
was introduced as a transgene (Koopman, et al., 1991). In this case, sex reversal was
found in approximately 25% of the transgene carriers. Therefore, it was assumed that
this 14 kb fragment (p741) must contain all the regulatory elements needed for the
proper expression of Sry. Four constructs using different fragments of p741 fused to
lacZ were used to obtain transgenic mice, pZ10, pZ11, pLUG]I, (Fig. 3.3) and HOXY-8
(Fig. 3.12). pZ10 and pZ11 had been previously constructed in the lab by A. Economou.

3.3.2 Results

3.3.2.1 PZ10 construct:

To produce transgenic animals, one cell embryos were collected from fertilized
superovulated three week old females. The male pronuclei were injected with the
different constructs, and the embryos were transferred to pseudo-pregnant females to
function as foster mothers. To produce transgenic lines the embryos were allowed to
develop to term and checked for transgene presence by genotyping at three weeks post
partum(pp). Positive mice from this genotyping are referred to as "founders", from
which lines were derived if they were fertile. Offspring from founders or subsequent
generations were analyzed at embryonic stages for lacZ expression. To produce
transient transient transgenic embryos, the injected one-cell embryos were
transferred to pseudo-pregnant females and analyzed at embryonic stages (usually

between 11.5 and 14.5 days after injection).

Two lines carrying the pZ10 construct were produced (Sophie Vriz, unpublished) and
lacZ expression was analyzed. This construct contains the 5’ region of Sry up to the Sph
site (8389) in the ORF region, where lacZ has been inserted in frame into the HMG box
of Sry (Fig. 3.3). No 3’ sequences of Sry are present. Progeny from both of the lines
carrying this construct, pZ10-C and pZ10-L, were analyzed. We expected to detect
expression of lacZ with the endogenous pattern of expression of Sry, namely, within the
genital ridge between 10.5 and 12.0 dpc peaking at 11.5 dpc. Neither of the two lines
showed lacZ expression with this pattern. Line pZ10-C showed ectopic expression of lacZ
in the vertebrae, somites, ribs and heart (Fig. 3.4). This demonstrated that the
transgene carried a functional copy of lacZ. Line pZ10-L showed no lacZ expression in

any tissue.
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3.3.2.2 PZ11 construct:

This construct was made by adding to pZ10 sequences from the 3' region of Sry which
extend from the second EcoRYV site (8715) to the end of the p741 clone (Fig. 3.3). Four
transient transgenic embryos were obtained and assayed for lacZ activity at 11.5 dpe.

None of them showed any lacZ activity.

One line (pZ11-9) was derived with this construct and its progeny analysed at 11.5 dpc
and as adults. No activity of lacZ was found by x-gal staining. Alternative assays to
test for expression were carried out, namely RT-PCR and RNAse protection. RT-PCR
was performed on RNA from embryos of 11.5 dpc lacZ transcripts were detected in all
tissues sampled: gonads, limbs and head (Fig 3.5). PCR without reverse transcriptase
was performed as a control for DNA contamination and no signal was detected (data
not shown). RT-PCR was also performed on RNA from some adult tissues (kidneys,
testes and ovaries). In adult tissues the expression seemed more specific, transcripts
being detected at high levels in testes, at low levels in kidney and not at all in ovaries
or kidneys of transgenic females (Fig. 3.6). The reason for the sex-specific expression

in kidneys is not understood.

RNAse protection assays were performed to analyze the transcript (Fig. 3.7). Only XX
embryos were used, so no signal from the endogenous Sry gene was expected. A band of
371 bp, which represents full protection of the Sry portion of the probe was found. This
indicated that the transgene was expressed. However, if the transgene had been
transcribed from the same initiation site as used by the endogenous Sry gene, we would
have expected to find a band of 280 bp. As no such band was detected, we can conclude
that the transcript did not start at the same site as the endogenous embryonic
transcriptional start site, but further 5'. This could compromise use of the normal Sry
translational initiation site; for example, an abnormal 5' site could be used. As there
are translational stop codons in all three frames preceding the SRY-lacZ ORF, there
would be no chance of producing a fusion protein containing lacZ. This could explain

why no lacZ activity was detected in the animals carrying this transgene.



Figure 3.5: Expression of transgene pZ11 in embryonic tissues.

RT-PCR was performed on limbs (L), head (H) and gonads (G) of an 11.5 dpc pZ11-9
transgenic embryo using primers pZ5 and pZ3’. Hybridization was done using a
specific oligo against Lac-Z. Expression of the transgene pZ11 was detected in all
tissues. The negative control without reverse transcriptase showed no signal (not
shown).






Figure 3.6: Expression of transgene pZ11 in adult tissues.

RT-PCR was performed on adult ovaries (O), testes (T) and male and female kidneys
using the same primers and probe as in figure 5. Expression can be detected strongly in
transgenic testes, at much lower levels in male kidneys, and not at all in ovaries and
female kidneys. DNA from transgenic embryos was used as a positive control for the
PCR reaction and hybridization (C).

+:transgenic; -:non transgenic.
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Figure 3.7: Analysis of the transcript expressed by pZ11 transgene.

Upper panel: RNAse protection assays were performed in gonads (G), head (H) and
limbs (L) of 11.5 dpc transgenic (+) or non-transgenic (-) female embryos. Probe 2 (see
Chapter 2) was used to detect the transgene. A band of 371 bp was detected in all three
tissues indicating that the transgene is expressed, although the transcript is not
beginning at the normal Sry initiation site. Probe B (see Chapter 2), which protects a
band of 200 bp in Sap 62 was used as a loading control.

Lower panel: Schematic representation of the genomic locus of the pZ11 transgene in the

region where probe 2 hybridizes to it. The expected protected fragment sizes of the full
protectected probe and the probe hybridizing to the mRNA of the transgene are shown.
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3.3.2.3 PLUGI:

The constructs described previously carried lacZ as a fusion protein, therefore we were
concerned that a different transcriptional initiation site could render a premature
termination of translation. To avoeid this, a new construct (pLUG1) was made in which
lacZ carried its own translation initiation signal, stop codon and polyadenylation
sites. This was accomplished by cloning lacZ into the first EcoRV site (8244) of Sry.
This fragment carries 8.2 kb of the 5’ flanking region of Sry (Fig. 3.3). The B-geo (B-
galactosidase fused to a neomycin resistance gene, neo) gene was used instead of the
classical lacZ, because in this way we it would give us the option of isolating Sry
expressing cells by their neomycin resistance properties.

Four transient transgenic embryos were assayed at 11.5 dpc, but they failed to show any
B-galactosidase activity. Ten founders were obtained bearing this construct. Four of
them were XX females (VPLA, VPLB, VPLC and VPLD). VPLD did not transmit the
transgene to progeny and VPLA died before producing offspring. The other six
founders were XY males (VPL14, VPL17, VPL54, VPL43, VPL44 and VPL47), of which
VPL47 did not transmit the transgene to its offspring. None of the seven transmitting

lines produced the endogenous pattern of expression of Sry by X-gal staining.

Embryos from line VPL54 (Fig. 3.8) and VPL44 (Fig. 3.9) were assayed by RT-PCR for
expression of the transgene. Each embryo was assayed individually. The transgene
was found to be expressed in the genital ridges at 11.5 dpc. We performed RNAse
protection assays on embryos of lines VPL54, VPL44 and VPL17 (Fig. 3.10). Four pairs
of genital ridges or four limbs of transgenic animals were used for each lane. We
were unable to detect pPLUG1 expression by this method, although endogenous Sry
transcripts were detected, as can be seen by the faint band appearing at the 280 bp
position. The bands appearing around 250 and 370 bp seem to be background bands as
they appear in all tissues of both transgenic and non-transgenic animals. One line
presented ectopic expression of lacZ (VPL43), revealing that the f3-geo gene used in
these lines is functional (Fig. 3.11). We speculated that the level of expression of the
transgene was extremely low since expression could not be detected by RNAse
protection assays, but could be detected by RT-PCR which is a more sensitive assay.

Perhaps lacZ activity was not detected as expression was just too low.



Figure 3.8: Expression of pLUG1 transgene in VPL54 line.

RT-PCR was performed on 11.5 dpc genital ridges of a VPL54 male transgenic embryo
using primers pZ5A and pZ3’ to detect the transgene; primers Y11A2 and Y11B2 to detect
the endogenous Sry; and primers HPRT1A and HPRT1B to detect Hprt. A band of 461
was detected with primers pZ5A and pZ3’ showing expression of the transgene. Hprt
was used as a positive control for RNA recovery.
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Figure 3.9: Expression of pLUG1 transgene in VPL44 line.

RT-PCR was performed in heads (H), limbs (L) and gonads (G) of 11.5 dpc embryos
using primers p1194.1 and pZ3' for the pLUG1. A 555 bp band shows expression of the
transgene in limbs and gonads of male embryos and in gonads of female embryos.
+:transgenic; -:non-transgenic
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Figure 3.10 : Analysis of expression of pLUGI transgene in 11.5 dpc genital ridges.
Upper panel: RNAse protection assays were performed on 11.5 genital ridges of male
and female 11.5 dpc transgenic embryos of lines VPL54, VPL44 and VPL17. Non
transgenic male and female 11.5 dpc gonads (-) were used as negative controls. Probe
2 was used to detect transcripts from both theSry gene and the pLUGI transgene. A band
of 280 bases was detected in the male gonads indicating the expression of the

endogenous Sry gene. Probe D (see Chapter 2) was used to detect the Sap 62 gene as a
loading control, producing a band of 143 bases. No bands revealing the expression of
pLUG were found.

Lower panel: Schematic representation of the genomic locus of Sry and the pLUG1
transgene in the region where probe 2 hybridizes to them. The full length protected probe
gives a fragment of 371 bp. The endogenous Sry gene gives a protected band of 280

bases. The pLUG1 transgene should give a protected band of 232 bases if the transcript is
initiating in the same site as the endogenous Sry transcript. It could give a protected
fragment of up to 323 bases if the transgene is expressed, but using an upstream
initiation site.




















































































































































































































































































