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Abstract

Abstract

The human X and Y chromosomes evolved from a homologous pair of autosomes,
Comparative studies can show how and when this happened. There are regions of the
sex chromosomes that are conserved between eutherians and marsupials, which were
part of the original therian X and Y chromosomes. Twelve genes conserved between the
cutherian and marsupial X chromosomes have also been mapped to the monotreme X
chromosome, defining the most ancient region of the human X chromosome that has
been conserved since before the divergence of the therian and prototherian lineages.
However, genes from human Xp were mapped to autosomes in marsupials and
monotremes, mainly to tammar wallaby chromosome 5p and platypus chromosomes |
and 2, defining a region added after the marsupial-eutherian divergence but before the
eutherian radiation.

The human X chromosome represents 5% of the haploid genome. It is highly
conserved between species and has undergone little change over its history, On the
other hand, the Y chromosome represents only 2% of the haploid genome and is poorly
conserved between species. The Y chromosome has been subjected to a high mutation
rate and is largely degraded, leaving only a few X/Y-shared genes and small
pseudoautosomal regions. Some of the shared genes in the non-recombining region
show high conservation, whereas others have diverged in sequence and function.,

To study the evolution of the mammalian Y chromosome, [ attempted to clone and
map genes from the human Y chromosome in Macropus eugenii (tammar wallaby),
Ornithorynchus anatinus (platypus) and Gallus gallus (chicken), The mapping of
I'B4X7Y to wallaby 5p, with my previous demonstration that genes on the human Y were
autosomal in marsupials, implied that the Y, as well as the X, was composed of
conserved and added regions, Indeed most of the genes on the human Y chromosome
were part of the added region. This demonstrated that only about 7Mb of the original
LT5MD Y chromosome remains on the human Y chromosome,

The autosomal location of 7B4X/Y in tammar wallaby was surprising, considering
that this gene maps to the conserved long arm of the human X chromosome. This
showed that the human X chromosome has undergone an inversion or duplication that

re-positioned part of the added region on the long arm,




Abstract

Mapping human Y genes in monotremes can test the hypothesis that the genes
conserved on the therian sex chromosomes were part of the original proto-X and -Y
chromosomes. Location on the sex chromosomes of all mammals would demonstrate
that regions of the human Y chromosome were conserved from the original proto-Y.
However, mapping of conserved Y genes in Ornithorynchus anatinus (platypus)
revealed that several genes conserved on the therian sex chromosomes were autosomal
(on chromosome 6) in monotremes. The autosomal location of one of these genes,
ATRX. located on the eutherian and marsupial X chromosomes and with a Y homologue
in marsupials, excluded ATRY as the ancestral mammalian sex-determining gene. Genes
conserved only on the therian sex chromosomes, but on platypus chromosome 6, were
redefined as XtCR (X therian conserved region), and represent a block of genes either
added to the therian sex chromosomes, or lost from the monotreme sex chromosomes.

Genes conserved on the therian sex chromosomes, but not the monotreme sex
chromosomes (XtCR) were therefore mapped in chicken to distinguish between these
hypotheses, SOXS and RBEMX were shown to map to the short arm of chicken
chromosome 4, co-localising with other genes conserved on the human sex
chromosomes. This result, in combination with the map location of human X genes in
pufferfish and zebrafish, showed the region previously thought to be the most ancient of
the X, and therefore the Y (Stratum 1, 240-320 million years old), was composed of two
blocks that had independent origins. One, containing genes on the X in all mammals,
was originally on the proto-X and -Y. but has been completely lost from the Y. A
second block, containing ATRY, SOX3 and RBMY was added to the therian sex
chromosomes after the divergence of monotremes, and is therefore only 130-170
millions years old. This addition included ATRX, SOX3 and RBEMX, which subsequently
evolved into ATRY, SRY and REMY and acquired roles in male sex and reproduction.

The original mammalian proto-Y chromosome once contained all of the genes that
the human X chromosome currently bears. Over time the Y has lost most of these genes.
Of those that remain, SRY and REMY are now revealed not to be original members of

the proto-Y, but to have been part of an addition to the therian Y chromosome.
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Chapter 1: Introduction

Sex chromosomes are thought to have evolved from a homologous pair of
autosomes. One member became sex specific and was degraded. This hypothesis
therefore implies that the mammalian Y chromosome represents a degraded relic of one
member of this pair, whereas the X chromosome has changed little from its original
state and is remarkably conserved in size and gene content across all mammals. All
mammalian groups have an XX female and XY male sex chromosome system, or some
variant of it. The Y is usually smaller than the X, and is heterochromatic and gene poor,
The aim of this thesis is to determine the origin of the human sex chromosomes,
particularly the Y.

Birds and snakes have a sex chromosome system in which males are ZZ and
females (the heterogametic sex) are ZW. The W is usually smaller than the Z and is
heterochromatic and gene poor. The small heterochromatic bird W is therefore
equivalent to the small mammalian Y, both having much less genetic information than
their respective partners, the Z and X, The same theory can be applied to account for the
evolution of the mammalian X and Y, and the bird Z and W,

This theory, first put forward by Ohno (1967) on the basis of snake sex
chromosome variation, has been developed (Charlesworth, 1991) to propose that the
first requirement for differentiation of the mammalian X and Y chromosomes was the
acquisition of a sex-determining locus by one member of an autosomal pair. Male
advantage genes accumulated near this sex-determining region, and recombination
between them was suppressed to maintain genes in a male specific region. Further
accumulation extended this region of suppressed recombination (Fisher, 1930). When
recombination is suppressed, the Y chromosome is open to degradation, as mutations
and deletions cannot be repaired or eliminated via recombination. Degradation occurred
via genetic drift (Muller’s ratchet) and genetic hitchhiking. Thus the Y chromosome
became mostly non-recombining and shrank to a mere relic of its former glory, whereas
the X chromosome maintained its original state. Small pseudoautosomal regions (PARS)
are all that remain of once extensive homology between the two chromosomes.

There is evidence from comparative gene mapping that one or more autosomal
regions were added to the X or Y chromosome within the PAR, and then recombined to
Its partner. This extended PAR was then subjected to suppression of recombination and

the Y underwent further degradation (Graves, 1995).
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Chapter I: Introduction

The mammalian Y chromosome determines few phenotypes and is not necessary
for survival (as demonstrated by the survival of XO individuals). Uniquely, the Y
chromosome displays a “functional coherence™ (Lahn and Page, 1997) of male specific
characters, such as sex determination, which is controlled by the SRY gene (Sinclair e
al., 1990; Koopman et al., 1991). Deletion mapping established that there are also at
least three (if not four) genes on the human Y chromosome involved in spermatogenesis
(Vogt et al,, 1996; Kent-First et al., 1999), Other phenotypes associated with the Y
chromosome are gonadoblastoma (GBY) and a factor involved in stature (GCY).

[n this chapter, I discuss the organization, evolution, function and relationship
between sex chromosomes of the three mammalian groups. I also discuss comparisons
with homologous regions of the chicken genome. | emphasise the importance of
comparing sex chromosomes between different vertebrate groups to determine the
evolutionary origin of sex chromosomes, and also to identify regions of functional

lmportance.

1.1 Mammals and Birds

Vertebrates are a diverse group that includes fish, amphibians, reptiles, birds and
mammals, Tetrapods (amphibians, reptiles, birds and mammals) diverged from fish
about 400 million years before present (MyBP). Amphibians diverged from reptiles
about 360MyBP, and mammals diverged from the reptile lineage about 310MyBP. The
bird and reptilian lineages diverged from each other approximately 250MyBP (Benton,
1990) (Figure 1.1).

Two primary characteristics are popularly used to define mammals: they are furry
animals that suckle their young with milk. Extant mammals are divided into three
different groups: eutherians, marsupials and monotremes, arranged into two subclasses:
Prototheria and Theria. Subclass Theria (eutherians and marsupials) divereed from
Subclass Prototheria (monotremes) about 170MyBP (Hope er al., 1990), Infraclass
Eutheria and Metatheria (marsupials) diverged from each other about 130MyBP (Figure
Ll

Prototheria consists of a single Order Monotremata, which includes only three

species, the platypus and two species of echidna, all confined to Australasia. Our model
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Figurel.1: The evolutionary relationship of vertebrates. The approximate
divergence times are indicated in million years before present.




Chapter 1: Introduction

monotreme is the platypus, Ornithorynchus anatinus. They retain the ancient reptilian
characteristic of laying eggs. Many other anatomical and physiological characteristics
also suggest that monotremes form a separate subclass of mammals, and fossil evidence
1s consistent with this grouping. Thus Monotremes are usually thought to be the
mammals most distantly related to humans,

However, mitochondrial (mt) DNA analysis of the echidna and comparison to
eutherians and two marsupials (Macropus robustus and Vombatus ursinus) placed
monotremes as a sister group to marsupials, within a mammalian subclass Marsupionta
(Janke el al., 1996; Janke et al., 2002). The marsupionta hypothesis is not consistent
with the extensive morphological and fossil evidence. Nor is it supported by the limited
data on nuclear gene sequences available to date. For instance, study of the large
nuclear gene MOP/IGF2ZR, unambiguously placed eutherians and marsupials as sister
aroups, supporting the theria hypothesis (Killian, et al., 2001). The different results
from nuclear and mitochondrial sequence may be explained by the assumptions of equal
substitution rates among sites that were made in this analysis. This assumption can bias
test of phylogenetic hypotheses in many situations (reviewed by Killian er al., 2001).

Metatheria (commonly referred to as marsupials) are found in North and South
America and Australia. Australia has the most diverse range of marsupials, with 13
families comprising ~200 species, whereas the Americas have only three families
consisting of ~70 species. Reproduction in marsupials differs from eutherian
reproduction in several major ways. The pregnant marsupial female does develop a
placenta, but it is less developed and lacks the endocrine function of the eutherian
placenta. The young are underdeveloped when born and finish development attached to
a teat, often (but not always) protected in a pouch, Although marsupials are present on
two continents, they are considered to be monophyletic on the basis of morphological
evidence and the fossil record. The isolation of Australia in the early Cretaceous period
15 thought to account for the diversification of marsupials in Australia.

The Macropodidae (kangaroos and wallabies) and Dasvuridae (insectivorous and
Carnivorous marsupials) lineages diverged from each other about 65MyBP (Kirsch er
al., 1997y, Of all Australian l'l]ill'HllPi:llH Macropus eugenii, the tammar wallaby (2n=16),
has the best studied genome. Sminthopsis crassicaudara (2n=14), a dasyurid, has also

been well studied. Both species have large easily distineuishable chromosomes and
| = =




Chapter 1: Introduction

would make good marsupial models, For this study our model marsupial is the tammar
wallaby.

Euthertans are commonly known as placental mammals because of the well
developed placenta that connects the foetus and the female uterus, through which the
young gets its nutritional and respiratory needs. Eutherians are diverse and widespread,
They radiated from a common stock of insectivorous mammals in the late Cretaceous
and early Tertiary periods 70-50MyBP (Kardong, 1995). Of the wide range of eutherian
mammals, human and mouse have the best studied sex chromosomes.

Birds are different from other tetrapods because of their feathered bodies and
forelimbs that are usually adapted for flying. Their variety outnumbers that of all other
vertebrates except fishes (Kardong, 1995). Birds are phylogenetically younger than
mammals, having diverged from reptiles 250MyBP. The bird radiation occurred in the
middle Cretaceous and early Tertiary periods 80-60MyBP (Kardong, 1995),

Comparisons between the sex chromosomes of these three distantly related
mammal groups, and comparisons between mammals and birds, have been used to
determine the origin, and regions of conservation, of mammalian sex chromosomes.
The same approach has also been important in identifying functionally important

regions on the Y chromosome, such as the testis-determining factor,

1.2 Organization of vertebrate sex chromosomes

The mammalian X and Y chromosomes, share regions that are genetically
equivalent, and regions that recombine, as does the bird Z and W chromosomes.
However, there is a striking difference in gene content of the X and Y. In this section, I
discuss the organization of mammalian sex chromosomes, and the differences that
distinguish the sex chromosomes of the three different groups of mammals. 1 also
discussed the bird Z and W, and the relationships between mammalian sex

chromosomes and the bird genome.
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Chapter I: Introduction

1.2.1 Eutherian sex chromosomes

Eutherian X and Y chromosomes are morphologically very distinet and have quite
different gene contents. Usually the Y chromosome is significantly smaller than the X,
The human X chromosome is about 165 million (Mega) base pairs (Mb) in length and
represents about 5% of the haploid genome. It is euchromatic, though rather gene poor,
The human Y chromosome is 60Mb, which represents 2% of the haploid genome
(Lander er al., 2001). About half of the human Y is euchromatic and the other half

(comprising the distal long arm) is heterochromatic.

[.2.1.1 The Eutherian X chromosome

The human X chromosome contains roughly 1500 genes with a mixture of
housekeeping and specialist functions. Most genes on the X chromosome are not
specifically concerned with sex. However, there does seem to be an increased
concentration of reproduction related genes on the human X (Saifi and Chandra, 1999).
This increased concentration of sex related genes on the X was confirmed in mouse
(Wang er al., 2001) using subtractive hybridisation to isolate transcripts specific to
mouse spermatogonia and absent from somatic tissue. Wang er al. found that of the 25
spermatogonia-specific genes (19 novel), 3 were Y-linked and 10 X-linked. If the genes
were randomly distributed in the genome, only one or two genes would be expected to
be located on the X chromosome. There is also an increased concentration of genes on
the human X chromosome involved in cognitive ability (Zechner e al., 2001).

The size and gene content of the X chromosome is remarkably conserved between
eutherian species at about 5% of the haploid genome (Ohno, 1967). Even the gene
arrangement is largely conserved among distant orders (e.g. primates and felids).
However, differences in morphology and gene order between the X chromosomes of
human and mouse demonstrated that internal rearrangements have occurred in rodent
lineages (Blair er al., 2000). Gene mapping in eutherians has demonstrated extremely
high conservation of gene content of all eutherian X chromosomes, to the extent that
almost every gene that maps to the X of one species will map to the X of all others
(Wakefield and Graves, 1996).

Because females have two X chromosomes and males have only one X, equal

transcription from both X chromosomes in females, and the single X of males. would
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result in doubled activity of X genes in females relative to males. Dosage compensation
ensures equal dosage of X-linked genes in males and females, In eutherians, one of the
X chromosomes in somatic cells of females is randomly chosen for inactivation. The
stable, inactive X is transcriptionally silent with the exception of pseudoautosomal
region (PAR) genes and some genes on human Xp that have partners on the Y

(Disteche, 1995).

1.2.1.2 Homologies between the eutherian X and Y chromosomes

Most of the eutherian X does not undergo recombination with the Y at male
meiosis. However, there is a small pseudoautosomal region (PAR) at the ends of the
short arms of the X and the Y (PAR1) that undergo pairing at male meiosis. In humans.
PART 1s 2.6Mb and contains 13 genes (Figure 1.2) and the 5 region of a fourteenth
(XGA) (Gianfrancesco et al., 1998; Blaschke and Rappold, 1997). Deletion of PAR |
results in the failure of X-Y pairing at male meiosis and therefore sterility (Mohandas e
al.. 1992). The mouse X and Y share a 2Mb PAR, deletion of which results in sterility
(Burgoyne er al., 1992). The presence of a PAR is crucial for X-Y pairing in all
cutherian mammals, although there are some rodents whose sex chromosome lack a
PAR and do not pair at male meiosis (Ashley and Fredga, 1994).

The role of gene content in the function of PARI can be determined by comparing
the PARs of different species. In prosimians (lemurs) the human PAR| genes ANT3.
SHOX and 1L3RA are located in the X-Y pairing region along with the human X-
specific genes ST and PRKX (Glaser er al., 1999), The sheep and cow PARs contain
CSF2RA, ANT3 and STS, and the dog PAR contains PRK, ANT3 and STS (Moore ¢t al..
2001: Toder er al., 1997a). The mouse PAR contains only one gene, Sts (Salido er al..
1996). A second gene, Fxy spans the mouse PAR boundary and is truncated at this point
in the non-recombining region of the Y (NRY) (Palmer er al., 1997; Dal Zotto ¢1 al..
1998). The human PARI genes PGPL, DHRSXY, CSF2RA and IL3RA are autosomal in
mouse, whereas other PAR genes seem to have no mouse orthologues (Gianfrancesco et
al., 2001; Disteche er al., 1992; Milatovich er al., 1993) (Figure 1.2). The variable gene
content of PART between mammalian species suggests that the genes borne by the PAR

are not crucial to its function.
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Human sex chromosomes have a second smaller (0.5Mb) pseudoautosomal region,
PARZ2, located at the ends of Xq and Yq (Freije er al., 1992) (Figure 1.3). PAR2
contains four known genes HSPRY3, CXYorfl. SYBL3 and ILRY (D'Esposito et al.,
1996; Kermouni er al., 1995; Ciccodicola et al., 2000). PAR2 was the result of a recent
illegitimate exchange between the X and Y chromosome. PAR2 also pairs occasionally
at male metosis (much less frequently than PART), but the significance of this is unclear
(Li and Hamer, 1995). Genes in PAR2 show quite different functional characteristics.
IL9R and CXYor/l show biallelic expression characteristic of PARI genes (Vermeesch
et al,, 1997). On the other hand, SYBL/ and HSPRY3 have a unique method of
achieving equal male and female dosage by inactivating the Y copy and the inactive X
chromosome copy (D'Esposito et al., 1996; Ciccodicola e al., 2000).

The largest region of homology between the human X and Y is not one of the
pseudoautosomal regions, but a region in the non-recombining portion of the sex
chromosomes shared between Xq21.3 and Ypl 1.1, estimated to be 4Mb (Mumm ez al..
1997, Sargent er al., 1996; Vacca et al., 1999). This homology was a result of a
translocation from the X to the Y (Page e al., 1984) dated to 3-4MyBP. On the Y
chromosome its integrity has been disrupted by a LINE-mediated paracentric inversion
(Schwartz et al., 1998) that has not been dated, but could be much more recent. The

inversion created a small proximal block of homology and a larger distal block,

1.2.1.3 The eutherian Y chromosome

Because the Y chromosome is present in only half the population, it must not
contain any genes that are crucial for life, unless these genes are shared with the X
chromosome. The phenotypes of XO individuals indicate that shared genes affect at
least some physical traits such as stature. X/Y shared genes may also be required for
viability, as >95% of XO foetuses rapidly abort, There is some suggestion that
surviving XO individuals started off as mosaics,.

The human Y is roughly half euchromatic and half heterochromatic. The
differentiated (non-recombining) region contains a total of 30-35 (Table 1.1)
recognisable genes (excluding PARI and PAR2) that all reside in the euchromatic

region (Lahn and Page, 1997). Because the Y chromosome is confined to males, it is not
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surprising to find that it contains genes involved in male specific functions such as

spermatogenesis and male determination (Section 1.3).

Table 1.1 Names and functions of genes on the human

listed in the order they appear an the Y.

Y chromosome. Genes are

T p : Y bl vl ]
PGPL |IJ:tl;ll:r‘jl::jlllili":ht””‘ll GTP-binding GTP-binding Gianfrancesco ef al., 1998
I xy nfugs F g a
PPPeRIL .]‘,I,:::,t,:i“l_||1i||‘::.wh"t'm 4 regulatary Protein phosphatase Schiebel et al.,, 2000
SHOX short staure homeohox Transeription activator Ellison et al,, 1997
XE7 Pseudonutosomal gene XE7 ? Ellison er af., 1992
CS5F2RA |Colony-stimulating factor 2 receptor [Receptor signalling protein Raines e al,, 1991
'\' HLIRA [nterleukin 3 receptor Receptor signalling protein Milatovieh er el 1993
Q’ ANT3 Adenine nucleotide translocator 3 Adenine transporter Slim er al.. 1993
QV‘ ASMTL Acetylserotonin methytransferase-like|Methylransferase Ricd et af,, 1998
DHRSXY :-‘..’::‘ll:ﬁft\’I::Ij"“ll;::.‘h}zﬂz;‘;::;H\;lx“m\ of SDR Oxidoreductase Gianfrancesco eral,, 2001
ASMT /\wtylm.'rmnnin mi..'lh)flr:mhl't'l':m.' |V|L‘||'I}'||l'i||1‘-i['t.,'|'{l,\|l._‘ Hﬂf.ll'igllu.'. etal, 1994
ALTE Ac-like transposable element I'ransposense Esposito et al., 1994
MIC2R MIC2 related ? Smith and goodfellow, 1993
MIC2 Cell surface antigen MIC2 Cell adhesion Banting ef ail., 1989
X X blood group system Pseudogene Weller er al.. 1995
SRY sex-determining region Y Transcription factor Sinclair ef af., 1990
REPSTY Ribosomal protein S4 Protem of small ribosomal subunit |Fisher ef al.. 1990
ZFY Zine fingure protein Y Zine fingure transeription factor Page et al., 1987
PCDHY Protocadherin Y Cell adhesion Blanco ¢ af., 2000
TyeY Testis-specilic protein Y Cyelin B binding protein? Arnemann @f af., 987
GYGP Glycogenin 2 pseudogene Pseudogene Zhai et al., 2000
CASKP fsr::'!?il|:LIlE;-;;lillL1;tT,],:l.ll',lgl-f,i;‘ﬁ::ldm” S Pseudogene Dimitratos ¢l al., 1998
PRKY Protein kinase Y ser/Thr protein Kinase? Schiebel er al., 1997
AMELY Amelogenin Y TI‘E;‘IIrI\:”I[lIltIJlI:H of tooth enamel Lau et al, 1989
PRY PTE-BL related ¥ Protein tyrosine phosphatase Lahn and Page, 1997
USPOY Ubiquitin-specific protease 9°Y Ubiquitin=specific protease Brown eraf,, 1998
‘J\ DRY Dend box Y RNA helicase Lahn and Page. 1997
Q, try :::;::llllll'kli::::tlz‘l‘if‘;‘.l‘lr:}:::tll\1. Protein-protein iteraction”? Lahn and Page, 1997
é T'B4Y Thymosin beta 4 Y Actin sequestration? Lahn and Page, 1997
ARSDP Arvlsulfatase D pseudogene Pseudogene Meroni et al., 1996
ARSEFP Arylsulfatase E pseudogene Pseudogene Meroni etal., 1996
KALIP Kallmann syndrome pseudogene Pseudogene Franco et al.. 199]
STSP streriod sulphate pseudogene Pscudogene Yenetal, [958
veYi Variable charge protein Y | Variable charge protien | Lahn and Page, 1997
chy Chromodomain Y Chromodomain protein Lahn and Page, 1997
NKRY XK related ¥ Membrane transport? Lahn and Page, 1997
SMCY sclected cDNA mouse homologue Y [Transeription factor? Wang er al., 1995
EIFIAY Ilillll:-]:cialll:}l‘1:‘:.‘:\?"';“1'%]“lm” ton Translation initiation factor Lahn and Page, 1997
RBMY RNA-binding moul protein Y RNA-binding protein Ma et al., 1993
Vey2 Variable charge protein Y 2 Variable charge protien 2 Lahn and Page, 1997
DAZ Deleted in azoospermia RNA-binding protein Reijo et al., 1993
% HSPRYS ||t'll'llt'p|t'!l_|u|\' of Drosophila sprouty 3 [Cell-cell signal transduction Coceodicola er afl., 2000
Q— SYBLL sSyvnaptobrevin-like | Svnaptic cell membrane transport  |D'Esposito f /., 1996
Q?"‘ ILOR Interleukin 9 receptor Signal transduction Kermouni ef al,, 19935
CXYorfl CXYorfl 7 Coccodicola ef al,, 2000
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[n contrast to the conserved X chromosome, the human Y has suffered multiple
internal rearrangements, deduced by comparative mapping of genes in closely related
hominid species (Glaser e al., 1997; Glaser et al., 1998a). A simple model involving a
single or even a few evolutionary events cannot explain the rearrangements seen
between the Y of hominids, let alone mouse. The Y is therefore highly rearranged in all
lineages. so it is unlikely that there are many large regions on the Y in which gene
content and order are conserved between species, The only report of conserved order
between a group of genes on the Y chromosome of mammalian species is a region that
contains USP9Y, DBY and UTY, which is conserved on the Y chromosome of cat,

mouse and human (Mazeyrat et al., 1998; Murphy et al., 1999).

Table 1.2: Genes in the differentiated region of the Y chromosome of different
species. Genes are listed in the order that they appear on the human Y chromosome,
from the border of PARI to the heterochromatic region. Genes known not to be on the
Y chromosome are indicated (—), whereas genes with an unknown location are blank,
References: Vogt er al., 1997; Toder et al., 1997a; Lahn and Page, 1997; Mazeyrat et
al., 1998, Murphy et al., 1999; Lahn and Page, 1999,
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Unlike the gene content of the X chromosome, the gene content of the Y
chromosome is poorly conserved between species (Table 1.2). There are several genes
on the human Y that do not lie on the Y chromosome in other species. For instance, no
PRY, XKRY and BPY2 homologous sequences were detected on the mouse Y (M.
Delbridge, personal communication). Conversely, there are human Y-borne genes
(RPS4Y, PCDHY, CDY and DAZ) that have copies on the Y chromosome of primates
but not more distantly related eutherians. Alternatively, there are two genes, Ube/y and
Lif2s3, lacking from the human Y chromosome that are located on the Y chromosome
of other eutherian species.

Genes on the Y chromosome have been claimed to belong to two different classes,
Class Iand Class [1 (Lahn and Page, 1997). Class [ genes are single copy, ubiquitously
expressed, and have homologues on the X that escape X-inactivation. Class I genes are
Y specific and multicopy, and have testis-specific expression. However, this model does
not account for genes such as SRY (Foster er al., 1992), REMY (Delbridge et al., 1999)
and 7SPY (M. Delbridge, personal communication), which have functional
characteristics of Class Il genes (multiple Y-borne copies and testis-specific expression)
but an obvious X-borne partner from which they evolved. The definition breaks down
further when genes are considered in other species. For instance, ZFY and USPQY are
both Class I genes in human but have testis-specific expression in mouse.

Many genes on the human Y chromosome have been shown to have a partner on
the X. Of these human Class | genes, many reside on the X and Y chromosomes of
other eutherian species, either in the PAR (875 and PRKY) or the differentiated region
(SRY, ZF'Y and RBMY). However, few human Class Il genes (e.g. PRY, XKRY and
BPY2) are located on the Y chromosome of other species. Thus the gene content of the
Y chromosome in different species is quite variable, and some species have no Y

chromosome at all,

1.2.1.4 Lack of a Y chromosome in Ellobius
Probably the most important function of the Y chromosome is male determination.
[n therian mammals, the SRY gene is responsible for determination of a testis (Section

1.5.1). The Y chromosome also contains factors involved in sperm production (Section
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1.3.2). Despite these important functions, there are some species that have lost their Y
chromosomes, and potentially all the genes on it.

There are three species of closely related mole voles, two of which lack a Y
chromosome. One species, Ellobius fuscocapillus, has the standard mammalian XY
male and XX female system (Fredga, 1988) (Table 1.3), and males possess Y -borne Sry
and Zfy genes (Just er al., 1995), E. lutescens have 2n=17. and males and females are
both XO. The X chromosome remains unpaired at male meiosis. E. tancrei has a
karyotype of 2n=32-54, in which both males and females are XX. In both sexes, one of
the X chromosomes is heterochromatic and presumed to be inactive. The two species
that lack Y chromosomes have been demonstrated to lack male-specific Sry and Zfy

genes (Just er al., 1995),

Table 1.3: Species with unusual sex chromosome systems

E. lutescens X0 X0
E. tancrel A(X) X(X)
L. fuscocapillus XX XY
Myopus E *t 144
schisticolor AN,
XX

, e XX XL

Akodon azarae Y

There are other species of rodents that also have strange sex chromosome systems.
Wood lemmings have females with three different sex chromosome constitutions: XX,
X*X and X*Y. Males retain the standard mammalian XY. The observation that X*Y
individuals develop as females suggests that the X* chromosome contains a locus that
suppresses the effect of a dominant male determining factor located on the Y
chromosome,

South American Akodont rodents have females that are XX and XY* whereas
males retain the standard mammalian XY, Y* is evidently a Y chromosome with 2
defective male determining locus, such that XY * individuals develop as females. Little
s know of the gene content of the Y chromosomes in these species.

In contrast to the poorly conserved Y chromosome, the X chromosome is well

conserved and shares a large region with the marsupial X chromosome.
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1.2.2 Marsupial sex chromosomes
[ike eutherians, marsupials have an XX female: XY male sex determining system,
or a simple variant of this. The tammar wallaby has a diploid chromosome number of
|6 with large casily distinguishable chromosomes. Marsupial sex chromosomes are
generally smaller than eutherian sex chromosomes. In many aroups, the basic X

chromosome represents about 3% of the haploid genome and the Y chromosome is tiny.

1.2.2.1 The marsupial X chromosome

There is practically no size variation of the X amongst the 60 species of the family
Dasyuridae, whereas in Macropoddae there is a sixfold difference. Size variation of the
X chromosome is generally due to an increase in heterochromatic material, which was
derived from addition to the nucleolar organiser region (Hayman and Martin, 1974),
The orthologues of many human X-borne genes have been mapped in tammar wallaby.
Seventeen, spanning the entire long arm and proximal short arm of the human X, have
been mapped to the tammar X (Figure 1.4). The location of human X genes on the
marsupial X chromosome demonstrated that a large region of the X from the two groups
Is homologous. This was also confirmed by chromosome painting. DNA from a flow
sorted tammar wallaby X chromosome was painted onto human chromosomes. The
wallaby X DNA hybridised to the long arm and proximal short arm of the human X
(Glas, et al., 1999),

However, many human Xp genes map to autosomal locations in marsupials, For
instance, STS, AMELX, ZFX, DMD, CYBB, USP9X, DBX, MAOA and UTX are all
located on chromosome 5p in the tammar wallaby (Sinclair ef al.. 1988: Waters et al..
2001: Toder and Graves, 1998; Watson er al., 1992b: Wakefield and Graves. 1996),
whereas SYN/, POLA and OTC map to wallaby chromosome Ip (Spencer er al., 1991).
Ihe autosomal location of eutherian X-borne genes in marsupials demonstrated that not
all genes are shared by both the eutherian and marsupial X chromosomes.

As for eutherians, one of the marsupial X chromosomes in females is subject to X
Inactivation. However, unlike eutherians, the inactive X is not randomly chosen. Rather,
the inactive X is of paternal origin. Marsupial X-inactivation is also less stable than

eutherian X-inactivation.

| 6
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Figure 1.4: Genes shared (blue) by the X chromosome of the three mammalian
groups. Checks represent pairing regions. Red on the human the X chromosome
represents regions that are autosomal in tammar wallaby and platypus. References:
Watson er al., 1990; Mitchell et al., 1992 Foster er al., 1994; Wakefield and Graves,
1996; Wilcox er al., 1996; Toder and Graves, 1998; Pask er al., 2000; Waters et al.,

2000,
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1.2.2.2 Pairing of marsupial sex chromosomes
The marsupial sex chromosomes have no PAR, so do not undergo recombination at
male meiosis. Istead, they show end-to-end alingment and are kept together by
attachment to a basal plate structure (Page er al., 2002). Painting Sminthopsis
chromosomes with a microdissected Y showed no signal on the X, demonstrating that
the Sminthopsis X and Y chromosomes shared no homology (Toder et al., 2000).
However, in tammar wallaby chromosome painting has demonstrated that there are
sequences shared between the long arm of the Y chromosome and the heterochromatic,
nucleolus-bearing, short arm of the X chromosome (Toder ¢t al., 1997b). No chiasmata
were observed between the X and Y of marsupials at meiosis (Sharp, 1982), hence it
was concluded that the repetitive sequences shared by the wallaby X and Y probably do
not act as a PAR, The association of marsupial sex chromosomes at meiosis suggests
that there is a different mechanism governing proper segregation of the X and Y (Page

et al., 2002) (Figure 1.3).

1.2.2.3 The marsupial Y chromosome

The Sminthopsis Y chromosome is tiny (~10Mb) and share no homology with the
Sminthopsis X, It has few repetitive sequences and could represent the minimal
mammalian Y chromosome (Toder e al., 2000) (Figure 1.5). The best studied
marsupial Y chromosome is that of the tammar wallaby. Five genes have been mapped
to the tammar wallaby Y chromosome: SRY, RBMY, SMCY, UBEY and ATRY (Foster
et al., 1992; Delbridge er al., 1997; Mitchell et al., 1992; Pask et al., 2000). A report of
a male specific RPS4Y band on a Southern blot of the opossum suggests that there may
be a Y-linked copy in marsupials (Jegalian and Page, 1998). All of these genes are X-Y
shared in humans with the exception of ATRY. ATRX is X-borne in human and mouse.
but ATRY has not been detected in any eutherians It is therefore the only known

marsupial-specific Y-borne gene.

1.2.3 Monotreme sex chromosomes

[t was originally thought that all monotremes had a different chromosome number

in male and female (Bick and Jackson, 1967), suggesting an XX/XO sex determination

|8
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Figure 1.5: Genes shared by the human and/or mouse Y chromosome and the small
Y chromosome of Sminthopsis (blue), as well as the marsupial-specific ATRY. The
tiny Sminthopsis Y (~10Mb) repersents the minimal mammalian Y chromosome.
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system. Both echidna species were confirmed to have 2n=63 in males and 2n=64 in
females, but it was discovered that platypus had 2n=52 (Murtagh, 1977). There are six
large cytogenetically distinguishable autosomes (1-6) and the X. There are then several
aroups of cytogenetically indistinguishable chromosomes: chromosomes 7-11,
chromosomes 12-17, chromosomes 18-21 and chromosomes 22 and 23. There are four

unpaired elements.

1.2.3.1 The monotreme X chromosome

Monotremes have a larger X chromosome than that of therian mammals, which
represents 6% of the haploid genome (Watson et al., 1990). Xp pairs completely at
metosis with what has been thought to be the Yq (Watson et al., 1992a). Echidna differs
from platypus with females X X, X.X, and males X,X,Y. X, is the original X
chromosome, whereas X, is derived from an autosome. The Y is a compound
chromosome consisting of the putative Y attached to the homologue of X, (Wrigley and
Graves, 1988a). The platypus X chromosome is cytogenetically and genetically
equivalent to the echidna X, chromosome (Watson et al.. 1992a).

The limited mapping data available for the monotreme X chromosome (achieved by
radioactive in situ hybridisation) demonstrated that many genes shared by the eutherian
and marsupial X chromosomes also mapped to the platypus X chromosome (Watson ef
al., 1990; Watson et al., 1992a; Wilcox ¢t al., 1996) (Figure 1.4). The echidna X,
chromosome also bears at least four of the same genes, F9, AR, G6PD and GDX. which
demonstrated conservation of the monotreme X chromosome (Watson et al., 1992a).
This information showed that there was a large region of material that is shared by the
X inall three mammalian groups.

As with marsupials, genes located on human Xp were shown to be located on
platypus autosomes. DMD, CYBB and TIMP ] were located on platypus chromosome 1.
POLA, OTC, SYNI and ARAF [ were located on platypus chromosome 2, AMELX, ZFX
and MAOA all had ambiguous locations in platypus. Signal peaks were observed over
both chromosomes | and 2 for each of these genes (Watson et al.. 1991:Wakefield and

Graves, 1996),
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The monotreme X chromosome therefore shares regions of homology with the
cutherian X chromosome. However, as with marsupials, genes on the eutherian X

chromosome are located on platypus autosomes.

1.2.3.2 Pairing of monotreme sex chromosomes

Monotremes are unique amongst vertebrates because several unpaired elements in
their genome form a multivalent chain at metaphase 1 of male meiosis (Bick er al.,
1973). The meiotic chain consists of eight chromosomes in platypus and nine in echidna
(Watson er al., 1992a), The entire short arm of the monotreme X chromosome pairs
with the long arm of the first element in the translocation chain at male meiosis (Figure
1.3). This element is male specific (F. Grutzner, personal communication), but since it
pairs with another element, it is not clear whether it contains any male-specific
sequences. The multivalent chain therefore confuses the identity of the Y chromosome
in both platypus and echidna.

Male specific monotreme sequences are yet to be isolated, and no monotreme Y -
borne genes have been cloned and mapped. This (along with the multivalent
translocation chain at male meiosis) has made the identity of the monotreme Y unclear,

The size and gene content of the X chromosome is remarkably conserved between
species, The X chromosomes from all three mammalian groups share a large region of
homology. However, part of the eutherian X chromosome is represented by marsupial
and monotreme autosomes. In contrast to the X chromosome, the Y displays poor
homology between species, Many genes from the human Y chromosome have not been
detected on the Y chromosome of other eutherian mammals, and the eutherian and
marsupial Y chromosomes share only five known genes.

Because females possess two X chromosomes and males possess only one, equal
expression of genes from the two X chromosomes in females, and the one X
chromosome in males, would result in gene dosage differences between sexes. A dosage
compensation mechanism must be put in place to equalise this dosage difference

between males and females,
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1.2.3 X inactivation

X inactivation refers to the silencing of one of the X chromosomes in the somatic
cells of females so that there is equal dosage of X genes in XX and XY individuals
(Lyon, 1961). Inactivation of one X chromosome occurs early in embryogenesis: it is
stable and somatically heritable. There are two types of X-inactivation, random and
imprinted. The latter is thought to be ancestral because paternal X-inactivation occurs in
marsupials as well as in the extra embryonic membranes of rodents (Cooper et al.,
1971: Sharman, 1971). Random X-inactivation occurs in the embryo of eutherian
mammals. There is thought to be several steps leading to X-inactivation: counting,
choice, initiation, establishment and maintenance (Figure 1.6). Each of these steps is
genetically separable.

[n the mid 19907s transgenic analysis in embryonic stem (ES) cells substantiated
the decades old idea of an X-inactivation centre (XIC) that controls initiation of X-
mmactivation (Figure 1.7) (Lee er al., 1999b). Excluding maintenance, each step of X-
imactivation seems to be controlled by the XIC. The size of the XIC 1s not clear. It may
be anywhere from 35Kb (Herzing er al., 1997) to 8OKb (Lee er al., 1999b) or even
much bigeer. This depends on whether the XIC is considered to be involved only in
silencing, or includes all the contiguous X-linked sequences that effect the X-
Inactivation phenotype.

It is agreed that the XIC contains at least X/S7, a locus that transcribes a non-
coding RNA that is expressed from (Brown er al., 1991) and accumulates around the
inactive X (Clemson er al,, 1998), XI57 has an antisense transcript (757X) (Lee er al.,
1999a) that is expressed from the active X. It is thought that 787X represses X/IST
expression and regulates X chromosome choice (Debrand er al., 1999; Lee and Lu,
1999), There is also a region 3" to XIST (XCE), alleles of which influence the
probability of being chosen as the active X (reviewed by Boumil and Lee, 2001),
Maintenance of the imprint is achieved by methylation of CpG islands in DNA
(Mohandas er al., 1981), hypo-acetylation of histone H4 and macro-H2A association
(Pfeifer er al., 1990; Jeppesen and Turner; 1993: Costanzi and Pehrson, 1998).

Eutherian X-inactivation is a chromosome wide phenomenon, but there are several
regions of the human X that are exempt. Escapers of X-inactivation include genes in the

PARs such as CSF2RA, IL3RA, ANT3 and ILRY, which are present in two copies in both
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male and female and therefore require no dosage compensation. Genes in the
differential region of the X chromosome that have a functional partner on the Y
chromosome (ZFX, DBX, USP9X and RPS4X) (Page et al., 1990; Lahn and Page, 1997,
Fisher ez al., 1990) also escape X-inactivation, The presence of two functional copies in
males results in equal dosage with females so there is no need for compensation of that
particular locus. In mouse, however, many of these loci on the Y chromosome have
acquired male-specific functions and longer complement the X-borne partners, so the X
allele 1s inactivated.

There are several factors that appear to be involved in the maintenance of eutherian
X-inactivation. The inactive X chromosome displays methylation of CpG islands 57 of
the inactive locus (Pfeifer er al., 1990). However, DNA methylation is not critical to X-
inactivation. Methylation of CpG islands 57 of the inactive Hprr locus, in rodent
embryos, is implemented after X-inactivation occurs (Lock er al., 1987). Histone
modification may be more critical. Histone-Acetylation enhances the ability of
transcription factors to bind to DNA and initiate transcription (reviewed by Wolffe,
1998). It is therefore not surprising to find that the inactive X chromosome is
hypoacetylated (Jeppesen and Turner, 1993). In addition, unusual histones such as
macro-H2A are associated with the inactive X chromosome (Costanzi and Pehrson,
1998). Macro-H2A localises to the inactive X chromosomes after initiation of X-
inactivation, and is therefore not essential for the initiation of X-inactivation (Mermoud
et al., 1999), It probably pays a role in condensation of the inactive X. A byproduct of
this condensation may be that the inactive X chromosome is late replicating (Willard
and Latt, 19706).

The control of imprinted X-inactivation is not as well understood. It is unclear
whether marsupials have an XIC, so the existence and roles of X/57 and 75/X in
imprinted inactivation are unclear. The nature of the paternal imprint that controls non-
random X-inactivation in marsupials 1s unknown, as for other imprinted regions. This
imprint would need to be put into place during male meiosis, and removed from the
paternal X chromosome at female meiosis.

The mechanism of imprinted X-inactivation is also unknown. The inactive
marsupial X shows hypo-acetylation, but no methylation of CpG islands (Wakefield er

al., 1997 Cooper et al., 1993). Thus marsupials appear to share only part of the
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cutherian maintenance pathway. The absence of DNA methylation, together with the
lower stability of X-inactivation in marsupials (perhaps due to the lack of methylation)
is consistent with the idea that marsupial X-inactivation is a less complex system that is
ancestral.

Whether X-inactivation occurs in monotremes is yet to be determined.
Asynchronous replication (a characteristic of X-inactivation) of the two X
chromosomes in females suggested that X-inactivation might occur in monotremes
(Wrigley and Graves: 1988b, Murtagh, 1977). However, it was the short arm of the X
chromosome that showed asynchronous replication, The short arm of the monotreme X
pairs with the second element of the meiotic chain at male meiosis, and therefore should
not need dosage compensation. A recent study has indicated that G6FD may be subject
to X-inactivation. G6PD, which has been mapped to the platypus X chromosome by
radioactive in situ hybridisation (Watson et al., 1990), showed equal expression in cells
from males and females (J. Deakin, personal communication).

Mammals are not the only organisms to have evolved dosage compensation,
Dosage compensation systems have been well studied in Drosophila and C. elegans.
The same outcome as mammalian X-inactivation is achieved in two completely
different ways. In Drosophila, genes on the single X chromosome in males are
upregulated. Expression is controlled by five genes: maleless (mle), three male-specific
lethal (msl) genes (mls-1, mls-2 and mls-3) and males absent on the first (mo/). Two
non-coding RNA molecules transcribed from roX-/7 and roX-2 are also ivolved. The
five proteins and two RNA molecules come together to form a complex called a
compensasome that mediates upregulation by altering chromatin structure. All but one
of the roX RNAs are required for the compensasome to operate correctly, Because all
gene products are required, the compensasome can be made sex specific by the
regulation of just one of its elements. This is exactly what happens; mls-2 is repressed
by the protein of the female-specific sex-determining gene, sex-lethal (Sx/) (reviewed
by Marin er al.. 2000).

In €. elegans (XO males and XX hermaphrodites) expression of both the
hermaphrodite X chromosomes are down-regulated so that each expresses effectively
half. This mechanism for dosage compensation is controlled by another set of unrelated

genes (reviewed by Marin er al., 2000). All these organisms have independently
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evolved quite different methods for equalising the dosage between individuals with one
X, and individuals with two. Equal dosage is clearly so important that it has evolved in
several ways,

It is striking to note the parallels of the independently evolved systems of dosage
compensation in eutherians and Drosophila. Although in Drosophila the male X.
chromosome is upregulated, and in eutherians one of the female X chromosomes is
turned off, they both require genes transcribed into non-coding RNAs as part of the
dosage compensation mechanism. In both cases histone acetylation is crucial to

maintenance of dosage compensation.

[.2.4 Bird sex chromosomes

The mammalian linage diverged from the reptile/bird lineage about 310MyBP,
Thus birds and reptiles are the closest relatives to mammals.

The bird genome consists of large easily distinguishable macrochromosomes, and
many small indistinguishable microchromosomes. Of the many bird species, chicken
(Gallus gallus) has the best-studied genome, and is the most appropriate model species
for use as an outgroup to mammals,

Sex determination in birds is accomplished by differentiated sex chromosomes,
However, females are the heterogametic sex being ZW, whereas males are Z7Z. Chicken
has a chromosome number of 2n=78, with cytologically distinct chromosomes,
including eight autosome pairs (1-8) and the Z and W. There are also 30 pairs of
cytologically indistinguishable microchromosomes (Schmid er al., 2000).

The bird Z chromosome represents 7-10% of the haploid genome (Schmid er al.,
2000). The W chromosome is usually small. It only represents about 1.5% of the
haploid genome in chicken (Clinton and Haines, 1999). It pairs only over a small PAR
at the tip of the short arm containing a single recombination nodule. The W
chromosome consists largely (~65%) of repeated sequences, and has a CG-rich long
arm. It contains only four known genes, all of which have homologues on the Z
chromosome (Schmid er al., 2000; Fridolfsson er al., 1998).

[.ike the mammal X chromosome, the bird Z chromosome i1s uniform in size
between species. Chromosome painting confirmed complete homology of the Z

between chicken and emu, a ratite bird that diverged from chicken 80MyBP (Shetty ez
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al., 1999), However, the W is quite variable in size, ranging from very small in chicken,
to sizes similar to the Z in emu and ostrich (Ogawa et al., 1998; Fridolfsson et al.,
1998). Cross species chromosome painting in emu shows that the chicken Z is
homologous not only to the emu Z, but also to the W, with the exception of a small
region around the centromere, which may be responsible for sex determination (Shetty
et al., 1999),

Since males have two, and females one Z chromosome, it would be expected that Z
gene activity would be equalized in male and females as a result of some form of
dosage compensation mechanism. However, early enzyme dosage studies were
interpreted as the absence of dosage compensation on the bird Z (Baverstock et al.,
|982). In male birds, the two Z chromosomes replicate synchronously. However, real
time PCR has recently showed that transcription levels in male and female birds are
equivalent for six out of seven Z-borne genes (McQueen ez al., 2001). This evidently
does not result from mechanisms similar to that of mammalian X-inactivation as RNA
fluorescence in situ hybridisation (FISH) shows that loci on both Z chromosomes in
males were transcribed (Kuroda e al., 2001).

The mechanism of sex determination i1s not as clear in birds as it i1s in mammals. It
is not even known wether the W is female determining, or whether Z dosage is male
determining, or both. Despite extensive searches, no diploids with aberrant sex
chromosomes (equivalent to XO and XXY mammals) have been discovered. However,
triploid chickens with aberrant Z:W ratios are viable. ZZZ are phenotypically normal
males that produce abnormal spermatozoa. ZWW chickens die early during embryonic
development. ZZW individuals have a confused sexual identity: they are initially
females, but after reaching sexual maturity, begin to crow and adopt a male phenotype
(Thorne and Sheldon, 1993). These individuals suggest that the W chromosome has a
feminising effect (as the Y chromosome has a male determining effect in mammals),
but Z dosage has a masculinizing effect. This suggests that the Z contains one or more
dosage-sensitive genes that influence sex. Identification of DMRT/ on the chicken Z
(Nanda er al., 2000), and mapping DMRT] to the Z but not the W in emu (Shetty et al.,
in press), makes it a good candidate for the bird sex-determining gene. This gene is
involved in testis differentiation of all vertebrates, and haploinsufficiency in humans

could cause male to female sex reversal.
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Microchromosomes (chromosomes 9-38 and the W) represent 23% of the haploid
chicken genome (Smith and Burt, 1998). The microchromosomes are GC-rich (Auer ¢1
al., 1987) and have a higher CpG content than the macrochromosome (McQueen ef al..
1996). Because 60-70% of known chicken genes are associated with CpG-islands, it has
been sugeested that the microchromosomes could be a gene-dense region of the
agenome. Random sequencing of cosmid clones that mapped to either a
microchromosome or macrochromosome by FISH, demonstrated that the
microchromosomes contain 1.3 times (Smith et al., 2000) to 2.4 times (Clark et al.,
1999) the gene content of the macrochromosomes.

Gene mapping in chicken has revealed many groups of genes conserved with
human (Schmid er a/., 2000). Of particular interest is the comparative mapping that
revealed the relationship of mammal and bird sex chromosomes. Gene mapping failed
to find any homology between the bird Z and mammalian X, and limited gene mapping
reveals no homology between the bird W and mammalian Y. Genes from the human X
chromosome cluster at two locations in chicken, on chromosome 4p and Ip. Human X
genes that are located on chicken chromosome 4p include HPRT, BTK, PGX,
CULAB, UBETA and FMR/. Human X genes that are located on chicken 1p include
OTC, NROBI, ZFX and SCML2 (Schmid et al., 2000),

Conversely, most genes from the chicken Z chromosome map to human
chromosome 9. This includes the candidate chicken sex determining gene DMRT/,
which maps to the tip of human 9p, deletion of which causes sex reversal in humans.
Several other genes from the chicken Z map to chromosome 5 in humans (Schmid er al.,
2000).

Birds have a ZW female: Z7Z male sex chromosome system. The Z chromosome is
conserved in gene content and size between species, On the other hand, the W
chromosome is variable in size between species and can be highly differentiated from
the Z (e.g. chicken), or it can be almost completely homologous to the Z (emu). The
mammalian X and the bird Z share no homology. Rather, genes on the mammalian X
chromosome are located on autosomes in bird, and genes on the bird Z are located on
autosomes in mammals,

The mammalian Y chromosome is male-specific, whereas the bird W chromosome

Is female-specific. These two chromosomes therefore bear genes involved in male-
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specific and female-specific functions respectively. In mammals the Y chromosome is

male determining and contains genes involved in spermatogenesis.

1.3 Function of eutherian Y chromosomes

During the 1950°s, most biologists believed the human/mouse Y chromosome to be
aenetically inactive, as no Y-linked inheritance had been revealed via pedigree studies
(Stern, 1957), However, in 1959, sex determination was ascribed to the Y chromosome,
More recently several functions have been attributed to the Y. It is now known that
there are 30-35 genes on the non-recombining portion of the human Y chromosome

(Lahn and Page, 1997), some of which control functions important for reproduction,

1.3.1 Sex determination

Sex determination is a unique and critical function of the mammalian Y
chromosome. A dominant male determining gene was deduced to be on the Y
chromosome from the phenotypes of human and mouse XO females and XXY males
(Jacobs and Strong, 1959; Ford et al., 1959; Welshons and Russell, 1959).

Sexual differentiation is somewhat different in marsupials. The presence of the Y
chromosome is essential for development of the testis. However, XO individuals lack a
testis, but often have an empty scrotum, no pouch and underdeveloped mammary
glands. XXY individuals have internal testes but no scrotum, and may have an
underdeveloped pouch. Thus, the Y chromosome in marsupials is necessary for testis
determination, but other characteristics, such as a scrotum and pouch differentiation, are
independent of embryonic androgen production (Sharman ¢r al., 1990). Instead,
development of a pouch or scrotum may be controlled by dosage of a gene on the X
chromosome, or the action of a paternally imprinted pouch gene on the X chromosome
(Cooper er al., 1993).

The mechanism of monotreme sex determination 1s unknown, The meiotic chain at
male meiosis confuses the identity of the Y chromosome, and no male specific

sequences have been isolated.
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Classically, there are two steps involved in sex determination. First is the step from
chromosomes to the formation of gonads, and the second step is from the gonad to
phenotype. The first step is controlled by sex determining genes and the second
controlled by production of gonadal hormones (reviewed by Vaiman and Pailhoux,
2000).

[n eutherian mammals male and female embryos are indistinguishable until the
development of the gonads. A urogenital ridge forms within the mesonephros of the
embryo, and can develop into either an ovary or a testis. The mesonephros also
develops both Wolffian (male) and Miillerian (female) ducts. The presence of a Y
chromosome determines the fate of the genital ridge. Once a testis has been determined,
Sertoli and Leydig cells differentiate, Sertoli cells produce anti-Miillertan hormone
(AMH), which inhibits the development of the Miillerian ducts. Androgens, produced
by Leydig cells, stimulate the differentiation of the male urogenital tract from the
Wolffian ducts and also stimulate formation of external genitalia. In females the
absence of male hormones results in regression of the Wolffian ducts, proliteration of
Miillerian ducts and subsequent feminisation (reviewed by Vaiman and Pailhoux,
2000). The production of AMH in males signals the beginning of the hormonal phase of
sexual differentiation. The genes and events leading up to. and involved in the
regulation of Sertoli cell differentiation and AMH expression are critical in
understanding the genetic component of sex determination,

In XY embryos the testis confers masculinity during critical stages of development.
Female development can occur irrespective of the genetic sex of an individual (or the
presence or absence of ovaries) if they lack testes (Jost, 1970). The Y chromosome,
therefore, contains the critical switch that leads to testis determination, in turn leading to
the expression of AMH causing regression of Miillerian ducts.

The subsequent expression of testicular hormones confers a male phenotype, as
shown sex reversal phenotypes. For instance, XY embryos that produce androgens but
lack the androgen receptor develop as females. Conversely, male testicular hormones
can be transferred to a female twin during pregnancy causing masculinization (Jost ef
al., 1972). Freemartins are XX but were twin pregnancies with an XY embryo. After
birth, they are characterised by several variable features: individuals are sterile: ovaries

are reduced in size and often contain seminiferous tubules; and the presence of seminal
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vesicles are common, but a prostate and external male genitalia are rare, AMH is high at
birth in normal males calf and freemartins. After birth the level remains stable in normal
males but drops sharply in freemartins. AMH, causing masculinization of the freemartin
calf, is therefore essentially of male calf origin (Rota et al., 2002).

In marsupials, sexual development is not entirely dependent on production of
conadal hormones. Scrotal bulges are visible in male but not females, and mammary
anlagen were visible in females some days before testis development, and before
Wolffian and Miillerian duct differentiation (O er al., 1988). This confirms genetic
studies that show that scrotal/ mammary gland development is independent of the Y
chromosome, but depends on X gene dosage.

The testis-determining factor (TDF) on the human Y chromosome was hunted for
many years by deletion analysis using sex-reversed individuals with fragments of the Y
chromosome. XX males with part of the Y chromosome exchanged for the X should
have the TDF, whereas XY females should lack the TDF. The TDF was eventually
mapped to the distal short arm of the human Y chromosome. The HY antigen (a male
specific minor histoincompatibility antigen), a TDF candidate for many years, was
excluded when it was mapped to the long arm of the Y chromosome (Simpson et al.,
1987),

The region containing the TDF was narrowed by further deletion analysis to a small
region on Yp, from which a zinc finger protein was cloned (ZFY) (Page er al., 1987).
ZFY has an X-linked homologue ZFX, which maps to the short arm of the human X
chromosome (Schneider-Gadicke er al., 1989). ZFY was highly conserved between
mammalian species and contained motifs similar to those of known transcription
factors. It therefore made a good candidate for the TDF gene that was expected to
control the activity of testis-differentiating genes,

ZIY first came into doubt as the TDF when it was shown that it was not on the Y
chromosome in marsupials. Instead, it mapped to chromosome 5p in tammar wallaby,
and to chromosome 3 in Sminthopsis (Sinclair er al., 1988), and was later shown to be
autosomal also in monotremes (Watson ez al., 1993), The autosomal location of ZFY in
marsupials and monotremes excluded it as the universal mammalian sex determining
gene. The exclusion of ZFY as the mammalian testis-determining factor was supported

by its inappropriate expression in germeells but not Sertoli cells (Koopman er al., 1989).
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Expression in Sertoli cells is a prerequisite of the TDF because Sertoli cells produce
AMH. ZFY was finally excluded as the TDF when it was found that some human XX
males had fragments of the Y chromosome that did not include ZFY, re-defining the
region of the Y chromosome that contained the TDF as just proximal to the PAR
boundary (Palmer er al., 1989).

A new gene, SRY, was cloned from this region of the Y chromosome (Sinclair er
al., 1990) and an orthologue was shown to map to the marsupial Y chromosome (Foster
et al., 1992). Several human XY females were shown to have point mutations in SRY
(Berta er al., 1990). XX mice transgenic for mouse Sry developed as males,
demonstrating that Sry was indeed the TDF (Koopman er al., 1991). The SRY protein
contains a DNA binding domain (HMG box) that binds to DNA at a 6-base consensus
target sequence (Harley et al., 1992). Binding with the HMG box of the SRY protein
bends DNA at specific angles that might bring sequences, or proteins bound to them,
into position for activation (Ferrari er al., 1992). This could act as a master switch,
setting off a cascade of events that leads to testis determination and ultimately to male
determination in eutherians,

Unexpectedly, SRY was found to be poorly conserved between species (Foster et
al., 1992), There is moderate conservation of HMG box sequences, but no conservation
outside the HMG box. Most sex reversing mutations of human SRY occur in the HMG
box: the products of mutant alleles either bind poorly or bend DNA incorrectly (Harley
et al., 1992). The conserved function of SRY, is therefore, thought to be controlled by
the HMG box. Hence, the function of SRY relies on its ability to bind and bend DNA.
This is thought to bring into proximity non-adjacent DNA sequences, or the proteins
associated with them to form a productive interaction.

The cloning and characterization of SRY, and the confirmation that it was the
mammalian TDF, was expected to provide the breakthrough to discover other steps in
the sex-determining pathway.

Study of sex-reversed and intersex mammals have identified several genes involved
In the pathway leading to testis determination, and subsequent AMH expression. These
include W7'7, SF-1, SOX9, DAX-1 and the master switch SRY. Four proteins are known
to interact with the AMH promoter and regulate its expression (W7'/, SF-1, SOX9 and

GATA-4). Tissue and stage of expression for WT'/ and SF-/ suggests that they are also

involved in early development of the undifferentiated gonad from the urogenital ridge.
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Loss of one copy of the autosomal SF-/ gene in humans results in complete XY sex
reversal. For instance, a patient with XY sex reversal had a 2bp (frameshifting) deletion
in S~/ that caused sex reversal in the heterozygote (Achermann er al., 1999), SF-/
activates AMH by binding to a specific and conserved promoter region about 90bp 57 of
the transcription start site. In humans, different mutations of the W7’/ gene result in four
different sex-reversal pathologies (Little and Wells, 1997). As a result of alternative
splicing, alternative translation initiation and RNA editing, 16 different protein products
are produced by WT'/ (Reddy and Licht, 1996), only one of which interacts with S~/ to
activate AMH (Nachtigal er al., 1998),

SOX9 has a very conserved function in testis determination and AMH regulation. It
is upregulated in the testis and downregulated in the ovary of all vertebrates. This gene
was suggested to be controlled by SRY in a double inhibition pathway (McElreavey er
al., 1993), and SOX3 was suggested to be the gene inhibited by SRY and inhibiting
SOX9 (Graves, 1998) (Figure 1.8). A conserved SOX binding site is located 150bp 57 of
the AMH transcription site. The importance of this site has been demonstrated in mouse
by its disruption (Arango er al., 1999), Defects in SOX9 indicate that there are
controlling elements up to | Mb upstream (Wunderle er al., 1998). The report of XX sex
reversal in human caused by duplication of SOXY (Huang er al., 1999), and the report of
Odsex (Ods) mice also demonstrated the importance of Sox9 in XX sex reversal. In
normal XX individuals Sox9 expression was downregulated in the foetal gonads. In
normal XY individuals, and XX Ods/+ individuals, Sox9 expression was upregulated
and maintained. Odsex mice carry a 150kb deletion approximately IMb upstream of
Sox9. It was proposed that this deletion blocked function of a long range, gonad-specific
regulatory element that mediated the repression Sox® in XX individuals (Bishop er al.,
2000). The double inhibition pathway best explains XX males that lack SRY
(McElreavey er al., 1993): the gene/s (repressed by SRY) that act upon SOX9 to repress
Its expression may have lost function in these individuals,

DMRTI, located on human chromosome 9, is the most conserved putative
vertebrate sex-determining gene isolated. Heterozygous deletions of the chromosomal
region that contains DMRT] results in male to female XY sex-reversal, This is probably
caused by haploinsufficiency of DMRT] and/or another gene from this region, Mice that
carry homozygous deletions of Dmrt/ are not XY sex-reversed but are infertile due to

severe defects in proliferation of germ cells (Raymond ¢r al, 2000). DMRT] has also
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Figure 1.8: The double inhibition pathway. SRY inhibits the expression of SOX3
and SOX3 inhibits the expression of SOX9, In the presence of SRY, SOX9 is
expressed and a testis forms. In the absence of SRY, SOX3 is expressed inhibiting
SOX9Y expression and an ovary forms.
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been mapped to the Z chromosome, but is not present on the W in chickens (Nanda et
al., 1999), It 1s therefore present in a double dose in male and a single dose in female
birds, making it a strong candidate for a dosage dependent sex-determining locus in
birds. However, in the absence of mutation analysis or transgenesis in chicken, it cannot
be disregard that differential dosage of another of the thousands of genes on the 7, and
absent from the small heterochromatic W (therefore present as two copies in males and
one copy in females), is responsible for sex determination,

Important confirmation has therefore come from emu, which has only a small
region of differentiation between the virtually homomorphic Z and W chromosomes
(Shetty eral., 1999). DMRT] in emu is located on the Z and not the W (Shetty ¢f al., in
press). It is the only reported Z-specific gene in emu, and is expressed during
gonadogenesis (Shetty er al., in press), supporting the hypothesis that DMRT] is
involved in bird sex determination and therefore plays a conserved role in mammalian
sex determination,

Another gene essential for sex determination is ATRX. Mutation in ATRX causes X-
linked male to female sex-reversal in XY embryos, and is also responsible for -
thalassemia and mental retardation (Gibbons et al., 1995). ATRX sex-reversed patients
have streak gonads but no Miillerian ducts, indicating that AMH is expressed from
Sertoli cells in these patients. Gonad formation is therefore inhibited after the
determination of testes by SRY, SOX9 and AMH expression (Pask and Renfree, 2001).
In marsupials, ATRX has a Y-linked homologue (ATRY) (Pask ¢ef al., 2000) that has been
lost from the Y chromosome in eutherian mammals, It was suggested that ATRY had a
role as an ancestral sex-determining gene in the common ancestor to therian mammals.

Duplications of human Xp21.3 result in XY individuals with ambiguous or female
external genitalia (Zanaria er al., 1995), DAX-/, in the critical region, has been
identified as a candidate gene for this sex-reversal. The expression of DAX-/
corresponds to the rise and fall of SRY expression. DAX-/ has been suggested to
interfere with S/°/ action. DAX-/ binds to hairpin loops in DNA, which are caused by
inverted repeats. Such repeats have been identified close to SF/ binding sites (reviewed
by Swain and Lovell-Badge, 1999). DAX-/ could therefore prevent the promotion of
AMH expression by SF/. SRY could operate antagonistically to do DAX-/ by competing
for to the same binding sites. A double dose of DAX-/ could result in sex-reversal
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because it out competes SRY (Swain e al., 1998). The role of DAX-/ in sex
determination is unclear, but it is accepted that it interferes negatively in testis
development (reviewed by Veitia et al., 2001).

Few cases of XX sex reversal have been explained and many cases of XY sex
reversal have not yet been explained, so there are probably still many genes in the

mammalian pathway still to be discovered.

1.3.2 Spermatogenesis

Other Y-borne genes are involved in spermatogenesis, the production of sperm. The
mammalian testis contains Leydig cells, macrophages, blood vessels, lymphatic vessels
and fibroblast-like cells that surround the seminiferous tubules. Sertoli cells are located
in the epithelium of the seminiferous tubules, where spermatogenesis occurs (Weiss,
1983).

Spermatogonia are diploid precursors to spermatocytes, which undergo meiosis to
produce haploid sperm. Spermatogonia divide mitotically to produce two daughter cells,
One remains at the basal lamina of the seminiferous tubule epithelium: the second is
committed to differentiate into sperm. The committed cell undergoes two mitotic
divisions, producing four diploid daughter cells called primary spermatocytes. Each of
the primary spermatocytes undergoes the first meiotic division, producing two diploid
secondary spermatocytes. The secondary spermatocytes continue though the second
meiotic division producing the haploid spermatids (Weiss, 1983).

The spermatids mature in close association with each other and Sertoli calls via
cytoplasmic bridges through which proteins and other molecules diffuse. The sperm
head. acrosome, midpiece and tail are assembled. producing mature spermatozoa,
Spermatozoa are released into the lumen of the seminiferous tubules, collected in the
epididymis and matured further into motile sperm (Figure 1.9) (Weiss, 1983).

The idea that one or more spermatogenesis genes must lie on the human Y
chromosome was first put forwards when many sterile, but otherwise normal men were
observed to have deletions of the Y chromosome. The loss of all or part of the long arm
of human Y chromosome was associated with azoospermia, implying that some kind of
azoospermia factor (AZF) was located in this region (Tiepolo and Zuffardi, 1976), Vogt

et al.(1996) defined three non-overlapping regions (AZFa, AZFb and AZFc) on the long
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Figure 1.9: The stages of mammalian spermatogenesis, The mitotic and meiotic
divisions take place within the wall of the seminiferous tubules. The developing
germ cells are in close contact with each other and Sertoli cells (Weiss, 1983).
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arm that, when deleted, resulted in spermatogenic failure, A fourth AZF region (AZFd)
was defined between AZFb and AZFc (Kent-First er al., 1999). Deletions resulting in
spermatogenic failure can be restricted to any one of the four regions or can encompass
multiple AZF regions,

Deletions of AZFa result in a severe phenotype, including Sertoli cell only (SCO)
type I with a complete absence of germ cells, azoospermia and severe oligozoospermia
(absent or few sperm) associated with spermatogenic arrest, Deletions of AZFb, AZFc
and AZFd all display a range of phenotypes, from azoospermia associated with
complete spermatogenic arrest to mild oligozoospermia (reviewed by Kent-First, 2000).

AZFa is located at proximal Yq in deletion interval 5 (Figure 1.10). It spans
approximately 800kb (Sun e al., 1999), and contains three known genes: Ubiquitin-
specific protease 9, Y chromosome (- USP9Y), DEAD/H box polypeptide, Y
chromosome (DBY) and ubiquitously expressed tetratricopeptide repeat, Y chromosome
(UTY). All three of these genes are ubiquitously expressed and have X-linked
homologues that escape X-inactivation (Jones ¢f al., 1996: Lahn and Page, 1997).
However, the mouse orthologue of Usp9y is testis specific (Brown et al., 1998), The
map location of USPIX implicates it in the gonadal phenotype associated with Turner
syndrome, in which there is failure of the oocytes to pass through the first meiotic phase
(Jones er al., 1996; Cockwell er al., 1991). USPYX/Y is the orthologue of the Drosophila
developmental gene fat facets (faf), which, when mutated, results in abnormal oocyle
content and inability of the fertilized ege to undergo normal embryogenesis, Therefore,
despite its ubiquitous expression, USP9Y is an obvious and strong candidate for AZFa
that may play a role in the development and maintenance of the male germ cells (Kent
First, 2000).

A role for USPYY in spermatogenesis was confirmed by the discovery of a 4-bp
deletion in a splice~donor site. This resulted in skipping of an exon and protein
truncation in a patient with premeiotic arrest, meiotic germ cells in most seminiferous
tubules and a small number of spermatids (Sun ef al., 1999), The de novo mutation was
present in the patient, but absent in his fertile brother. Another infertile patient with no
germ cells, but only Sertoli cells (SCO), was observed with a deletion of most of the
AZFa region. The more severe phenotype in the second patient implied that a second
spermatogenesis gene could also have been deleted.

DBY produces a long transcript that is ubiquitously expressed. along with a second

shorter transcri pt that 1s expressed only in the testis (Foresta er al., 2000), Hllggu}q!ing
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that the gene has both housekeeping and testis-specific functions. DBY is probably
responsible for the more severe SCO phenotype in the second patient and USP9Y for the
milder oligozoospermia (Foresta er al., 2000). Conformation of the role of DBY in
spermatogenesis awaits the detection of a point mutation in a patient displaying a Sertoli
cell only phenotype. In mouse, deletion of the ASxrb interval, containing Usp9y, Dby
and Uty, results in a severe phenotype similar to that of AZFa in human (Sutcliffe and
Burgoyne, 1989), strengthening the hypothesis that both these genes are crucial to
spermatogenic function (Mazeyrat er al., 1998),

There are several unstable regions on the Y chromosome that contain motifs such
as insertions, repeats and palindromes. Microdeletions on the Y chromosome tend to
begin at, or extend to these regions (reviewed by Kent-First, 2000). Deletions of the
AZFa region are probably mediated by homologous human endogenous retroviral
sequences (HERV15) located at either end of the region. Study of men with AZFa
deletions revealed that break points of the deletion fell within the HERV 15 retroviruses
(Sun et al., 2000; Kamp et al., 2000). An intrachromosomal recombination event
between these two sequences is probably responsible for most deletions of AZFa and
explains why the deletion is consistent between individuals, although all these
mutations must be de novo.

AZFDb extends from the distal part of deletion interval 5 to the proximal part of
interval 6 of the human Y chromosome (Figure 1.10). Five genes have been described
in this 1-3Mb region (SMCY., EIFIAY. REMY, PRY and XKRY). REMY (RNA binding
motif on the Y chromosome) (Ma et al.. 1993) is considered to be the best candidate for
AZEFb because it is conserved on the Y chromosome in eutherian and marsupial
mammals (Delbridge er al., 1997), indicating that this gene has an important and
conserved function. REMY contains an RNA recognition motif that has been shown to
mediate an interaction with RNA (Ma ef al., 1993). There are about 30 copies of RBMY
distributed across the proximal short arm and euchromatic portion of the long arm of the
human Y chromosome. They have been divided into six subfamilies (KREMI to RBMVI),
of which only REMI is actively transcribed and encodes functional proteins. A total of
six RBMI copies have been identified (Chai er al., 1997), and expression of these RBMY
copies relies on a small critical region in the AZFb interval (Elliott er al., 1997),

strengthening its credentials as a spermatogenesis factor. Rbmy has also been amplified
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independently on the mouse Y chromosome, as shown by differences in human and
mouse RBMY gene structure, Most of its 28 copies can be deleted without causing
sterility (Burgoyne er al., 1992). Thus both the human and mouse Y chromosomes have
many KBMY pseudogenes,

The 1.5Mb AZFc¢ is distal to AZFb, and is flanked by the heterochromatic portion
of the Y chromosome. AZFc comprises three subregions; proximal AZFce (AZFd),
middle AZFc (DAZ) and distal AZFc. AZFc contains the DAZ gene cluster, at least two
copies each of PRY, BPY2, TTY2, and additional copies of CDY and RBMY (reviewed
by Kent-First, 2000). The function of most of these genes is unknown,

When DAZ was originally mapped to the Y chromosome (Reijo er al., 1995) it was
proposed to be single copy. However, there are now know to be seven DAZ genes or
pscudogenes clustered within AZI¢c (Glaser er al., 1998b). DAZ codes for a 366 amino
acid germ cell-specific protein that contains an RNA recognition motif. It has 8-24
copies of exon 7, whose copy number varies from one DAZ gene to the next within a Y
chromosome, and between DAZ genes in different individuals (Yen er al., 1997). It has
an autosomal homologue, DAZLA, on human chromosome 3, which is expressed in the
germ line of both males and females (Dorfman er al., 1999; Kent-First, 2000). Its
Drosophila orthologue (houle) is also required for spermatogenesis but not oogenesis
(Eberhart er al., 1996), and its C. elegans orthologue (daz-1) is required in the
hermaphrodite for oogenesis (Karashima er al., 2000). Mice that are homozygous for
mutant Dazla alleles (Dazla-/-) have severe germ cell depletion and meiotic failure. The
human DAZ gene partially rescues the sterile phenotype; they are still infertile but have
a substantial increase in germ cell population that survives to the pachytene stage of
meiosis (Slee er al., 1999),

Spermatogenesis is a critical male specific function. Only 3-30% of spermatogenic
failure is a result of microdeletions of the human Y chromosome (Kent-First. 2000).
suggesting that there could be many autosomal factors involved in spermatogenesis. On
the human Y chromosome there are three, if not four, critical regions that contains
factors required for proper spermatogenic function, Exactly which genes are involved in

spermatogenic function is not yet clear.
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[.3.3 H-Y antigen

The first genetic difference attributed to the Y chromosome was the rejection of
male tissue by females from the same inbred mouse line. This was accounted for by the
existence of a male-specific minor transplantation antigen, Histocompatibility Y
chromosome (H-Y') antigen (Eichwald and Silmser, 1955). Originally thought to be
involved in sex-determination (Wachtel er al., 1975), the gene(s) that encoded H-Y
antigen remained a mystery for some time. It was initially thought that H-Y antigen
represented a surface protein that may have had some function in intracellular
signalling. However, it now appears that fragments of many intracellular proteins are
displayed on the cell surface with major histocompatibility complex (MHC) molecules
(Scott er al., 1995). This means that any gene expressed ubiquitously from the Y
chromosome that is unique, or distinct, from its X homologue has the potential to act as
a H-Y antigen. Female rejection of male tissue is thus the accidental by-product of
ubiquitously expressed Y encoded proteins being broken down and presented on the cell
surface as male specific self-antigens.

The mouse H-Y antigen localized to the ASxrb deletion interval on the short arm of
the Y chromosome (McLaren er al., 1988), comprises at least four different epitopes.
Both the ubiquitously expressed genes, Smey and Ury, have been shown to code for
different H-Y epitopes in mouse, H-YKK and H-Y DD respectively, demonstrating that
more than one gene on the Y chromosome is responsible for the H-Y antigen (Scott er
al., 1995; Greenfield er al., 1996).

SMCY also codes for two H-Y epitopes in human (Wang er al., 1995; Meadows e1
al., 1997), More recently, the human USPOY (DFFRY) gene was identified as coding for
a H-Y epitope. This was deduced by mass spectrometry, and by female rejection of an
HLA-phenotypically identical bone marrow graft, received from her father (Pierce er
al., 1999 Vogt er al., 2000). Thus the human Y chromosome and the mouse Y
chromosome each contain at least two genes that code for different H-Y epitopes.
SMCY, USPOY and UTY are all ubiquitously expressed in human fulfilling the first
requirement for genes encoding H-Y epitopes. Even though 7Y has not been
demonstrated to code for a human H-Y epitope, it still has the potential to do so, as does

any gene ubiquitously expressed from the Y chromosome. In mouse, Smey and Uy are
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ubiquitously expressed, whereas Usp9y is testis specific and, therefore, cannot code for
a mouse H-Y epitope,

Since most Y-borne genes with an X-linked homologue show ubiquitous
expression whereas, Y specific genes have testis specific expression, genes that code for
H-Y epitopes are likely to be shared with the X. Other human X-Y shared genes that
might contribute to human HY A are ZFY, DBY, TB4Y and EIF]AY,

H-Y antigen therefore does not appear to have any functional importance. It is only
the accidental by-product of proteins, coded for by ubiquitously expressed Y-borne

genes, being broken down and presented on the cell surface,

1.3.4 Growth control

Heirght 1s a multifactorial trait controlled by many genes and influenced by
environmental factors. However, because adult males are generally taller than adult
females (Abassi, 1998), it is assumed that the Y chromosome contains genes associated
with height. This hypothesis is supported by several observations; XY females are, on
average, taller than XX females: XY males are, on average, taller than XX males and
XYY males are, on average, taller than XY males (de la Chapelle. 1972). The human Y
chromosome therefore bears at least one gene involved in height. This growth control
gene(s) on the Y chromosome is termed GCY',

Observations of short males with deletions within the long arm of the Y
chromosome confirmed the idea of growth genes on the Y chromosome. The GCY
locus was determined. by deletion mapping. to lie in a 4.5Mb pericentric region of the
long arm at Yql1 (Figure 1.10) (Salo ez al.. 1995a; Kirsch et al., 2000). Finer deletion
mapping later divided this region into two discrete non-overlapping regions termed
GCY 1 (Ogata et al., 1995) and GCY 11 (Rousseaux-Prevost er al., 1996; De Rosa et al.,
1997). The GCY I region contains USPOY, DBY, UTY and TB4Y (Lahn and Page,
1997), However, FISH mapping of Y cosmids in individuals with short stature, has
excluded GCY I (and the genes that reside in it) as the locus responsible for short
stature, This leaves a single GCY locus of about 2ZMb, to which no candidate genes have
yet been isolated (Kirsch er al., 2000). Further study of the GCY interval is required to

identify candidate genes. A candidate gene could then be confirmed as the GCY via

detection of a point mutation that confers short stature.
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1.3.5 Gonadoblastoma

Gonadoblastoma 1s a rare tumour that comprises aggregates of germ cells
intermixed with smaller epithelial cells resembling immature Sertoli and granulosa
cells. These aggregates are surrounded by Leydig cells (Scully, 1970).
Gonadoblastomas develop in XY females but not XO females. The high frequency of
gonadoblastoma in XY females led to the hypothesis that tumourigenesis is promoted
by a gonadoblastoma locus on the Y chromosome (GBY) (Page, 1987). The GBY locus
was proposed to have a normal function in the testis that acts as an oncogene only in the
dysgenic gonad.

Initially, GBY was mapped to deletion interval 3 on the short arm, and intervals
4B-7 on the long arm of the human Y chromosome. Further study sublocalized GBY to
[-2MDb within intervals 3E-3G on the short arm of the Y (Figure 1.10) (Tsuchiya et al.,
1995). A second critical region of about 4Mb was mapped between intervals 4B and 5E
on the long arm (Salo ef al., 1995b), suggesting that more than one gene is involved, or
a gene is present in multiple copies. Alternatively, the discrepancy between the GBY
regions could be due to inversion polymorphisms on the Y chromosome (Vogt et al.,
1997).

Seven genes have been localized to the interval 3 critical region (AMELY, RBMY,
PRKY, PRY, TTYI, TTY2 and TSPY) (Lahn and Page, 1997; Schiebel et al., 1997), all of
which are GBY candidates. Of these genes TSPY is the most likely candidate. 77Y/ and
I'T'Y2 are unlikely candidates because they consist of repetitive sequence, their
transcripts lack protein-coding sequences and probably do not serve any function (LLahn
and Page, 1997). AMELY has an X-linked homologue (AMELX). both of which encode
an enamel protein that is expressed only in the developing toothbud (Lau er al., 1989;
Salido er al., 1992) so probably serves no function in gonad cell proliferation. Even
though there are RBMY transcripts detectable in gonadoblastoma tissue (Tsuchiya et al.,
1995), REMY does not make a good GBY candidate, because all RBMY functional
copies are located outside of the critical GBY region (Elliott er al., 1997),

I'SPY is a repeated gene whose functional members are mainly located in two
clusters, 7SPYA (interval 3C) and 7SPYB (proximal to interval 3D, although the order
of sequences on Yp is reversed in some individuals due to the inversion polymorphism)
(Dechend er al., 2000, Conrad et al., 1996; Vogt et al., 1997), with a single copy on the
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proximal long arm (interval 6E) (Ratti er al., 2000). TSPY shares strong homology to
cyclin B binding proteins (Schnieders er al., 1996). Other cyclin B binding proteins
have been shown to be involved in the mitotic process, cell proliferation and
carcinogenesis (reviewed by Lau, 1999), and TSPY is preferentially expressed in the
germ cells of tumour aggregates in gonadoblastoma (Lau er al., 2000). TSPY has been
suggested to play a normal role in directing spermatogonial cells to enter meiosis
(Schnieders er al., 1996). The above circumstantial evidence suggests that inappropriate
expression of 75PY in dysgenic gonads may play a role in GBY, making it the most
likely candidate, However, PRY and PRKY are yet to be excluded as GBY candidates.
Further study is required to determine what gene/s are involved in GBY.,

Thus the human Y chromosome has had several functions attributed to it. None of
these functions are critical to the survival of an individual. However, two of these
functions, sex determination and spermatogenesis, are critical to the survival of

mammalian species.

1.4 Evolution of sex chromosomes

The questions surrounding sex chromosome evolution have been studied and
debated for decades. Some of the questions that have been asked are: How did sex
chromosomes evolve? What did they evolve from? And, perhaps most fundamentally,

why did sex and recombination evolve in the first place?

1.4.1 Why sex?

The answer to why sex and recombination evolved is not obvious when the costs
involved are considered. It takes time and energy for organisms to find and secure a
mate. Plants produce costly flower displays and nectar rewards for pollinators. Sexual
reproduction is slower than asexual reproduction. During mating the individual is less
likely to gather resources and evade predators, Sexual reproduction also introduces the
risk of sexually transmitted diseases and transfer of parasitic genetic elements, In
species with different sex or mating types, sexual conflicts may arise. For example, in

Drosophila seminal fluid contains toxins (which inactivates sperm of rival males) that
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reduce female fitness (Chapman er al., 1995). There is also the risk of randomly mixing
alleles with another individual to produce offspring, If an asexual population under
selection 1s 1n equilibrium, recombination is more likely to break up favourable allele
associations than create them. Putting alleles together randomly in a selective
environment will break up associations proven to be beneficial, and bring together
unproven associations that are likely to be less beneficial (Kondrashov, 1993),

Most importantly. there is the well known twofold cost of sex. The reproductive
unit in sexual reproduction is the couple: in asexual reproduction it is the individual, If a
sexual and an asexual individual have the same number of progeny, the sexually
reproducing individual has only half the genetic input to the population as the asexual
individual. This 1s because a sexual parent contributes only half of his genome to each
offspring, whereas an asexually reproducing parent contributes all of his,

Considering all of these problems, the question arises as to why the vast majority of
animal species undergo sexual reproduction, at least occasionally. Of about 42,300
known vertebrates, only 22 fish, 23 amphibians and 29 reptiles reproduce asexually
(reviewed by Otto and Lenormand, 2002).

Sexual reproduction may be asymmetric or symmetric. Asymmetric reproduction
occurs when only part of the genome is transferred from a donor to a recipient. Sexual
reproduction in bacteria is almost always asymmetric (transduction, transformation and
conjugation) (Redfield, 2001). Symmetrical reproduction, an exclusively eukaryotic
phenomenon, requires the coming together of two genomes and then their segregation
again at meiosis, Recombination produces gametes or haploid offspring that contain
different combinations of genes,

Asymmetric sex results in the transfer of genetic elements to other individuals, The
elements are copied. transferred and may be spread through a population. They are more
likely to spread if they carry characters that increase the fitness of the host, such as a
plasmid carrying antibiotic resistance in bacteria, However, they can spread even if they
are detrimental, as long as these genetic elements infect new cells faster than they kill or
reduce the fitness of the host. Asymmetric sex could be the by-product of mechanisms
that are encoded in genetic elements that allow them to spread (Redfield, 2001).

On rare occasions asymmetric (horizontal transter) processes have been implicated

in gene transfer into and between eukaryotic genomes (Kidwell, 1993; Wolf ¢r al.,
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2000). Cytoplasmic elements often transfer in an asymmetric manner. Transposable
elements can transfer from one genome to the other after syngamy. Cytoplasmic or
transposable elements that drive sexual reproduction could therefore spread through a
eukaryote population if they are represented more often in offspring than in the parents
(Hickey, 1982). When resistance to these elements occur, the remaining asexual
populations will out-compete the sexual ones. Thus, these elements do not maintain
sexual reproduction in a population,

The change from a haploid genome to a diploid genome may have been the result
of cannibalism in protists. In some cases of cannibalism the ingestion succeeds and one
organism digests the other. Sometimes, the ingested partner is rejected and expelled
back into the medium (Margulis and Sagan, 1986). However, in at least one reported
case the result of ingestion was the formation of an individual with two nuclei, two sets
of chromosomes and two sets of extranuclear organelles (Cleaveland, 1947). Protists
have no immune system, but possess a rich assortment of restriction enzymes by which
they can protect themselves from auto digestion. If a devoured organism were resistant
to the enzymes of the predator, its DNA would be protected from destruction. In some
cases, genetic differences between the two individuals could give the new diploid a
selective advantage over the haploid, and there will be pressure for reproduction of the
double cell (Margulis and Sagan, 1986). Regular fertilization probably evolved from
casual cannibalism in unison with the evolution of a reduction division (meiosis)
(Margulis and Sagan, 1986).

[tis likely that asymmetric sex was the most ancient form of genetic exchange. The
evolution of sexual reproduction could be sporadic, with the arrival of new elements
driving sex, and then evolution of resistance to them. Rather than being a sporadic
phenomenon, sex has evolved and persisted for most of eukaryotic evolutionary history
(reviewed by Otto and Lenormand, 2002). Most asexual species of eukaryotes seem to
become extinct more frequently than sexual species. This suggests that sex and
recombination is beneficial to the long-term existence of a species (Bachtrog and
Charlesworth, 2002). This may be because recombination increases the power of natural
selection. If there is a beneficial mutation on a genetic background of poor fitness, it
will be lost from the population unless the benefit of the new mutation outweighs the
poor background (reviewed by Charlesworth, 2002).
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Sex can be determined genetically, as with mammals and birds (Section 1.3.1). or
by environmental mechanisms. Genetic sex determination (GSD) may involve a single
locus, or many genes on differentiated sex chromosomes. Environmental sex
determination (ESD) is usually determined by temperature at critical stages of
development (temperature dependent sex determination, TDS), as with the American
alligator (Alligator mississippiensis) (Lang and Andrews, 1994). ESD and GSD may be
able to switch from one to the other with relative ease in evolutionary time (Bull, 1983),
For instance, sex determination in two GSD species, C. elegans and D, melanogasier,
became responsive (o temperature after temperature sensitive mutation at specific loci
(Nelson er al., 1978; Belote and Baker, 1982). Also, GSD and TSD were observed in
closely related lizard species (Viets er al., 1994), indicating that one had recently
evolved a new mechanism of sex determination,

GSD differs significantly between species and has arisen independently in many
vertebrates, presumably because it is strongly selected for. GSD probably evolved from
a mechanism such as TSD, Several species of reptiles, fish and amphibians have GSD
but apparently lack differentiated sex chromosomes. Some species have only slightly
heteromorphic sex chromosomes (Bull, 1983). In these species, a pair of autosomes,
representing the first step in sex chromosome differentiation, acquired a locus
determining sex. Many genes in the vertebrate sex determination pathway are
conserved, though the initial switch leading either to male or female development
differs. With vertebrates, the basic requirement is the acquisition of a genetic switch that
ultimately regulates SOX9 expression, as does SRY in mammals.,

Thus sex has evolved in many species. The sex of an individual can be determined
by environmental factors or genetic factors. Genetic sex determination requires the

aene (which determines sex) by one member of a

=

acquisition of a sex-specific

autosomal pair, which can subsequently be differentiated into a sex chromosome pair.

1.4.2 Once an autosomal pair

Sex chromosomes were proposed to have evolved from homologous pairs of
autosomes by Ohno (1967), on the basis of the observation of the Z and W
chromosomes of various bird and snake species. The Z and W of different species

appeared to represent intermediate steps in sex chromosome differentiation. In boid
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snakes and ratite birds, the Z and W are identical with the exception of a small
differentiated region (Shetty er al., 1999), whereas in vipers and carinate birds the 7 and
W are highly differentiated. The Z and W of chicken share several homologous genes,
supporting the hypothesis that they evolved from a pair of autosomes. The first step
required for sex chromosome differentiation was the evolution of a new sex determining
gene on one member of the original autosomal pair. Subsequent evolution of snake and
bird sex chromosomes was attributed to accumulation of female advantage genes on the
female specific W chromosome, and protection from recombination with the 7
chromosome. More alleles with a female advantage accumulated nearby and
recombination was suppressed further,

The origin of the mammalian X and Y chromosomes from an autosomal pair is,
likewise, supported by the considerable homology between them, The human X and Y
chromosomes share homology over PART (Section 1.2.1.2), and most genes in the NRY
have homologues on the X (Section 1.2.1.3). In the common mammalian ancestor, one
member of an autosomal pair acquired a dominant male determining locus. Alleles
conferring a male-advantage accumulated nearby, and this group of male-advantage
genes on the proto-Y was protected from recombination with the X by suppression of
recombination (probably via a chromosomal rearrangement on the Y). From then on, a
region of the genome was male specific. Accumulation of male-advantage genes led to
the extension of suppression of recombination further along the proto-Y until almost the
entire chromosome was male specific, Lack of recombination between the X and Y
prevented repair of mutations in this region, leading to the loss of gene function,
Mutation, insertion and deletion around the sex determining region resulted in the
eventual loss and heterochromatinisation of most of the Y. The Y is therefore cluttered
with pseudogenes and repetitive elements.

Did the degradation of genes on the Y chromosome occur progressively or in
jumps? Most genes on the human Y chromosome have a partner on the X chromosome.
Assessing the dates of divergence of X and Y partners allowed Lahn and Page (1999) to
divide the human X chromosome into four evolutionary strata, cach of which had been

isolated from recombination with the Y chromosome at different times (Figure 1.11).
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Figure 1.11: The four evolutioary strata of the human X chromosome according to
Lahn and Page (1999). The strata were defind by the different times that they were
recombinationally isolated from the Y. Estimations of the ages of the strata are:
stratum 1, 240-320 million years; stratum 2, 130-170 million years; stratum 3, 80-130
million years: stratum 4, 30-50 million years.
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The strata were determined by measuring synonymous nucleotide divergence (K)
between 19 X-Y shared genes. The longer a gene has been isolated from its partner the
areater the synonymous nucleotide divergence should be. The 19 genes studied had K.
values that clustered into four different groups. They concluded that there were at least
four major events (probably inversions on the Y chromosome) leading to suppression of
recombination between the human X and Y chromosomes, without disrupting gene
order on the X. This method of determining the number of events that suppressed
recombination between the X and Y chromosomes would miss strata that no longer
contain X-Y shared genes (Lahn and Page, 1999),

The mammalian sex chromosomes were once a pair of autosomes. One (the proto-
Y) acquired a male determining locus, accumulated male-advantage genes and
underwent several inversions, leading to loss of recombination with its partner (the X),
The mammalian sex chromosomes should therefore contain genes from the original
proto-X and -Y. However, comparative mapping in distantly related mammals
(marsupials and monotreme) has shown that the history of the eutherian X and Y is

complicated by at least one addition to the proto-sex chromosomes.

[.4.3 Addition to the eutherian X

The addition-attrition hypothesis was first put forward by Graves (1995). On the
basis of comparative mapping, Graves (1995) suggested that autosomal blocks of DNA
were added to the PAR of one of the sex chromosomes and recombined to its partner,
resulting in an extended PAR. Once a region was added to the Y chromosome, it
becomes subject to the same degradation pressures. Rearrangements on the Y
chromosome suppressed recombination along the extended PAR. The Y chromosome
was then subjected to further degradation (attrition): this occurred in cycles (Figure
o 57

This hypothesis was proposed to account for the results of comparative gene
mapping between distantly related mammalian groups. Seventeen genes distributed

across the proximal short arm, and entire long arm of the human X chromosome were

human Xp, as well as the human PAR1 gene CSF2RA, were mapped to tammar wallaby

chromosome 5p, and three were mapped to chromosome | (Section 1.2.2.1).
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Figure 1.12: Proto-X and proto-Y (purple) were homologous except at a sex
determining locus (white). They underwent pairing and crossing over (crosses), except
at the sex determining locus. Attrition of the Y reduced the coding region of the Y
progressively until most homology was lost, leaving a small PAR at the terminus and a
few functional genes (purple stripe). An autosomal segment Al (yellow) was added to
the PAR of the X and recombined to the Y chromosome, extending the size of the
PAR. Attrition again reduced the size of the region of crossing over leaving a few
functional genes (yellow stripe) and a new PAR (yellow). This cycle was repeated for
the autosomal regions A2 (red) and A3 (green), leaving different PRAs each time. The
additions do not necessarily have to be to the X, they could have been to the Y and
then recombined to the X. From Graves, 1995.
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Significantly, genes in the larger of the two clusters (5p in tammar wallaby) cluster
together on chromosome 3q in Sminthopsis crassicaudata, and map to chromosome 1 in
distantly related monotremes (Section 1.2.3.1).

Graves (1995) proposed that the genes mapping to 5p in the wallaby represent a
single addition to the eutherian sex chromosomes. The genes from the human Xp that
cluster on Ip in the tammar wallaby might represent a separate addition to the eutherian
sex chromosomes, These regions of human Xp were added to the eutherian sex
chromosomes after the divergence of eutherians and marsupials 130MyBP, and before
the eutherian radiation 8OMyBP,

An alternative hypothesis is that the eutherian X chromosome represents the
ancestral state, and the autosomal clusters in marsupials and monotremes represent
regions that were lost from the X chromosomes after these groups diverged from the
cutherian lineage. However, because monotremes and marsupials diverged
independently from the eutherian lineage, this would require independent loss of the
same regions. Therefore, the most parsimonious answer is that the ancestral X
chromosome was similar to the marsupial X chromosome, and that autosomal regions
were added to the eutherian sex chromosomes after the marsupial divergence (Figure
1.13).

The hypothesis states that the eutherian X chromosome consists of a region (XCR)
that has been conserved there since at least before the monotreme-therian divergence
I 70MyBP. A second region (XAR) was added after the marsupial lincage diverged
| 30MyBP, but before the eutherian radiation 8OMyBP.

Monotremes appear to have had an independent addition to their X chromosome,
since it is large, euchromatic and shares a large pairing region with the putative Y
(Watson et al., 1992a). However, there is no direct mapping evidence for genes on the
monotreme X chromosome that cluster at autosomal locations in marsupials and
eutherians. There has also been an independent addition of the nucleolar organizer
region to the X and Y chromosomes in the Family Macropodidae (Toder er al., 1997b).

The ultimate origin of mammalian sex chromosomes is determined by mapping
genes from them in a vertebrate outgroup. There is no homology between mammal and
bird sex chromosomes. Genes on the bird Z map to mammal autosomes, and genes on

the mammal X map to bird autosomes. It is therefore clear that the two different sets of
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Figure 1.13: Evolution of the mammalian sex chromosomes. In the mammalian
ancestor the proto-sex chromosomes were homomorphic. Recombination was
suppressed leaving the Y chromosome open to degradation. There were autosomal
additions to the eutherian sex chromosomes. The marsupial X chromosome only
contains material that is conserved from the common ancestor and represents the
XCR of eutherians.
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sex chromosomes evolved independently of each other from different ancestral
autosomal pairs (Figure 1.14). The chicken mapping data (Section 1.2.4) supports the
hypothesis that XCR and XAR had independent origins. The ancient mammalian X
chromosome (the marsupial X chromosome) is represented by chicken 4p. The
eutherian XAR, autosomal in wallaby, is represented by 1p in chicken,

The cutherian X chromosome has been proposed to consist of a conserved region
(XCR) and a recently added region (XAR), which had an independent origin. The
theory that the X represents two originally autosomal blocks predicts that their gene

content will reflect that of the genome at large. Recent data suggests this is not so.

1.4.4 Gene content of the mammal X

There is convincing evidence that the human X and Y chromosomes harbour a high
proportion of genes involved in sex and reproduction (SRR) (discussed in section
1.2.1.1). Was the selection of the pair of mammalian sex chromosomes a random event,
or was the proto-X/Y chosen for its gene content? Or did SRR genes accumulate on the
X chromosome because it is unpaired in males?

There have been arguments over many decades that the X chromosome should
accumulate SRR genes (Hurst and Randerson, 1999; Graves and Delbridge, 2001). The
X chromosome is hemizygous in males, so a recessive mutation arising on the X that is
beneficial to males would be immediately selected for, even if the allele were
detrimental to females (sexually antagonistic allele). Because females have two X
chromosomes, a recessive detrimental allele would not be selected against because the
wild-type allele would mask its effect. Selection against XX individuals homozygous
for the allele would not been seen in the population until the allele had reached a
significant frequency. Conversely, a recessive mutation with the opposite effect
(beneficial to XX and detrimental to XY individuals) would be strongly, and
immediately, selected against. Compared to the fate of an autosomal recessive mutation,
which is unlikely to spread because the phenotype would rarely be seen for selection to
act upon, the X chromosome acts as a vehicle for recessive, sexually antagonistic alleles
to spread though a population (Hurst and Randerson, 1999).

The question of whether the mammalian sex chromosomes were “chosen™ because

they were suited tothe job (i.e. already containing genes that have an increased
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Figure 1.14: Eolution of the bird and eutherian sex chromosomes. The bird and
eutherian common anncestor had one pair of autosomes destined to become the
mammalian X and Y, and another pair destined to become the bird Z and W. The
bird Z and W are represented in human by parts of chromosomes 5 and 9. The
Eutherian X and Y are represented in chicken by parts of chromosomes | and 4.
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proportion of SRR genes), or whether these genes were recruited from autosomes to a
selfish X chromosome, or whether they acquired SRR functions after the loss of their Y
homologues can be answered using comparative techniques (Graves and Delbridge,
2001,

The hypothesis that the proto-X and -Y chromosomes (and the recent additions)
were chosen because they contained SRR genes, can be tested by mapping SRR genes,
and studying their expression patterns in distantly related vertebrates. If the original
autosome was chosen because it contained SRR genes, SRR genes in human XCR
should cluster with other mammalian X-linked genes on chicken chromosomes 4. and
still retain their original germ cell-specific expression, If the recent additions were also
chosen because they contained SRR genes, then SRR genes in the human XAR should
cluster to the same location as other XAR genes in wallaby (¢chromosome S5p and Ip)
and chicken (chromosome 1), and also retain germ-cell-specific expression. On the
other hand, it SRR genes were recruited from autosomes to a selfish X, germ cell-
specific SRR genes should be scattered throughout the chicken genome, and XAR SRR
gencs should be scattered throughout the wallaby genome. Finally, if genes on the
proto-X and -Y chromosomes evolved new functions as SRR genes after they lost their
Y partners, they should all still cluster at the same positions in chicken and wallaby but
hot show germ-cell-specific expression (Graves and Delbridge, 2001).

The human X chromosome also contains an increased concentration of genes
involved in X-linked mental retardation (XLMR). The most recent count showed that
there are 202 XLMR syndromes (Chiurazzi et al., 2001) out of a total of 958 entries
listed in the Online Mendelian Inheritance in Man database (Zechner er al.. 2001). This
implies that ~21.1% of mental retardation syndromes are X-linked. although the X
chromosome only contains 3.75% of genes in the genome.

It is hard to understand why intelligence should be a sex specific (male-
advantageous) character, Zechner (2001) explained this increased frequency of
intelligence genes on the X chromosome as being a result of sexual selection. Females
selected higher intelligence in males as an indicator of a potential mates genetic fitness.
The hemizygous status of the X chromosome in males allows alleles on it to be open to
selection (in males) long before they would reach a frequency high enough for selection

o act upon an autosomal recessive locus in a homozygote,
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[nterestingly, about one third of X-linked SRR conditions are associated with
mental retardation, and one third of XLMR syndromes are associated with sex
determination or gonad development problems (Graves and Delbridge, 2001). Wilda ¢r
al. (2000) suggested that the same sets of genes could have been recruited for function
in the brain, testis and placenta because these are the organs most responsible for human
speciation. Alternatively, the same ubiquitously expressed genes may lend themselves
to evolution of a specialised function, and have been independently selected for a male
specific function, and for increased brain function.

The X, along with chromosomes 17 and 19, also has a disproportionate number of
genes that are expressed in skeletal muscle (Pallavicini er al., 1997), Interestingly, there
are few tumour suppressor genes located on the X chromosome, probably due to
selection against X-linked deleterious recessive mutations in hemizygous males.

Currently, it is unknown whether the proto-sex chromosomes were chosen for their
gene content, or whether the gene content was shaped by their special roles.

Comparative mapping in marsupials and birds will help answer this question,

1.4.5 Y variation

After the proto-X and -Y were formed, and the Y chromosome became
recombinationally isolated from the X, the Y began to vary and waste away. Two
processes must be distinguished: the rate of variation and the change in allele
frequencies, which lead to Y degradation,

The rate of variation on the Y chromosome is greater than those of the X
chromosome and autosomes. Studies of the X-Y shared gene ZFX/Y have demonstrated
that there is a higher synonymous nucleotide substitution rate at the Y-linked locus than
the X-linked locus (Shimmin er al., 1993; Shimmin ef al., 1994). Unexpectedly, SRY,
the sex determining gene, shows a low level of conservation between mammalian
species, and poor homology to its X-borne partner, SOX3. Conversely, SOX3 is highly
conserved between species. The divergence of SRY is therefore due to its location on the
Y. Interspecies comparison of the human Y-borne DAZ gene, which was transposed
from DAZL on chromosome 3 after the spit between Old World and New World

monkeys, showed that DAZ accumulated more mutations than the autosomal DAZL.
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This was deduced by the wide variation of DAZ sequences, but the lack of DAZL
variation between species (Makova and Li, 2002),

This high interspecific variation, therefore, reflects the evolution of the Y
chromosome. Several hypotheses have been suggested to explain this variation. They
fall into two categories: Y-driven and male-driven. Under the heading of Y-driven
variation is the hypothesis that the Y chromosome is inherently unstable and changes
rapidly because it consists of a high proportion of repetitive elements. These repetitive
elements permit a high number of intrachromosomal recombination events, leading to
imversions and deletions, Because only males posses a Y, the Y chromosome also has a
smaller population size than other chromosomes: one quarter the amount for that of an
autosome, and one third for that of the X chromosome. With a small population,
accelerated drift could therefore account for high interspecific variation (Charlesworth
and Charlesworth, 2000). Male-driven variation, on the other hand. relies on
observations that the testis and sperm are dangerous environments. The number of
germline divisions in spermatogenesis is greater than that of oogenesis; the Y
chromosome would therefore be exposed to increased probabilities of replication
dependent mutation (Ellegren, 2002). Sperm is an oxidative environment that can cause
DNA damage, and with no DNA repair mechanism, de novo mutation can occur in the
sperm and be passed to the son (Aitken and Graves, 2002),

The increased variation of DAZ is hypothesized to be the result of DAZ suffering
more mutations, because it is confined to the germline in the testis, whereas a DAZL
locus spends only half of its time in the testis, This indicated a sienificant male bias in
mutation rate. Since a large proportion of mutations are due to replication errors, this
bias could be due to the fact that the number of meiotic divisions in spermatogenesis is
greater than that of oogenesis (reviewed by Ellegren, 2002). Because spermatogonial
cells are continually dividing in men. it would be expected that the male mutation rate
to increase with age (Crow, 2000).

The argument that the difference in mutation rate is male driven rather than Y-
driven, and due to differences in male and female germlines is supported by studies in
birds. In birds the male is 727, and the female has a Z and a smaller heterochromatic W.
As the W chromosome is comparable to the Y chromosome, it was assumed that it

would be highly degraded and poorly conserved between species, as is the mammalian
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Y chromosome. However, it was found that in birds the CAD-Z gene has evolved faster
than its W-linked homologue CAD-W (Ellegren and Fridolfsson, 1997). Ellegren
accounted for this by observing that because the female is the heterogametic sex, the 7
chromosome spends two thirds of its time in the male germline, whereas the W
chromosome spends no time in the male germline. Hence, the W is never exposed to the
dangers of the testis. The W still acquires mutations that cannot be repaired via
recombination and wastes away, although it does not acquire the replication errors as
rapidly as the Z chromosome, and mammalian Y chromosome, which spend a
disproportionate amount of time in the testis,

Further evidence supporting the dangerous testis hypothesis is that nearly all de
novo autosomal mutations in humans are of paternal origin. Sporadic mutations with a
dominant effect have been investigated to determine the parent of origin, Of 40 sporadic
cases of achondroplasia, all were of paternal origin. Similarly, of 57 cases of Apert
syndrome, 25 of multiple endocrine neoplasia 2B, 10 of MEN 2A and 22 of Crouzon
and Pfeiffer syndromes, all new mutations were of paternal origin. These six conditions
are caused by single base substitutions in one of three genes (reviewed by Crow, 2000),

It has recently been suggested that the sperm is susceptible to oxidative stress.
Because spermatozoa are deficient in antioxidants and DNA repair mechanisms, the risk
of DNA fragmentation is higher. DNA fragmentation would predispose the cell to
mutagenic change after fertilisation that would become fixed in the embryo by aberrant
recombination. The Y chromosome is highly susceptible to such illegitimate
recombination, and therefore fixation of mutation, because of its high frequency of
repetitive elements (Aitken and Graves, 2002). Over long periods of time, the mean
fitness of the Y chromosome will be reduced relative to the X chromosome.

Thus genes on the Y chromosome diverge rapidly from their X-borne partners or
autosomal progenitors, producing a large amount of variation between species.
surprisingly, however, there is little Y chromosome variation within species. For
instance, although ZFY shows considerable variation between primate species, there are
low levels of polymorphism within humans, and also within other primate species.
Interspecific comparisons showed variable sites distributed throughout the region of
ZIY studied, so selection of ZFY could therefore not account for the lack of intraspecific

variation. The low level of polymorphism Is therefore ascribed to selectjve sweeps, a
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recent origin for primate Y chromosomes or recurrent male population bottlenecks

(Dorit et al., 1995; Burrows and Ryder, 1997),

1.4.6 Y degradation

The means by which the Y chromosome degraded, and the forces that drove this
degradation have been debated for decades. Several theories have been put forward, all
of which depend on the lack of recombination between the X and the Y. Hypotheses
include Muller’s ratchet, background selection and genetic hitchhiking.

Muller’s ratchet describes the random loss of the least mutated class of Y
chromosome from a population of finite size (Muller, 1964). This least mutated class
cannot be regenerated without rare back mutations, because of the lack of
recombination between the X and Y chromosomes. If there is a distribution of Y
chromosomes in a population that have different numbers of mutations from none to
several, then the least-loaded (zero mutations) class of Y chromosomes can accidentally
be lost. The next least loaded class of Y chromosome has one mutation. This class
consists of a set of haplotypes, all with one mutation, and if they are selectively
equivalent, fixation of one of these haplotypes will occur randomly in a finite
population (Figure 1.15) (Charlesworth and Charlesworth, 1997). If this last least
loaded Y chromosome is then lost from the population, Y chromosomes with two
mutations become the least-loaded in the population. This ratchet-like process of
irreversible losses of least-loaded Y chromosomes continues, leaving Y chromosomes
with more and more mutations.

The speed with which the ratchet turns is important for its plausibility in explaining
the rapid degeneration of the Y chromosome. All things being equal, the ratchet (as for
all genetic drift) should turn faster as population size gets smaller. For mammalian
populations, effective population sizes are often only in the tens of thousands, and only
half of these (males) have a single Y. The ratchet might therefore be plausible (reviewed
by Charlesworth and Charlesworth, 2000). However, for certain insect species (¢.g.
Drosophila), effective population size could be in the millions, bringing into question
the effectiveness of the ratchet. However, if a high rate of mutation generates many

mutations with small effect on fitness, there will be few mutation free Y chromosomes

in the population and the ratchet is plausible (Gordo and Charlesworth, 2000).
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Figure 1.15: Distributions of mutations on Y chromosomes. There are three stages (a-
¢) in each turn of the Muller's ratchet process. Each line represents a Y chromosome
with mutations that are either new (open circle) or inherited from the previous
generations (filled circles).
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Two hypotheses (genetic hitchhiking and background selection) invoke events
occurring within a non-recombining region of the genome (in this case the differentiated
region of the Y chromosome). Lack of recombination results in reduced efficiency of
natural selection on a single locus, Therefore, selection acts on the overall fitness of a Y
chromosome rather than the fitness of an allele at a given locus. Genetic hitchhiking
relies on a beneficial mutation that arises on a Y chromosome with many deleterious
mutations at other loci. If the benefit of the new mutation outweighs the cost of the
deleterious mutations, the haplotype (including deleterious mutations) could be drageed
to fixation in the population by strong selection of the beneficial mutation and replace
all other haplotypes in a selective sweep. Successive selective sweeps would lead to the
fixation of deleterious alleles at many Y-linked loci (Rice, 1987), and reduced
intraspecific variation of Y chromosomes, as observed for ZFY (Section 1.4.5).

A converse idea is that of background selection. This hypothesis states that a new
mutation has a chance of fixation in a population only when it arises on a Y
chromosome that is free of deleterious mutations, Because of the lack of recombination
between the X and Y chromosomes, Y chromosomes with deleterious mutations will be
rapidly lost from the population, dragging with them new mutations that are beneficial.
Background selection can operate with low selection coefficients and large population
sizes in which the ratchet will not be effective, resulting in reduced Y chromosome
fitness in very large populations (Charlesworth, 1996a). Background selection reduces
effective population size of Y chromosomes, and, as a result, slightly deleterious
mutations can enjoy a raised chance of fixation in a population due to drift.

Whether background selection, or hitch-hiking, occurs depends on whether the
benefit of the new mutation outweighs the effect of the deleterious mutation/s
(Charlesworth, 1996a).

With the degradation of the Y chromosome, and the loss of gene function, a dose
difference of genes on the X is apparent between males and females. In mammals X.

Inactivation evolved to equalise this difference.

1.4.7 Evolution of X chromosome inactivation
The loss of function of Y linked alleles leads to a dosage difference of X linked

genes between males and females. The evolution of X chromosome inactivation (XCI)
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equalized this dosage difference. It is generally thought that XCI evolved as a
consequence of selection for dosage equivalence, although it remains possible that
variation in the spread of X-inactivation drove compensatory Y degradation (Graves ¢!
al., 1998). Dosage compensation is clearly very important, since dosage compensation
mechanisms have evolved independently in different species (Section 1.2.3),

Upregulation of the X chromosome in C. elegans and mammals may not initially
have been sex specific. Increased expression from the X would be beneficial for males,
but detrimental to females, who would over-express genes on the X. Therefore,
upregulation of the X chromosome in males would, in turn, cause selection for the down
regulation of one or both X chromosome in females.

Originally it was proposed that X-inactivation evolved on a regional or
chromosomal basis (Lyon, 1974), Lahn and Page (1999) divided the human X
chromosome into four evolutionary strata, defined according to the time that they
became recombinationally isolated from the Y chromosome (Section 1.4.2). The genes
within a stratum would be recruited into the X inactivation system after the loss of
complementary functions of the Y partners.

The evolution of XCI can be gauged by comparing the inactivation status of
individual X-linked genes. This can be done by comparing methylation patterns across
species, since there is a perfect correlation between CpG-island methylation and X-
Inactivation status in eutherians. Inactivated alleles are methylated, whereas their
partners on the active X are undermethylated at this site (Tribioli et al.. 1992). For
Instance, the human X-borne gene ALD is known to be subject to inactivation, and
showed methylation in females but not males of 18 eutherian species representing nine
orders (Jegalian and Page, 1998). Jegalian and Page (1998) also investigated the
methylation status (hence X-inactivation status) of X-borne genes with Y homologues
(ZFX, RPS4X and SMCX) in the same set of species, ZFX was shown to be differentially
methylated in myomorph rodents (mouse, rat, hamster and lemming), whereas no
methylation was found in the other species studied. RPS4X was shown to be
differentially methylated in the eight non-primate species tested, but not in primates,
SMCX was differentially methylated in five out of eleven eutherian orders, not including

primates or myomorphs.
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These patterns of methylation (hence X-inactivation) exactly mirror the loss of
functionally equivalent alleles on the Y. For mstance, ZFX was not inactivated in the
ancestral eutherian but became inactive in myomorph rodents, coincident with the loss
of complementary ZFY function. ZFX has a strongly conserved, and ubiquitously
expressed Y homologue in all mammals, except for myomorph rodents, in which Zfy
sequence has diverged considerably from that of Zfx, and become testis specific.
Similarly, RPS4X is not subject to X-inactivation in primates, where it has retained a Y -
linked homologue, SMCX is subject to X-inactivation only in guinea pig and cattle,
species in which they have no detectable Y-linked homologue. Thus species that have a
Y -linked homologue have no need for dosage compensation and therefore do not show
X-inactivation.

These results suggest that X-borne genes become subject to inactivation when they
lose an active Y-borne partner that complements function. However, in rabbit and goat
SMCX is subject to X-inactivation even though there is a Y-borne homologue. Although
a male-specific rabbit SMCY was detected by Southern blotting, it could not be isolated
from a cDNA library, suggesting that SMCY is not expressed, at least not at high levels.

There are several exceptions of genes that escape X-inactivation, although there is
no functional Y partner, For instance, UBETX is not inactive in humans, but there is no
Y homologue. Also human S7S and KAL/ escape X-inactivation (Disteche, 1995),
although the Y-borne partner of each is a non-functional pseudogene. It is likely that,
for these X-borne genes, loss of a functional Y-linked locus occurred recently in human
evolution, and selective pressure has not yet been strong enough to induce their
inclusion into the X-inactivation system. A recent study has shown that 34 genes on the
human X chromosome (three in the PAR) escaped X-inactivation. Of these, 31 were
located on Xp, suggesting that the two arms of the human X chromosome are
epigenetically distinet (Carrel er al., 1999), as would be expected from their separate
evolutionary origin (XCR and XAR).

Evidence for the change in X-inactivation status comes from the observation that
some genes are polymorphic for inactivation. For instance, REP/ escaped X
inactivation in cell lines of some human females, and was subject to X-inactivation in
cell lines of other females. REP/ could therefore be in transition from an active gene, to

one that is subject to X-inactivation (Carrel and Willard, 1999),
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Variation of X-inactivation can also occur within an animal. There is evidence to
suggest that, in mouse, some genes are subject to X-inactivation in some tissue types,
and exempt from X-inactivation in other tissue types. Smex, UspQx, Ubelx, Eif2s3x, Utx
and Dby were all expressed at higher levels in the female brain than the male brain
irrespective of their X-inactivation status. X-inactivation of a gene could therefore be
specific to tissue type or developmental stages (Xu ef al., 2002). These examples of
variation of X-inactivation within a population, or even an individual, show that
recruitment into the XCI system can be very gradual and require several steps.

Y degradation and X inactivation leads to the halving of gene dosage in males.
Dosage compensation must therefore be accompanied by an increase of expression from
the single X chromosome so that dosage is maintained in relation to autosomal genes.
This is seen most obviously in the upregulation of the X chromosome in male
Drosophila. There is some evidence for upregulation of an X-borne mammalian gene in
both sexes. In M. spreius, Cled is X-linked, whereas in M. musculus it is autosomal. In
backcross individuals from species hybrids that have both loci, the X-linked COpy 18
twice as active as the autosomal copy, indicating that the copy on the X chromosome
acquired enhanced gene activity (Adler e al., 1997).

Finally, if dosage compensation evolved on a gene-by-gene or regional basis, how
were they recruited into a chromosome wide, X-inactivation system requiring trans
acting machinery to alter expression in one sex, and cis-acting sequence to attract that
machinery to the X chromosome to be inactivated? Gene-by-gene evolution of dosage
compensation may be a result of accumulation of local cis-acting elements (LINE
clements) around genes newly incorporated into the X-inactivation system. This
resulted i the chromosome wide mechanisms we see today (reviewed in (Marin et al.,
2000).

Thus XCI evolved to equalise dose of X-borne genes in male and females when the
Y-borne partner lost its complementary function, There are several regions on the
human X chromosome that are exempt from inactivation because the Y allele is still

functional. One of these is the pseudoautosomal region,
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[.4.8 Evolution of the pseudoautosomal regions

The hypothesis that the Y chromosome i1s a degraded relic of the original proto-X
and -Y, implies that the pseudoautosomal region is a small region that remains from
once extensive recombination between the two chromosomes, The PAR genes shared
between species, and genes near the PAR, suggested that there was a larger ancestral
eutherian PAR that has been reduced in size to varying degrees in different species.

The human PARI genes PGPL, DHRSXY,CSF2RA and ILSRA are
pseudoautosomal in other primates and carnivores, but autosomal or absent in mouse
(Gianfrancesco er al., 2001; Disteche er al., 1992; Milatovich er al., 1993). It is more
parsimonious to conclude that PGPL, DHRSXY, CSF2RA and IL3RA in mouse were
independently lost from the sex chromosomes, rather than additions to the PAR in all
the others groups (Figure 1.16).

There is evidence that the ancestral PAR was once larger than human PARI, The
PARs of ungulates, carnivores, primates and mice all show homology with the
differentiated region of the human X proximal to PAR1 (Figure 1.2). All of these aenes
together probably represent a larger ancestral PAR in a common ancestor before the
eutherian radiation 80MyrBP, This larger ancestral PAR probably included human X-Y
shared genes such as ZFX/Y and AMELX/Y along with genes such as STS, KAL/ and
PRKX that have Y-borne pseudogenes (Figure 1.16). All of the X-linked copies of these
are located close to the human PARI and remain in the same order on the mouse X
chromosome,

This larger ancestral PAR explains why the pairing region of ungulate and
carnivore sex chromosomes is larger than that of humans. Conversely, the PAR of
laboratory mice is considerably smaller (=700 kb) (Perry et al., 2001) because it has lost
genes to autosomes.

Mapping of three ancestral PAR genes (CSF2RA, STS and ANT3) to autosomes in
marsupials showed that this region was not retained from the original proto-X and Y,
but was part of the region to added eutherian sex chromosomes. Mapping two of these
genes (CSF2RA and STS) to tammar wallaby chromosome 5p indicated that they were
part of the same addition that made up most of the XAR. All but one of the genes in the

larger ancestral PAR represents Lahn and Page’s (1999) Stratum 4 of the human X
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Ancestral eutherian PAR that
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recently added to human
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Figure 1.16: Evolution of human PARI from a larger ancestral PAR that
included recently added genes from human Xp (i.e. ZFX, AMELX and USP9X)
that no longer reside in the PAR of any eutherian studied. Indeed all genes on
the X chromosome would once have been part an X-Y recombining region.
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chromosome. The loss of genes from this ancestral PAR was, therefore, due to a single
rearrangement in the human lineage. ZFX in Stratum 3 may have been lost previously
from a more ancient mammalian PAR that would have contained other Stratum 3 genes.
Thus, PART is a relic of recombination left over from previous additions to the sex
chromosomes (Graves, 1995), and is maintained because of the necessity for pairing
between the X and Y chromosomes at male meiosis.

Most mammal sex chromosomes pair over a single PAR, However, in human there
Is a second PAR (PAR2) at the tips of the long arms of the X and Y. PAR2 was created
more recently in human evolution as a result of a repeat sequence derived X-Y
translocation (Kvaloy et al., 1994). The evolution of PAR2 does not appear to be as
simple as that of PARI.

PARZ2 is divided into two transcriptionally distinct zones, zone | and zone 2. In the
proximal 295Kb, the modal CG content is 34.5% and rises sharply in the distal 35Kb to
=51%. This difference defines zones | and 2, Zone | contains 67% LINE sequence in
comparison to zone 2, which contains only 29%. Sequence on the PAR 2 boundary
suggests that zone 1 may have been added to the X by an illegitimate recombination
event between LINE sequences (Kvaloy er al., 1994).

Zone | contains the genes SYBL/ and HSPRY3, which are subject to X inactivation.
This suggests the two genes were subject to standard X-inactivation prior to the creation
of PAR2. Uniquely, both of these genes are also subject to Y-inactivation. The
discovery that SYBL/ was subject to Y-inactivation first suggested that it was a gene-
specitic phenomenon. However, the demonstration that HSPRY3 was also subject to Y -
inactivation demonstrated that Y-inactivation occurs across at least a 100Kb region,
rather than being confined to a specific gene. In the absence of a Y-inactivation centre,
no simple sequence can determine inactivation of these genes as they function normally
on the X. It has been suggested that the neighbouring heterochromatin on the Y
chromosome may inhibit the access of transcription factors to zone 1 (D'Esposito ef al.,
1996) or could promote inactivation via methylation of SYBL/ promoter regions (Huber
et al., 1999),

Zone 2 shows a further division into two subregions (Ciccodicola ez al.. 2000). one
containing /LYK and the other containing CXYor/l. It appears that these subregions were

added separately during human evolution, as /L9R and CXYorf! are physically separate
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in all other mammals in which they have been mapped (Ciccodicola er al., 2000). The
final step required for the creation of PAR 2 is the translocation from the X to the Y by
another illegitimate LINE mediated translocation (Kvaloy er al., 1994),

However, studies in marsupials have changed the interpretation of PAR2 evolution.,
SYBL ! must have been part of the original conserved eutherian X chromosome because
it mapped to the tammar wallaby X chromosome, whereas HSPRYS did not. HSPRY S
and CXYor/] co-located on tammar wallaby chromosome 3 (Charchar er al., submitted),
suggesting that these gene were added together after marsupial divergence but prior to
the eutherian radiation. This addition was followed by an inversion that placed SYBL/
distal to HSPRYS but proximal to CXVYor/l. HSPRY3 therefore soon became subject to
X-mactivation. The fourth gene, /LYR, was located on chromosome | in tammar
wallaby. so represented an independent addition. A second inversion made CXYorf/
distal to /L2R (Figure 1.17).

Gene content and size of the PAR can vary between species, indicating that these
factors are not critical to the crucial X-Y paring function. Human PAR is a relic of a
larger ancestral PAR, whereas PAR2 was created more recently in human evolution,
Genes that reside in the PAR are identical on the X and Y chromosome, and therefore
have the same function. However, genes in the human NRY have changed considerably
and have different function to their X-borne partners. Some genes on the human Y
chromosome have no X-borne homologues. Instead, they show homology to autosomal

aenes,

1.4.8 Evolution of genes on the Y

The Y chromosome is unique because of its preponderance of genes with a function
I male sex determination and reproduction. This *functional coherence™ is likely to
have resulted from selection for acquisition of male advantage functions, and from loss
of genes with other functions.

Genes on the human Y chromosome have been divided into two classes, Class | and
Class 11 (Section 1.2.1.3). Class | genes have are single copy. ubiquitously expressed
and have X-borne homologues from which they evolved. Class Il genes are multi-copy,
testis specific and have no X homologues; they arrived on the Y chromosome as a result

of a transposition event,
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Of particular interest are genes that have differentiated from their ubiquitously
expressed X-borne partners (Class 1) and gained male specific functions. For instance.
the testis-specific spermatogenesis gene REMY (Section 1.3.2) evolved from the
ubiquitously expressed RBMX, which may be involved in brain function. REMY has
been amplified on the Y chromosome, and all but two of the 30 copies have become
inactive pseudogenes. In the same way, SRY evolved from SOX3 to become the
dominant mammalian sex-determining gene (Section 1.3.1). The testis specific Dby and
Usp9y evolved from their ubiquitously expressed X-borne homologues in mouse, but in
human, they remain ubiquitously expressed. although both have been shown to play a
role in human spermatogenesis (Section 1.3.2),

A different class of genes on the Y chromosome are those that arrived there via
transposition or retrotransposition (Class 11). The intronless CDY was retrotransposed to
the ¥ from CDYL on chromosome 13. Alternatively, the intron-containing DAZ must
have been transposed to the Y chromosome from DAZLA (located on human
chromosome 3) 30-50MyBP (Saxena er al., 1996). DAZILA appears to have a conserved
function in germ cell development, which DAZ continued to perform after it arrived on
the Y chromosome.

Selection for acquisition of male advantage genes on the human Y chromosome.
resulted in many genes located on the human Y chromosome that play roles in male sex
determination and reproduction, These genes either evolved from X-borne homologues,
or jumped to the Y chromosome from an autosome. Genes on the Y chromosome that

did not acquire male advantage functions were lost from it.

1.5 The present study

The aim of this study was to determine the origin of the mammalian Y
chromosome, and in particular, the human Y chromosome. This was achieved by
studying evolutionary intermediates (marsupials, monotremes and birds). Species from
these groups are valuable because they are distantly related to humans and mice.
Marsupials diverged from the human lineage 130MyBP, whereas monotremes and birds

diverged from the human lineage 170MyBP and 310MyBP respectively. The species
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studied were Macropus eugenii (tammar wallaby), Ornithorynehus anatinus (platypus)
and Gallus gallus (chicken).

[ therefore isolated, characterised and mapped the orthologues of genes from the
human X and Y chromosomes in distantly related species. Initially, tammar wallaby
orthologues of human Y-borne genes (some with X homologues and some Y -specific)
were examined by cross-species Southern blot analysis (Chapter 3). Class | (X/Y
shared) genes were likely to be much easier than Class 11 genes (Y-specific) to detect in
marsupials because the X homologues are well conserved between species, unlike Y
specific genes. Hybridisation would indicate that a wallaby orthologue existed, Male
specific bands would indicate that the wallaby orthologue was located on the Y
chromosome. whereas male-female dosage differences would suggest a location on the
X chromosome.

Mapping of the genes isolated, demonstrated (along with previous results) that the
human Y chromosome retained very little of the ancient Y chromosome, and was
largely derived from a single autosomal region added to the sex chromosomes after the
divergence of marsupials.

Genes conserved on the sex chromosomes of marsupials and humans were then
mapped in monotremes (Chapter 4). The results were not consistent with the hypothesis
that the monotreme, as well as marsupial, sex chromosomes represent the ancestral
mammalian sex chromosomes. There seemed to be a block of genes missing from the
monotreme X, including some thought to be critical to male-specific functions in all
mammals,

To determine whether these genes were added to the therian sex chromosomes after
the divergence of monotremes, or whether these genes were lost from the sex
chromosomes in the monotreme lineage, some were mapped in chicken (Chapter 5).
Using chicken as an outgroup, | could deduce that the missing genes were not located
on the proto-X and -Y chromosomes in the mammal ancestor, and that they were added
later to the sex chromosomes of the therian ancestor,

The mapping of strategically chosen genes in distantly related mammals, and in
birds, provided insights into the evolution of the mammalian, and specifically the
human, sex chromosome (Chapter 6). These experiments also provided a measure of the

time at which genes on the eutherian Y chromosome acquired their male specific
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functions. The organization, function and the similarities and differences of the roles
genes play on alternative mammalian Y chromosomes were considered in light of their

evolution.
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2.1 Probes

Probes used for Southern blot analysis and library screening are listed in table 2.1,

lable 2.1: Probes used in this study

PRY 710bp Human PCR product
XKRY 780bp Human PCR product
BPY2 320bp Human cDNA Lahn and Page, 1997
VCX 400bp Human cDNA Lahn and Page, 1997
PCDHX 700bp Human PCR product
13604 Monodelphis . e
RPS4X 440bp i PCR product
FIFIAX 5001 : : GenBannk /\CL‘CHHiUI]
i Human cDNA #NM 001412
TBAY 2001 Mg o GenBannk Accession
p uman | cDNA 4 NM 021109
ATRX 400bp ﬁ’fj}’}’}’(ﬁf\fﬁl’fj’*“" PCR product [Pask et al., 2000
USPOX 50001 Mose YN GenBannk Accession
p OlSe cDNA 7 NM 00948 |
DBEX 10001 o = GenBannk Accession
P |Mouse CDNA # NM 010028
SOX3 900bp Jvii‘l'l‘l‘;l‘llj*\‘/" PCR product
GOPD Human cDNA Persico et al.,, 1986
ALY Tammar ‘ Delbridge er al.,
REMX 1000bp wallaby cDNA (008

2.2 DNA manipulation and Analysis

2.2.1 Restriction Endonuclease Digestion

Materials and Methods

An aliquot of plasmid, phage or genomic DNA was digested with 5 units of the

appropriate restriction enzyme/s (Roche), in 2ul of the appropriate buffer. in a total

volume of 20ul for 2 hours at 37 C. This cut the DNA at specific sites either liberating

insert DNA from a plasmid or generating fragments of differing size when phage or

genomic DNA were digested.
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2.2.2 Agarose Gel Electrophoresis

Electrophoresis was used to separated different sized fragments of DNA on a 0.8
1.6% agarose (Gibco BRL) gel, buffered with 0.5xTBE (0.045M Tris-borate
(ICN:BDH), 0.001M EDTA (Ajax), pH8) run at a maximum of 6 volts/cm. To visualise
bands under UV light, 0.2ug/ml ethidium bromide (Sigma) was added to the agarose.
Gels were photographed with 667 Polaroid film. If the gel was post stained, it was
submerged in dH,O with Tug/ml ethidium bromide and rocked for 15 minutes. Lambda
DNA cleaved with HindlIll (Roche) (A Hind111) and phiX 174 DNA cleaved with Haelll
(Roche) were run as marker DNA. Bromophenol blue (Sigma) was used as a loading

dye.

2.2.3 Preparation of Plasmid DNA

A single colony of E. coli containing the plasmid with the DNA insert was picked
and grown overnight at 37 Cin 5 ml of LB (1% NaCl, 0.5% yeast extract, 1% tryptone,
pH 7) supplemented with 10ug/ml ampicillin. A Iml to 4ml aliquot was taken from this
overnight culture and mini-preparations were conducted using the Wizard Plus
Miniprep DNA purification system (Promega) according to the manufacturer’s
instructions,

A Sul aliquot of plasmid DNA containing insert was digested with the appropriate
enzyme/s to liberate the insert (Section 2.2.1). Plasmid and insert were then separated

on an agarose gel as described previously (Section 2.2.2).

2.2.4 Gel Purification of DNA

Gel purification was used to isolate insert DNA from a plasmid, PCR product or
fragment of phage DNA for subeloning.

The insert band to be purified from the gel was excised and the DNA extracted
from the agarose with GenElute Minus EtBr Spin Columns (Sigma) according to the
manufacturer’s instructions,

A Jul aliquot of DNA was run on an agarose gel to confirm that there was no
plasmid contamination and was visually compared to a know amount of marker DNA to

approximately determine DNA concentration.
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2.2.5 DNA Extraction

Collected tissue samples were snap frozen in liquid nitrogen and stored at —=70°C,
100mg-1g of tissue was used for DNA extraction with the phenol/chloroform DNA
extraction method (Sambrook er al., 1989). DNA was stored in | x TE (10mM Tris,.

pHE/ ImM EDTA, pH&) at 4°C.

2.2.6 DNA Precipitation

DNA precipitation was used to increase the concentration of DNA. Ice-cold ethanol
(>elby-Biolab) was added to 2.5 times the original volume the DNA was suspended in,
and 0.1 times the volume of sodium acetate was added. This was then incubated at
70 C for 2 hours and then spun at 15000 r.p.m. for 15 minutes. The supernatant was
discarded, the pellet was washed with ice cold 70% ethanol and spun again for a further
5 minutes, The supernatant was again discarded; the pellet was dried and then

resuspended in the appropriate volume of IxTE pHS to give the required concentration.

2.2.7 Sequencing

Sequencing reactions were conducted using the BigDye Terminator kit (Applied
Biosystems International) according to the manufacturer’s instructions in a Peltier
Thermal Cyeler-200 from MJ Research. Sequencing reactions were run by the
Biomolecular Resource Facility, John Curtin School of Medical Research, The
Australian National University, Canberra, ACT, Australia, 2600.

Primers designed and used for sequencing are listed in appendix I.

2.2.8 Polymerase Chain Reaction (PCR)

Amplification from 100ng of genomic, plasmid or phage DNA templates by PCR
was conducted in 50ul reactions in a Peltier Thermal Cycler-200 from MJ Research. 2.5
units of Tag DNA Polymerase (Roche) was incubated with the template DNA, 100ng of

each primer, 0.2mM each of dATP, dCTP, dTTP, and dGTP, in 10mM Tris-HC]. pH
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8.3/ 1.5mM MgCl,/ 50mM KCI. Cycling conditions were determined by primer
annealing temperature and the length of the amplification product.

Primers designed and used for PCR amplification are listed in appendix 1.

2.3 Library and Southern blot construction and screening

2.3.1 Genomic Library Construction

High molecular weight genomic DNA was extracted from female chicken liver as
described in section 2.1.6, Serial dilutions of the restriction endonuclease Sau3A were
set up on ice with the chicken genomic DNA in the following way. 10ug of DNA was
added to a 200ul reaction with 0.2 units of Sau A. 100ul of this reaction was transferred
to another reaction containing 5ug of genomic DNA. This reaction was mixed and
100ul of it was added to yet another reaction containing Sug of DNA. There were a
total of 6 dilutions in this series. Each dilution reduced the amount of enzyme by half.

The reactions were incubated at 37°C for | hour, after which 4ul 0.5M EDTA was
added to stop the reactions. They were then incubated at 65°C for 15 minutes to heat
Inactivate the restriction enzyme. 2ul of Alkaline Phosphatase ( lunit/ul) was added to
the reactions and then incubated for 30 minutes at 37°C, followed by 11ul of TNA
(nitriloacetic acid) and incubation for 15 minutes at 65°C.

The DNA was then extracted thrice with phenol/chloroform/isoamyl alcohol
(25:24:1) followed by two extractions with chloroform/isoamyl alcohol (24:1). The
DNA was precipitated (Section 2.2.6) and resuspended in 10ul of TE. 2ul of each
reaction was electrophoresed (Section 2.2,2) on a 0.4% agarose gel. The sample with
most fragments in the size range of 10-20kb was chosen,

This sample was ligated into BamHI digested ADASH"II arms (Stratagene) using
2400 NEB units (40 Weiss units) of T4 DNA ligase (New England BiolLabs) according
to the manufacturer’s instructions. The recombinant bacteriophage were packaged using
the Gigapack Gold packaging kit (Stratagene) and the library titred on a bacterial lawn
of XLLI-Blue MRA (P2). For screening, 120 000 bacteriophage were plated per
250x250mm square Petri dish on a lawn of XL1-Blue MRA (P2). This concentration
was just high enough to give confluent lysis. The plaques were transferred to Hybond-

N" membranes according to Sambrook er al (1989),
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A male tammar wallaby genomic DNA library was constructed by Stephen Wilcox
and available for use (Wilcox er al.. 1996). A male platypus genomic DNA library was

constructed by Margaret Delbridge and available for use,

2.3.2 Genomic Southerns and DNA Transfer

Genomic Southern blots were prepared by digesting completely 10ug of Macropus
eugenii (tammar wallaby) genomic DNA with EcoRI and Hindlll (both male and
female for each enzyme). These digestion reactions were run overnight on an agarose
gel at 20 volt/em. The gel was pretreated by submersing in 0.25M HCI (BDH) for 10
minutes to hydrolyse the fragments. The gel was rinsed in distilled water before
transfer. A Southern blot was performed onto a Hybond-N" nylon membrane
(Amersham) using 0.4M NaOH: after transfer the membrane was rinsed in 2xSSC. A
Southern blot relies on capillary action to transfer DNA.

A vacuum blotter was used when pure genomic clones (isolated from genomic
libraries) or subclones were digested with a restriction enzyme and run on a gel. The gel
was pretreated in 0.25M HCI for 10 minutes. DNA was transferred using 0.4M NaOH
from the gel to a Hybond-N" nylon membrane using a vacuum blotter. The Tran-vac
vacuum blot was set up according to the manufacturer’s instructions (Hoefer Scientific
Instruments, model number; TE80). After DNA transfer was complete the membrane

was washed briefly in 2xSSC and dried.

2.3.3 Radioactive Labelling of DNA

Random primer labelling was used to radioactively label probes. For probing
genomic Southerns 100ng of the probe DNA (template) was labelled and 600ng of
DNA was labelled for screening genomic libraries. In this system, following
denaturation of the DNA. a second strand of DNA is synthesised incorporating labelled
nucleotides by the Klenow enzyme from the annealing site of the random primers. The
Megaprime labelling kit (Amersham) was used to achieve this. For the labelling
reaction of probes. to be used to screen libraries. 50uCi of a-"P-dCTP was added: for

probes to be used for genomic Southerns 30uCi of ¢~ "P-dCTP was added.
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The labelled probe was spun through a ProbeQuant G-50 Micro Column
(Amersham Pharmacia Biotech) at 3000 r.p.m. for 2 minute to remove unincorporated
radioactive nucleotides preventing non-specific binding of single nucleotides to

Southern blots or library screens,

2.3.4 Hybridisation and Washing

The Southern blots, genomic libraries and plate lifts were prehybridised overnight
at 55 C. 0.2 ml of Church buffer (0.5M Na,HPO, (BDH), ImM EDTA. 7% SDS) was
used per square centimetre of membrane as a prehybridisation solution to block non-
specific binding of the radioactively labelled probe. The labelled probe was added
directly to the prehybridisation solution. A concentration of 10-20ng of radioactively
labelled probe per millilitre of hybridisation solution was required. The membrane was
then hybridised for two nights at 55 C.

After hybridisation was completed, the hybridisation solution was removed and the
membrane was washed twice in 2xSSC (0.3M NaCl, 0.3M sodium citrate (BDH)), 0.1%
SD5 at the appropriate temperature for 15 minutes (For genomic Southern blots the
temperature varied, for library screens all washes were conducted at 55 C). After the
washing was completed the membrane was sealed in plastic wrap (Glad Wrap) to keep
it moist and protect the film from moisture, Southern blots were exposed to Fugi X-ray
film whereas library screens and subsequent plate lifts were exposed to Kodak X ray
film at <70 C for the appropriate time (exposure of Southern blots varied areatly, library
screens were exposed overnight) and then developed with Hiford developer according to

the manufacturer’s instructions,

2.3.5 Preparation of Phage Competent Cells

Bacterial cells were treated chemically causing them to become phage competent
allowing the amplification of phage particles, The E. coli strains KW251 and XL1 Blue
MRA were used to amplify enomic clones in & Embl 3 and & Dash respectively.

The £ coli strains were first grown overnight in 10-20ml of LB at 37°C. 25ml of
LB + 0.2% maltose (Sigma), 10mM MgSO, was inoculated with 0.25ml of the

overnight culture and incubated at 37°C for a further 3-4 hours (= late log phase). The
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cells were then spun down at 4000 r.p.m. for 10 minutes and resuspended in 2.5ml

1OmM MgS0, and stored at 4°C for later use,

2.3.6 Library Screens

The genomic libraries contained fragments generated from partial digestion with
Sau3Al ranging in size from 10-15kb. These fragments were cloned into BamH]I sites in
the phage vector AEMBL T or ADASH"II. Sall was used to excise the insert from the
arms of the phage vector. The phage vectors were plated on phage competent F, coli
strain KW251. The pouch young and testis ¢cDNA libraries were constructed with the
AZAP 11 phage vector. After excision ¢DNA inserts were in the plasmid vector
pBluescriptSK-, this vector conferred ampicillin resistance. The Hybond-N' membranes
lifted from the library were prehybridised. hybridised and washed as described above
(Section 2.3.4). Autoradiographs and the genomic libraries were lined up and
appropriate sections of the library were then cored out and put into 500ul of SM (0. 1M
NaCl, TOmM MgSO, (BDH), 50mM Tris.Cl pHS, 0.01% gelatin (Ajax)). As 50-100
plaques are cored out of the library in the primary plugs, serial dilutions (1/10 to
1/1000) were set up from these primary plugs and replated onto a 85mm LB agar plate
with phage competent £.coli strain KW 251 or XL1 Blue MRA. A concentration of
300-400 plaques was required on these plates in order to purify the positively
hybridising plaque.,

Lul of each of the dilutions was incubated with 70ul of phage competent KW 251
at 37 C for 10 minutes to allow adsorption of the phage particles into the cells. The
cells and phage were then mixed with 3-4ml of top agarose (1% NaCl, 0.5% yeast
extract, [% tryptone, 0.7% agarose) and poured onto the top of an LB agar plate and
allowed to set. The plates were incubated overnight at 37 C. Plate lifts were then
conducted according to Sambrook er al (1989) where DNA from plaques was
transterred from the plates to a Hybond-N" nylon membrane. The lifts were
prehybridised for 2 hours, hybridised overnight, washed and exposed to film under the
conditions described above, The plates were then cored in the appropriate positions and
the |?'|tlg:-4 put into 100wl of SM. For secondary plates a concentration of 100-200

plaques was required. For tertiary plates a concentration low enough to pick single




Chapter 2: Materials and Methods

colonies was required. The procedure of diluting the phage, replating and plate lifts was

repeated until pure populations of clones were obtained.

2.4 Phage DNA manipulation

2.4.1 Clone Amplification

Pure populations of clones were grown on phage competent KW 251 at a
concentration sufficient to achieve confluent lysis on an LB agar plate. 4ml of SM was
added to the agar plates and then rocked for 4 hours, after which the SM was collected
and 50-100ul of chloroform (Ajax) was added to lyse bacteria cells. Liquid lysates were
set up adding 3.5ul of this concentrated solution to 200ul of phage competent cells and
300ul of TOmM MeCl, (BDH), 10mM CaCl, and incubated at 37 C for 10 minutes.
This was added to LB with 10mM MgSO, and incubated with shaking at 37 C until
lysis occurred. After lysis 6ug/ml of RNase and DNase was added and incubated at
37 C for 30 minutes to destroy bacterial RNA and DNA. The culture was centrifuged at
4000rpm for 10 minutes to pellet cell debris, NaCl and Polyethylene Glycol (PEG)
(BDH) was added to the supernatant to final concentrations of 1M and 10%
respectively, after which it was incubated on ice for a minimum of 1 hour. 100ml of the
supernatant was centrifuged at 4000rpm for 15 minutes and the pellet was resuspended
in 400ul of SM. The PEG was extracted by adding 400ul of chloroform (Company).

To extract the DNA from the phage particles EDTA and SDS was added to
concentrations of 15mM and 0.1% respectively and then incubated at 68 C for 10
minutes, Protinase K and RNase was added to a concentration of 200ug/ml and
incubated at 37 C for Lhr, The solution was then phenol/chloroform extracted twice
with 200ul of each phenol and chloroform. After collecting the upper phase the DNA
was ethanol precipitated (Section 2.2.5) and resuspended in 50ul of TE. lul was run on

a gel (Section 2.2.2) to test purity and concentration.

2.4.2 Subcloning
Fragments were subcloned so that they could be sequenced. Fragments of interest

were subcloned into pBluescript SK+ (Sratagene). To subclone a fragment, 500ng of the
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clone was digested with the appropriate enzyme/s to produce the fragment of interest,
The enzyme was then inactivated by incubation at 65 C for 15 minutes, if possible, or
an ethanol precipitation was conducted to remove the enzyme.

If the fragment to be subcloned was relatively large compared to other fragments
generated by the restriction digest, it was purified by running on a gel and extracting the
specific fragment from the agarose as described above and a ligation was performed
with this DNA. If the fragment of interest was relatively small, a ligation was performed
without purifying the fragment as small fragments are preferentially cloned. The
ligation was set up in a total volume of 10ul with 5ul of T4 DNA ligase buffer
(Promega), one unit of T4 DNA ligase (Promega) and 200ng of vector DNA. which had
previously been digested with the same enzyme/s that produced the fragment to be
subcloned. The reaction was incubated at room temperature for | hour and then 4 C
over night. PCR products were cloned into the pGEM T Easy vector (Promega)
according to the manufacturer’s instructions. The reaction was transformed into E. coli
strains XL.1 Blue or JIM109 as described above (Section 2.4.5) and selected for on an
LB agar plate supplemented with 10ug/ml ampicillin, 80ug/ml isopropyl-6-D-
thiogalactoside (IPTG) (Roche) and 80ug/ml 5-bromo-3-chloro-2-indolyl-b-D-
galactoside (X-gal) (Stratagene). When X-gal is cleaved it produces a blue pigment, Lac
Z, the gene that cleaves X-gal, is induced by IPTG. When a fragment is cloned into
pBluescript it inserts in the lac 7 gene, interrupting it, so the colony does not produce a
blue pigment. White colonies were picked, grown overnight in LB supplemented with
10tg/ml ampicillin at 37 C and mini-preparations were performed. A 4ul aliquot was
restricted with an enzyme that cut the plasmid once to linearise it. The sample was then

run on a gel to determine if the correct sized of the fragment was.

2.4.3 Shotgun Cloning

Shotgun cloning was undertaken to characterise regions of interest from genomic
clones when it was not possible to subclone a relevant fragment generated by restriction
endonuclease digestion, The TOPO Shotgun Subcloning Kit (Invitrogen) was used
according to manufacturer’s instructions. The DNA is sheared to a certain size and the
ends are blunted with an enzyme. The DNA is then dephosphorylated and ligated into a

plasmid vector.
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Transformants were screened to select plasmids with the appropriate inserts for
sequencing (Section 2.2.7). Colonies were lifted with a nylon Hybond-N" membrane
from the selective media and laid colony side up onto a fresh LB plate. A second filter
was placed on top thus giving A and B lifts. These plates along with the transformation
plates were incubated at 37 C for 4-6hrs to allow regrowth of the colonies. After
regrowth the filters were separated and laid colony side up for 3 minutes on 3MM
Whatman paper soaked with [0%SDS. The filters were in turn exposed for 5 minutes
cach to SIMM Whatman paper soaked with denaturating solution, neutralizing solution
and 2x55C. The DNA was then fixed to the membranes by exposing them for 30
minutes to IMM Whatman paper soaked with 0.4M NaOH after which they were rinsed
with 2x55C. Before hybridisation (Section 2.3.4) filters were prewashed with 5xSSC,

0.5% SDS, ImM EDTA (pH8.0) for I hour at 55 C and then rinsed in 2xSSC.

2.4.4 Preparation of Chemically Competent Cells for Transforma-
tion

Plasmid vectors containing an insert were transformed into Escherichia coli strain
XL1 Blue, which were chemically treated to make the cells competent to take up DNA.

A single colony of E. coli was picked and grown overnight at 37 C in 10ml of
broth (1b) (5% yeast extract (Oxoid), 20% tryptone (Oxoid), 5% MaSO, (BDH), pH
7.6). After incubation, 5ml of the overnight culture was subcultured into 100ml of b
(prewarmed to 37 C) and grown for a further 2 hours (OD339 = 0.48). The culture was
then chilled on ice for 5 minutes and spun in 50ml tubes at 6000 r.p.m. for 5 minutes at
4 C to pellet the bacteria. The cells were resuspended in 40% volume of Tfbl (30mM
potassium acetate (BDH), 10mM RbCI (Aldrich), 10mM CaCl, (BDH), 50mM MnCl
(Ajax). 15% glycerol (BDH), pH 5.8). The cells were then incubated on ice for another
5 minutes, spun again at 6000 r.p.m. for 5 minutes at 4 C, resuspended in 4% volume of
T2 (10mM PIPES (Sigma), 75mM CaCl, 10mM RbCl, add elycerol to 15% volume.
pH 6.5) and left on ice for 15 minutes. Aliquots of 200ul, of cells, were snap frozen in

liquid nitrogen and stored at -70 C,
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2.4.5 Transformation

Transtormations were performed to introduce plasmid vectors, which contained an
insert, into bacterial cells. DNA was isolated from bacterial cells as described in section
2.2.3 which yielded much more DNA than was transformed.

An aliquot of the frozen cells (Section 2.4.4) were left at room temperature until
Just thawed and then placed on ice for 10 minutes. The DNA was then added (no more
than 40% the volume of cells and no more than 100ng of DNA per 200ul of cells) and
left on ice for 15-45 minutes allowing the cells to take up the DNA. The cells and DNA
were then heat shocked at 45°C for 90 seconds and returned to ice for 1-2 minutes. Four
volumes of b was added (at room temperature) and then incubated at 37°C for 45-60
minutes so that expression of resistance markers could begin. The cells were then spun
down and most of the b was removed leaving about 40ul so that the cells could be
resuspended and spread out onto selective media.

The bacteria containing the DNA (plasmid vector and hence the DNA insert) were
then selected for, by growing overnight at 37°C on a Luria broth agar (LB) plate (1%
NaCl (BDH), 0.5% yeast extract, 1% tryptone, 1.5% agar (Oxoid)) supplemented with
Oug/ml of ampicillin (Roche). A single colony was then picked from these plates and
streaked onto another ampicillin LB agar plate for single colonies and incubated

overnight at 37 C,

2.5 Fluorescence in situ Hybridisation (FISH)

To localize genes on the mitotic chromosomes, FISH was performed with
homologous genomic clones as probes. Genomic clones were only used for FISH on the

species they were isolated from.

2.5.1 Preparation of Mitotic Metaphase Spreads

Fibroblast cells from the species of interest were kindly supplied by Mrs lole
Barbieri and grown by Mrs Pat Miethke. Cells were arrested at metaphase by treatment
with 50ng/ml=70ng/ml of Colcemid (Roche) for 2-4 hours. Culture media was removed

from the flask and the cells were washed with 4ml PBS (calcium-magnesium-free
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phosphate buffer) to remove all of the medium. The PBS was removed and 1% trypsin
(Gibco) added to collect the cells from the flask. The cells were pelleted by
centrifugation at 1200g for 10 minutes. The supernatant was removed and the cells
resuspended in 2ml of hypotonic solution (0.1M KCI) pre-warmed to 37 C. Fixative
(three parts methanol to one part acetic acid) was then added to a final volume 10ml.
The cells were pelleted again by centrifugation at 1200g for 10 minutes, the supernatant
discarded and the pellet resuspended again in 10ml fixative. This was repeated three
times; after the final spin the pellet was resuspended in 0.5ml-1.5ml of fixative and
dropped on to slides cleaned with acetone. Slides were left to air-dry overnight at room
temperature and dehydrated by sequentially placing them in 70% ethanol, 90% ethanol

and 100% ethanol for 3 minutes each at room temperature. Slides were then air-dried.

2.5.2 Shlide pretreatment

Slides were pretreated with RNase to remove RNA from slides and prevent
hybridisation of probe to RNA. 200ul of 100ul/ml of RNase was put onto slides, a
cover slip was put on top and slides were incubated at 37 C for | hour. Slides were then
washed three times at room temperature in 2xSSC(pH 7).

The slides were then treated with pepsin to remove excess protein. They were
incubated at 37 C for 6 minutes in 0.005% pepsin (pH 2.3). The slides were washed
twice for I minute in 2xSSC (pH 7) after which they were dehydrated as described
above (Section 2.5.1).

Before hybridisation the slides were denatured for between 2 minutes 10 seconds
and 3 minutes at 70 C in 70% formamide (Unilab), 2xSSC (pH 7). They were washed
inice-cold 2xSSC for 2 minutes, dehydrated as described above (Section 2.5.1) in ice-

cold ethanol and left to air dry,

2.5.3 Probe preparation and hybridisation

Genomic clones were labelled with biotin using the BioNick Labeling System
(Gibco BRL) according to the manufacturer’s instructions.

200ng of probe was ethanol precipitated (Section 2.2,5) with between 10ug and
100ug of suppressor DNA (Suppressor DNA s prepared from total genomic DNA of

the species the FISH is to be performed on. The suppressor DNA was reduced in size to
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between 1.5 - 0.5kb by heating it to 100 C for 1 hour. A further 200ng of probe was
ethanol precipitated with 60ug of salmon sperm DNA (ssDNA). After precipitation the
probe was resuspended in Sul deionized formamide (Sigma); once resuspended, Sul of
20% dextran sulfate (Pharmica Biotech), 4xSSC was added and then incubated at 37 C
for 30 minutes. The probe was then denatured at 85 C for 6 minutes and pre-annealed at
37 C for 20 minutes. Pre-annealing of genomic DNA to the probe blocks repetitive
elements, preventing binding of the probe to repeat sequences on the chromosomes.

The probe precipitated with suppressor DNA, and the probe precipitated with no
suppressor DNA, were added to different drops on the same slide. A cover slip was put
on top of each drop and sealed with rubber cement (Ta Fong). Hybridisation was

conducted in a moisture chamber at 37 C for 36-48 hours,

2.5.4 Washing and detection

Excess probe was washed off the slides by removing the cover slips and washing at
37 C-42 C three times for 5 minutes in 50% formamide/ 50% 2xSSC. Slides were then
rinsed for 5 minutes in 2xSSC at 37 C. Depending on the required stringency, slides
were washed in 1x55C 10 0.1x55C at a temperature ranging from 50 C to 60 C for up
to 5 minutes. The slides were then blocked in 3% BSA (Sigma), 4xSSC/ 0.1% Tween
20 (Sigma) for 30 minutes at 37 C. After blocking, a 3:500 dilution of lmeg/ml
antibiotin (Vector) in antibody solution (1% BSA/ 4xSSC/ 0.1% Tween-20) was
incubated on the slide for 45 minutes at 37 C in a moisture chamber. Excess antibiotin
was washed off with 4x55C/ 0.1% Tween-20 at 37 C twice for 5 minutes. A 1:100
dilution of I'mg/ml rabbit anti-goat+FITC (fluorescein isothiocynate) (Vector) (in
antibody solution) was incubated on the slide, and washed off, under the same
conditions as for antibiotin, FITC fluoresces under light wavelength 488nm. Slides were
washed in 2x55C for 10 minutes at 37 C. Chromosomes were counterstained for |
minute with 4.6-diamidino-2-phenylindole (DAPI) (Sigma) and washed in dH,O so they
could be visualised under light of wavelength 397nm. Slides were covered with 15ul
VectorShield anti-fade (Vector) to prevent signal fading.

Chromosomes were viewed with a Zeiss Axioplan 2 fluorescent microscope.
Images were captured with a Spot RT Monochrome camera (Diagnostic Instruments.

Inc.). DAPI and FITC images were coloured and overlaid in IP Lab (Scanalytics, Inc.).
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Chapter 3: Comparative Mapping of Human Y-linked

Genes in Tammar Wallaby
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In order to determine wether the human Y chromosome, like the X, is composed of
conserved and added regions, comparative mapping was undertaken. The differentiated
region of the human Y chromosome contains 30-35 known genes (Lahn and Page,
1997). Genes on the human Y chromosome that also reside on the marsupial Y
chromosome must have been located on the Y in a common ancestor 130MyBP,
defining an ancient Y (YCR). For instance, SRY and RBMY are genes on the conserved
region of the human Y that have persisted on the Y due to their important, and therefore
selectable, functions in male reproduction. Conversely, genes on the human Y
chromosome that are located on a marsupial autosome are defined as a part of a recent
addition (YAR).

In order to determine which parts of the human Y chromosome were ancient and
whether any were added, genes along the length of the human Y chromosome were
chosen for mapping in tammar wallaby (Figure 3.1). The evolutionary origin of
different regions of the human Y chromosome will give insight into how long they have
been part of the Y, and their functional importance.

The Y chromosome has been rapidly degraded, and a gene is unlikely to survive in
the long term if it does not acquire a selectable male specific function. For instance.
STSP is a pseudogene on the added region of the human Y chromosome (Y AR) that
evidently failed to acquire a selectable male specific function. and as a result was
partially deleted therefore inactivated.

Eight genes on the human Y chromosome were investigated by attempting clone
and map their wallaby orthologues. The investigation of five X/Y shared Class | genes
in wallaby will be discussed in the order of TB4X/Y, EIFIAX/Y, RPS4X/Y. VCX/Y and
PCHDX/Y. The investigation of Y specific Class Il genes will then be discussed in the
order of PRY, XKRY and BPY2, Where possible, a X-borne homologue was used to
screen male tammar wallaby genomic DNA libraries because they are more conserved

between species than a Y-borne homologue.
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Human Y chromosome
CSF2RA
- SLC25A6
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Figure 3.1: Genes on the human Y chromosome investigated in tammar wallaby
during this study and previous studies. X/Y shared Class I genes are list on the right.
Y-specific Class Il genes are listed on the left. Genes investigated in this study are
listed in black. Genes investigated in previous and concurrent studies are listed in
green. PARI and PAR2 are indicated by red and blue checks. The non-recombining
region of the Y is pale green and the heterochromatic region is grey.
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3.1 Tammar wallaby TB4X/Y

X homologue lies in the XCR. Human 7B4Y is located in interval 5D of the human Y
chromosome and falls just outside the AZFa deletion interval (Lahn and Page, 1997).
The mouse TB4X orthologue (Ptmb4) spans about 2kb of genomic DNA with three
exons and two introns. The Prmb4 mRNA is about 700bp and codes for an actin
monomer binding protein of 33 amino acids. 7B4X may have a critical role in
modulating the dynamics of actin polymerisation and depolymerisation in non muscle
cells (Lier al., 1996). TB4X maps to human Xq21.3-q22 among other XCR genes in the
conserved region of the human X chromosome. 7B4X was therefore predicted to map to
the marsupial X chromosome.

Southern blot analysis was conducted to determine if there were homologous
sequences present in the wallaby genome and if there was male: female dosage
differences and/or male specific bands. Female dosage and/or male specific bands
would indicate that wallaby 7B4X/Y would be located on the X and/or Y chromosome.,
A male tammar wallaby genomic DNA library was screened to isolate ¢lones that could

be used to map wallaby 7B4X/Y by FISH,

3.1.1 Southern blot analysis of TB4X/Y

A partial human 754X ¢cDNA of approximately 800bp, kindly supplied by Dr. M.
Mitchell (INSERM, Marseille, France: GenBank accession number NM021109) was
used as a probe. It was liberated from its plasmid vector by digestion with the restriction
endonucleases Sacl and Kpnl for 1 hour at 37°C (Section 2.2.1). The human insert was
separated from the plasmid by electrophoresis on a 1% agarose gel (Section 2.2.2). The
insert was excised from the gel (Section 2.2.4), purified and labelled with P dCTP
(Section 2.3.3). The labelled TB4X cDNA was hybridised in Church buffer overnight at
low stringency (55°C) (Section 2.3.4) to male and female tammar wallaby genomic
DNA Southern blots fully digested with EcoRIl and Hindlll. The Southern blot

membranes were washed at 65°C (Section 2.3.4) and then exposed to X-ray film for 7
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days. The TE4X Southern blot was prepared and kindly supplied by Dr. Margaret
Delbridge.

The Southern blot revealed good homology to 784X in the wallaby genome (Figure
3.2). There were seven bands in the EcoRI lanes ranging in size from 2.2kb to
approximately 20kb. In the HindIl1 lanes there were five bands ranging in size from 3kb
to 7kb. There was no evidence of female dosage or male specific bands, suggesting that
tammar wallaby 7B4X was located on an autosome, The few clear bands indicated one

or only a few copies.

3.1.2 Cloning and characterisation of TB4X/Y

A tammar wallaby genomic DNA library was screened. The labelled human 7B4X
cDNA was hybridised to tammar wallaby genomic DNA libraries under low stringency
(557C). The library membranes were washed at low stringency (55°C) and exposed to
X-ray film for 24 hours. Under these conditions six primary clones were picked from
the library, and after a further three rounds of screening, two final clones were isolated
(Section 2.3.6). The tammar wallaby TB4X/Y clones were isolated from the library and
kindly supplied by Natasha Sankovic. Throughout this thesis clones isolated from
genomic DNA libraries will be named according to the species from which they were
Isolated, the gene they represent and the clone number they were assigned. For instance,
MeugTB4X-2.1 represents Macropus eugenii, TB4X, clone number 2, |

Clone DNA was amplified (Section 2.4.1) and lug of each was digested with a
variety of restriction endonucleases for 4 hours at 37°C. The digested samples were
subjected to electrophoresis on a 0.8% agarose gel until separation of the fragments
occurred. After completion of electrophoresis a Southern blot was performed (Section
2.3.2). The Southern blot was probed with the human 7B4X ¢DNA, washed at low
stringency (55°C) and exposed to X-ray film for 1 hour. Both clones showed strong
hybridisation to the probe (Figure 3.3).

An Xbal generated hybridising fragment of about 4kb from MeueTB4X-2.1 was
subcloned into pBluescriptSK™ (Section 2.4.2), and the insert was sequenced using the
vector primers T3 and T7 (Appendix 1) (Section 2.2.7). Primers were designed
(TB4X286-13, TB4X354-t3, TB4X392-t3, TB4X81-17, TB4X397-t7 and TB4X102-17)

(Appendix 1) so that the insert could be walked into and a contig constructed. At the
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Figure 3.2: Total genomic tammar wallaby male and female DNA fully digested
with Eco RI and Hind III. The Southern blot was hybridised with a 7B4X probe,
The autoradiograph was exposed for 7 days.
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MeugTB4X1.1
6,.7.8.9 10

5 6 7 8B 910

MeugTB4X-2.1
2 3 4.5 6 7 8 9 10

d)
Lane Restriction enzymes Lane Restriction enzymes
l Sall 6 Sall Xbhal
2 EcoRl T Sall Xhol
3 Xbal 8 EcoRl  Xbal
ol Xhol 9 EcoRl  Xhol
5 Sall EcoRl 10 Xbal Xhol

Figure3.3: a) & ¢) Ethidium bromide stained agarose gel of a restriction endonuclease
analysis of tammar wallaby 784X clone #1.1 and #2.1 respectively. b) & d) Southern
blot of restriction endonuclease gel after hybridisation of the 7B4X probe. The
autoradiographs were exposed for 1hr.
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nucleotide level MeugTB4X-2.1 showed 85-90% homology to human 784X in exon 2
and the first 180bp of exon 3. Homology between human and wallaby 784X in the
middle of exon 3, part of the untranslated region, was low, Homology increased to 90
95% in the final 200bp of exon 3. Sequencing demonstrated that MeueTB4X-2.1 did
contain wallaby TB4X/Y (Figure 3.4a). The MeugTB4X-2.1 sequence contained introns
in the same positions as the human 784X, Human 7B4X contains a small open reading
frame (ORF) that codes for a 33 amino acid protein, The ORF begins in exon two and
finishes in exon three. An ORF was observed in the corresponding region of the wallaby
I'B4X7Y (Figure 3.4b).

MeugTB4X-2.1 therefore contained the wallaby TB4X/Y orthologue and attempts to

map it by fluorescence in siru hybridisation were made.

3.1.3 Mapping of wallaby tammar TB4X/Y

In order to test whether TB4X/Y was part of the conserved region of the human sex
chromosomes, MeugTB4X-2.1 was biotin labelled in a nick translation reaction at 16°C
for 3 hours (Section 2.5.3). The labelled probe was precipitated with | lug of suppressor
DNA and 60ug of salmon sperm DNA (ssDNA). The biotin labelled probe was
hybridised (Section 2.5.3) to tammar wallaby metaphase chromosomes prepared from
fibroblast cells (Section 2.5.1). The slides were pretreated with RNase and pepsin to
remove excess RNA and protein (Section 2.5.2). After hybridisation, excess probe was
washed off at 37°C in 50% formamide/50% 2 X SSC (Section 2.5.4). Biotin labelled
probe that hybridised to target sequences on the metaphase chromosomes was detected
with goat anti-biotin and then a rabbit anti-goat+FITC conjugate (Section 2.5.4).
Chromosomes were counterstained with DAPI.

Signals were consistently observed just proximal to the centromere on the short arm
of chromosome 5 in the tammar wallaby. No signals were observed on the X or the Y

chromosomes (Figure 3.5).

3.1.4 Summary

Southern blot analysis of wallaby TB4X/Y revealed bands shared between male and

female lanes. This demonstrated that 7B4X/Y homologous sequences were present in the
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(a)

HzapTB4X
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HeapTB4X
MeugTB4X-2.
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MeugTB4X-2 ..

HgapTB4X
MeugTB4X-2.

HsapTR4X
MeugTB4X-2.

HaapTB4X
MeugTB4X-2.

HaapTB4X
MeugTB4X-2.

HeapTB4X
MeugTB4X-2.

HaapTR4X
MeugTB4X-2 .

Exon 1
GGGGAACTCGETGGTGCCCACTGCGCAGACCAGACTTCGCTCGTACTCGTGCGCCTCGCT

START
Y bxon? —
TCGOTTTTCCTOCGCAACCATGTCTGACAAACCCGATATGGCTGACATCGAGAMATTCGA

TCAATCCTGCAAAAATGTCTGACAAACCAGATATGGGTGAAAT TCAAAAATTCAA

TAAGTCOAAACTGAAGAAGACAGACACGCAAGAGAAAANTCCA CTGC:C:TTCCAAAGAAA‘(’:
TAAGTCTAAATTGAAGAAGACAGAAACGCAAGAGAAAAACCCGCTECCTTCARAAAGARAL
xon 3 ﬁuin
GATTGAACAGGAGAAGCAAGCAGGCGAATCOTAATCGACGGCCTGCCCCGCCAATATGCACT
GATTCAACAGGAGAAGCAAGCGGGAGAATCGTAATGAAATCTGCCCTGCCAATATGCACT

CTACATTCCACAAGCATTGCCT TCTTA-TTTTACTTCTTTTAGCTGTTTAACTTTGTAAG
GTACATTCCACAAGCATTGCCTTCTTAAT TTTACTTCTT T TAGCTGTTTAACTTTGTAAG

ATGCAAAGAGGTTGGATCAAGTTTAAATGACTGTGCTGCCCCTTTCA - CATCAAA - - - - -
ATGCAAAGAGGTTGGATAAAGTTTAAATGACTGTGCTGCCCCTTTCAACATCAAAAGAAT

-==-GRACTACTGACA-----~---- ACGAAGGCCGCGCC - - - TGCCT - TTCCCATCTGTCT
AAAGAACTACTGACATTGAATTGAATGAAGGCCGAGCCGGCTGCCTCTTTCCATCTGCCT

ATCT = = = =« « < ATCTGG - - - CTGGCAG- - - -GGAAGGAAAGAACTTGCATGTTGGTGAAGG
GTCCTGGCTAGTTTGGOTCCTEETGEGCATTAAAAAAAAARAATTTAAAAAAAGAGCTTGC

AAGAAGTGGGGTGGAAGAAGTGEGETCGCGACGACAGTGAAATCTAG- - - - - AGTAAAA - -
ATGTTGGTGAAANAGAAGAGCCCGGGTGGEACTACAGT - AAATCTAGTTAACAGTAAAATG

HeapTB4X CCAAGCTGGCCCAAGGTGTCCTGCAGGCTGTAA - - TGCAGTTTAATCAGAGTGCCATTTT
MeugTB4X-2 . CARAGCTGTACCAAGGT - CCTGGCAAGCTGTAAAATGCAGTT -AATCAGAGTGCCATTTT
HzapTB4X TTTTTTT -GTTCAAATGATTTTAAT TATTGGAATGCACAATTTTTTTAATATGCAAATAA
MeugTB4X-2. TTTTTITTGTTCAAATGATTTTAATTATTGGAATGCACAATTTTTTTAATATGCAAATAA
HsapTB4X AAAGTTTAAAAACC
MeugTB4X-2. AAAGTTTTAAAACC

(b)

HsapTB4X MSDKPDMAEIEKFDKSKLEKKTETQEKNPLPSKETIEQEKQAGES

HsapTB4Y MSDKPGMAEIEKFDKSKLKKTETQEKNPLESKETIEQERQAGES

MeugTB4X/Y

MSDKPDMGEIQKFNKSKLKKTETQEKNFLPSKETIEQEKQAGES

Figure 3.4: a) Sequence alignment of tammar wallaby and human 754X exon

sequence

. Intron positions (indicated by arrows) are conserved between species

and no homology is evident in them. Intron | is 950bp in mouse and unknown in
wallaby. Intron 2 is 398bp in mouse and 415bp in wallaby. b) Alignment of human
I'B4X and TB4Y protein with the wallaby TB4X/Y protein.
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MeugTB4X-2.1

Figure 3.5: FISH mapping of MeugTB4X-2.1. Consistent signals were observed
on the short arm of chromosome 5, near the centromere. Chromosomes were
counterstained blue with DAPIL.
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wallaby genome and indicated that they were probably located on an autosome. Two
clones were isolated from a male genomic DNA library and MeugTB4X-2.1 was
confirmed as containing the wallaby TB4X/Y orthologue, MeugTB4X-2.1 was mapped to
wallaby chromosome 5p. 784X must therefore be a recent addition to the human X

chromosome and 7B4Y is a recent addition to the human Y chromosome.

3.2 Tammar wallaby EIFIAX/Y

Eukaryotic translation initiation factor 1A on the X chromosome ( E/F/AX) is an
X/Y shared gene in humans, but X-specific in mice. It spans approximately 17.3kb of
genomic DNA. The E/FTAX mRNA is approximately 4,5kb and codes for an essential
mitiation factor of 144 amino acids. There are seven exons and six introns (NCRBI,
www.ncbinith.gov/IEB/Research/Acembly). Its location on the human X chromosome
s ambiguous, so there is no indication of its potential location in tammar wallaby.
EIFTAY is located in Y deletion interval 5Q, part of the deletion interval responsible for
AZEDb. Ttis a Class T gene that is single copy and ubiquitously expressed. The X-linked
homologue escapes X-inactivation (Lahn and Page, 1997),

Southern blot analysis was conducted to determine if there were homologous
sequences present in the wallaby genome, and if there were male: female dosage
differences and/or male specific bands. This would indicate a location on the X and/or
Y chromosome for wallaby EIFIAX/Y. A male tammar wallaby genomic DNA library

was screened to isolate E/FTAX/Y clones that could be mapped for FISH,

3.2.1 Southern blot analysis of wallaby EIFIAX/Y
A partial human E/FTAX ¢cDNA of approximately 500bp, kindly supplied by Dr. M,

Mitchell (INSERM Unite 406, Marseille, France: GenBank accession number
NMOO1412), was used as a probe. It was liberated from its plasmid vector by digestion
with the restriction endonuclease EcoRI for one hour at 37°C, This partial EIFIAX
¢DNA was separated from the plasmid by electrophoresis on a 1% agarose gel, The
insert was excised from the gel, purified and labelled with “P dCTP. The labelled probe

was hybridised to tammar wallaby Southern blots containing male and female genomic
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DNA fully digested with LcoRI and Hindlll. The hybridisation and washing were
conducted at low stringency (55°C). The Southern blot was exposed to X-ray film for
seven days. Under these conditions some hybridisation was detected. In the FcoRlI
digests there were three faint bands of different size. In the Hindlll digests there did not
appear to be any clear bands in either the male or female lanes. This result suggested
that there was one or a few copies of related sequences in the tammar wallaby, but their
homology was low. There was no consistent evidence of male: female dosage

differences or male specific bands (Figure 3.6).

3.2.2 Cloning and characterisation of wallaby EIFIAX/Y

A tammar wallaby genomic DNA library was screened in order to isolate clones
containing /FTAXTY that could be mapped by FISH. A freshly labelled E/FIAX probe
was hybridised to tammar wallaby genomic DNA library membranes at low stringency
(557C). The membranes were washed at 55°C and exposed to X-ray film for 24 hours.
Under these conditions six primary clones were picked from the library. After a further
three rounds of screening four final clones were purified. These clones were isolated
from the library and kindly supplied by Natasha Sankovic.

The clone DNA was amplified and lug of each was digested with a variety of
restriction endonucleases at 37°C for 4 hours. The fragments generated by the digestion
were separated by electrophoresis on 0.8% agarose gel. A Southern blot was prepared,
to which the E/F/AX ¢DNA probe was hybridised before washing at low stringency:.
The Southern blot was exposed to X-ray film for 24 hours. Strong hybridisation was
observed only to MeugEIF1AX-1.1; there was no evidence of hybridisation to any of the
other clones (Figure 3.7).

Subcloning into pBluescriptSK” of a 2kb hybridising fragment from MeugEIF[AX-
I.1 generated by Sall and Xbal was attempted. This was unsuccessful, so MeugEIFIAX-
L. 1 was characterised by shotgun-cloning (Section 2.4.3). The clone DNA was sheared
in a nebulizer, and the ends of the sheared DNA pieces were repaired. The sheared
DNA was subcloned into a TOPO blunt-end plasmid vector. The recombinant plasmids
were transformed into a bacterial host (Section 2.4.5) and the colonies were 2rown on
LB agar plate supplemented with 10ug/ml of ampicillin and 40ug/ml of X-gal, The

colonies were transferred to Hybond-N"membrane and screened for the relevant inserts,
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Figure 3.6: Total genomic tammar wallaby male and female DNA fully
digested with EcoRI and Hindlll, The Southern blot was hybridised with a
EIFIAX probe, The autoradiograph was exposed for 7 days, Arrows
indicate bands shared between male and female. The EcoRI bands were not
considered dosed because more DNA was loaded in the female lanes,
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Figure3.7: a) Ethidium bromide stained agarose gel of a restriction endonuclease
analysis of tammsr wallaby EIF/AX clone #1.1. b) Southern blot of restriction
endonuclease gel after hybridisation of the E/F/AX probe.The autoradiograph was
exposed overnight.
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which were sequenced with the vector primers T3 and T7. Sequencing revealed that this
clone had 80-85% homology to human EIFIAX (Figure 3.8). The sequence obtained
extended from exon I through to exon 7. Homology was strong in the coding region and
dropped away significantly in the non-coding regions. No introns were present in the
wallaby sequence and two frame shift mutations were observed, This indicated that
MeugllFTAX-1.1 contained a processed EIFTAX/Y pseudogene, here named

MeugEIFTAP (M. eugenii, EIF 1A pseudogene).

3.2.3 Mapping of tammar wallaby EIFIAP

MeugETFTAP was biotin labelled in a nick translation reaction at 16°C for 3 hours.
The labelled probe was precipitated with 25ug of suppressor DNA and 60ug of ssDNA.
This was hybridised to tammar wallaby metaphase chromosomes prepared from
fibroblast cells. The slides were pretreated with RNase and pepsin to remove excess
RNA and protein. The hybridisation was conducted at 37°C for 48 hours after which the
slide was washed at 37°C in 50% formamide/50% 2 X SSC. Biotin labelled probe that
hybridised to the target sequence on the metaphase chromosomes was detected with
goat anti-biotin and then a rabbit anti-goat+FITC conjugate. Chromosomes were
counterstained with DAPI,

The FISH preparations always had high background. No consistent signals were
observed on any chromosome, although there did appear to be signals on the middle of

the long arm of the X chromosome of some spreads.

3.2.4 Summary

Southern blot analysis of wallaby EIF/AX/Y indicated that there was one, or a few
copies of related sequences in the wallaby genome. There was no indication of male
specific bands or female dosage. Screening of a male genomic DNA library yielded one
clone that was shown to contain a processed EIFIAX/Y pseudogene. This pseudogene
was tentatively mapped to the X chromosome. However, no conclusion could be made
about the evolution of E/FIAX/Y because the intron containing copy was not isolated

and mapped.
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HeapEIF1AX CCCTCGTGTCGCCCCTCGGAGCAGCAGCCGUCGCaGaTCGCCECTACCOGGAAAGAAGTCA
MeuUgEIFIAX-1.1l ~-rrrerecresssssssssscsscccccscccccccccemenaeeeerennnn o L
1",_|]A]'“ Exon | ¥ Exon2
HsapEIF1AX GAGACGCCGCGAGTCOCCCGCCACCOCCATGCCCAAGAATAAAGOG TAAAGGAGGTAAAAAC
MeugEIFlAX-1.1 T E EEESSSSSSSSsssSss--os--- COATGCCCAAGAATAAAGGTAAGGGATGTAAAAAT
HsapEIF1AX AGACGCAGGGGTAAGAATGAGAATGAATCTGAAAAAAGAGAAETGGTATTCAAAGAGGAT
MeugkTF1AX-1.1 AGGCGTGGAGGAAAGAATGAAAATGARTCTGAAAAAAGAGAACTGGTCTTCAAGGAAGAT
| Exon 3

HaapBEIF1AX GGGC - AGCAGTATGCTCAGGTAATCAAAA TG T TGGGAAATGOACCGGCTAGAAGCAATSTS
MeugEITF1AX-1.1 GGACCAGGAATATGCCCAGGTCATCAAAA TG T TGGCAAATGGACAATTAGAAACAATATE

Exon 4
HezapEIF1AX T T CGATGG TG T AAAGAGG T TATGTCACA T CAGAGGARAAAT TGAGARAAARAGGTTTGOAT
MeugkTF1AX-1.1 TTGTGATGTTGTGAAGAGGT - - TGTCACAT CAGAGGGAAATTAAGAAAAAAAGGT - - - - -

Fxon 3

HsapETF1AX AAATACCTCGCACAT AT T T TGGT TGG T CTCCGAGACTACCAGGATAACAAAGCTGATGT

MeugETF1AX-1.1 -AATACATCGAATATTATATTGATTGGTCTCCAAGACTACCAGGATAACARAGCCGATAT

HsapEIF1AX AATTTTAAAATACAATGCAGACGAAGCTAGEAGTCTGAAGGCATACGGCGAGCTTECAGA
MeugEIF1AX-1.1 TACACTAAAATACAATGCAGATGAACCAAGAAGT T TARAGGCATATGAAGAACTTCCAGA
Exon 6
HgapBEIF1AX GCATGCTAAAA T CAATGARAACTGATACAT T TGG T CCTGGAGATGATCATCAAATTCAGTT
MeugEIF1AX-1.1 GCACACCAAAATCAATGAAACAGACACATTTGT TCCTGEAGGTGATGATAAAATCCAGTT
gToP Exon 7
HsapEIF1AX TGATGACAT TGGAGATGATGATGAAGATAT TGATGACATCTAAATTGAACTCAACATTTT

MeugEIF1AX-1.1 TGATGATGTCGAGGATGATAATGAAGACTTTGATGATATCTGAATTGAACT - - - - -

HzapEIF1AX ACATTCCATCTTTTCTGAAGATTGTCCTACAATTTGGATTTTGATCATGACAAAGAAGAT
MeUgEIFIAX-1,]1 ~-=--cecsmscccccccccccccc i c e cmcmcmsmrsremsmssssasaanmm—-

Figure 3.8: Sequence alignment of human E/F/AX and tammar clone
MeugETFTAX-1.1. The locations of start/stop codons and introns in the human
gene are indicated. No introns are evident in MeuglkIFIAX-1.1 and homology
outside of the coding region
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3.3 Tammar wallaby RPS4X/Y

Ribosomal protein small subunit 4 (RPS4) codes for a small ribosomal protein that
i1s located on the small ribosomal subunit at the 40S/60S subunit interface and is
involved in mRNA binding (Nygard and Nika, 1982). RPS4X covers about 4.5kb of
genomic DNA with seven exons and six introns (NCBI, www.ncbi.nih.gov/IEB/
Research/Acembly). The RPS4X mRNA is about 900bp and codes for a 263 amino acid
protein,

Human KPS4Y is a Class I gene that has an X-linked homologue located at Xql3.1
(Fisher er al., 1990), which is part of the XCR. Two isoforms are encoded by X and Y
borne genes. Human RPS4X and RPS4Y encode proteins that share 92.8% amino acid
identity (Fisher er al., 1990). Both are expressed and incorporated into functional
ribosomes (Zinn et al., 1994). Human males therefore have two copies of RPS4,
although RPS4Y is expressed at only 10% of RPS4X. The significance of the lower
expressed Y-linked homologue is unknown (Zinn er al., 1994). There are also many
RP54 pseudogenes in the human genome,

Previous Southern blot analysis of RPS4X in tammar wallaby (Spencer, 1991)
produced strong hybridisation. Many bands were evident on Southern blots containing
M. eugenii and M. rufus genomic DNA, which indicated many autosomal pseudogenes.
Also at least one band showed male: female dosage differences, which indicated an X-
borne homologue. Mapping RPS4X by radioactive in situ hybridisation in tammar
wallaby revealed significant peaks on chromosomes 4, 7 and the X (Spencer, 1991),
The Southern blot and mapping results suggested that tammar wallaby and kangaroo
had multiple copies of RPS4X/Y. Southern blot analysis in opossum, on the other hand
(Jegalian and Page, 1998), revealed few copies, and demonstrated that both X- and Y
linked copies were present. RPS4X was therefore predicted to map to the wallaby X

chromosome, and have a Y-borne partner.

3.3.1 Cloning and characterisation of wallaby RPS4X/Y
A probe for screening the tammar wallaby genomic DNA library was generated by
PCR (Section 2.2.8) from male genomic Monodelphis domestica (opossum) DNA using

the primers RPS4X-12f and RPS4X-700r (Appendix 1), The RPS4X primers were
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designed from sequence conserved between human and M. domestica RPS4X/Y. The
cycling parameters to amplify the expected tammar wallaby RPS4X product of
approximately 700bp were 35 cycles of (94°C, 17/ 55°C, 1"/ 72°C, ') following a 2
denaturation at 94°C. The product was subjected to electrophoresis on a 1% agarose gel,
extracted from this gel and subcloned into pPGEM T Easy. The insert was confirmed as
RPS4X by sequencing from the vector primers. The insert was liberated from its
plasmid vector by digestion with EcoRI for 1hr at 37°C.

A tammar wallaby genomic DNA library was screened and washed at low
stringency (55°C) with the tammar wallaby RPS4 probe, which was radioactively
labelled with “P dCTP. Six primary clones were isolated from the library under these
conditions; five were purified to single clones by a further three rounds of screening.

Southern blots were prepared from the DNA of each of these clones. Each was
digested with the restriction endonucleases EcoRIl and Sall. The fragments generated
were separated by electrophoresis on a 0.8% agarose gel. The Southern blots were
hybridised to the same RPS4X probe used to screen the libraries under the same low
stringency conditions. Of the five final clones isolated, only two showed good
hybridisation to the probe (Figure 3.9). The strong hybridisation of the probe to two of
the clones (Meug RPS4X-5 and MeugRPS4X-6) suggested that they were more likely to
contain wallaby RPS4X/Y orthologues.

Because there were no small hybridising fragments in the strongly hybridising
clones, primers were designed that were conserved between human RPS4X/Y and
opossum RPS4X/Y. These primers were used for PCR on all five of the wallaby
genomic clones to generate products to sequence and confirm their identity. The primers
RPS4X-142f and RPS4X-585r were used in an attempt to amplify an RPS4X/Y product,
The cycling parameters to amplify the expected wallaby RPS4X/Y product of
approximately 440bp were 35 cycles of (94°C, 457" / 57°C, 4577/ 72°C, 45"") following
a 2" denaturation at 94°C. Of the five final clones tested by PCR, only MeugRPS4X-5
gave a single band of the expected size (Figure 3.10). This band was excised from the
gel and subcloned into pGEM T Easy. The insert was sequenced using the vector
primers SP6 and T7 (Appendix 1).

Of the remaining uncharacterised clones, faintly hybridising bands from

MeugRPS4X-2 (~2.5kb, EcoRl generated), MeugRPS4X-3 (=2kb, EcoRl1/Sall venerated)

106



0l

4_‘?/' q_;ﬂ 1 :>t fﬂ 1 j':\'
X X %ﬁT‘ %*;‘"' %b?'f*
g Q> Q- 9 Q
N & & & &
1*\:‘% | \k% -\.\*% '.-\.k% 1\\%
'*‘-.:5 L "f.ﬁhL ?\?’,\L \\‘::'\L ‘%\L

- _Ui]'li. b._).

b)

Figure3d.9: a) Ethidium bromide stained agarose gel of a restriction endonuclease analysis of tammar wallaby
RPS4X clones #2, 3,4, 5 and 6. b) Southern blot of restriction endonuclease gel after hybridisation of the RPS4X
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Figure 3.10: Amplification RPS4X from tammar wallaby genomic
clones, The 440bp product was strong in MeugRPS4X-5. A faint band
was evident in MeugRPS4X-6.,
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and MeugRPS4X-4 (~3kb, Ecol generated) were subcloned into pBluescriptsK” (Figure
3.9). These inserts were sequenced using the vector primers T3 and T7 and showed no
homology to RPS4X/Y. MeugRPS4X-6 showed strong hybridisation to the probe and
was therefore more likely to contain RPS4X/Y. This clone was characterised by shotgun
cloning,

The PCR product from MeugRPS4X-5 and the sequence obtained from
MeugRP54X-6 by shotgun-cloning revealed that both had homology to RPS4X/Y. A
BLAST-N search showed that, at the nucleotide level, MeugRPS4X-5 and MeugRPS4X-
6 had 80-85% sequence identity to human RPS4X (Figure 3.11). However, neither had
an open reading frame, MeugRPS4X-5 and MeugRPS4X-6 shared only 85-90%
sequence identity and were therefore different pseudogenes. Both wallaby RPS4X/Y
clones lacked introns, suggesting that they were retrotransposed from an intron
containing copy located at a different region of the genome.

The pseudogenes were not mapped. If used for FISH mapping, and if the processed
wallaby RPS4X/Y pseudogenes are about the same size as the human RPS4X ¢cDNA
(approximately Tkb), the wallaby pseudogenes are unlikely to hybridise to the intron
containing copy from which they were derived. This is because there is a further 15-
20kb of non-coding sequence in the genomic clones homologous to the region of the
genome that the pseudogenes are located. Because of the high number of wallaby
RP54XTY pseudogenes, no further attempts were made to clone the intron containing

copy of RPS4X/Y,

3.3.2 Summary

Previous Southern blot analysis of RPS4X/Y in wallaby indicated that there were
many related sequences located in its genome, at least one of which lay on the X
chromosome (Spencer, 1991). The isolation of two pseudogenes from a male genomic
DNA library were consistent with the results of Southern blot analysis, which indicated
that wallaby has multiple copies of RPS4X/Y like genes.

In the presence of many processed pseudogenes, it is often difficult to isolate a
single intron-containing gene. Copies of RPS4X/Y that did not contain introns probably

presented as the best positives on the library screens because sequences homologous to
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HsapRP54X
MeugRPS4X-5
MeugRPS4X-6

HsapRPS4X
MeugRPS4X-5
MeugRPS4X-6

HzapRPE4X
MeugRP54X-5
MeugRPS4X-6

HesapRPSd4X
MeugRPS4X-5
MeugRPS4X-6

HzapRP54X
MeugRPE4X-5
MeugRPS4X-6

HezapRP54X
MeugRPS4X-5
MeugRP54X-6

HsapRPS4X
MeugRPS4X-5
MeugRPS4X-6

HsapRPS4X
MeugRFS4X-5
MeugRPS4X-6

HsapRPS4X
MeUugRPS54X-5
MeugkPS4X-6

HzapRPS4X
MeugRPS4X-5
MeugRPS4X-6

HsapRFS4X
MeugRPS4X-5
MeugRPS4X-6

HzapRPS4X
MeugRES4X-5
MeUugRPS4X-6

HsapRPS4X
MeugREP54X-5
MeugRP54X-6

HzsapRPS4X
MeugRPS4X-5
MeugREPS4X-6

RP54X-121
TGGCTCGTGGTCCCAAGAAGCATCTGAAGCGGGTGGCAGCTCCAAAGCATTGGATGCTGG

TGGCTCGTGGTCCCAAGAATCATCTGAAGTGTGTAGCAGCTCCAAAGCATTGGATGCTGE
TGGCTTGTGGTCCCCAAAAGCATCTGAAGCGTGTAGCAGTTCCAAAGCACTGGATGCTGG

ATAAATTGACCGGTGTGTTTGCTCCTCGTCCATCCACCGGTCCCC - ACAAGTTGAGAGAG
ATARATTAACAGGAGTTTTTGCGCCAAGACCATCCACAGETCCCCCACAAGCTGAGGGAA
ATAAATTAATGGAAGT - TTTGCTCCAAGACCATCCACAGGTCCCT - ACAAGCTGAGTGAA
RPS4X-142f
TGTCTCCCCCTCATCATTTTCCTGAGGAACAGACT TAAGTATGCCCTGACAGEGAGATGAA
TGTCTGCTGCTCATCATCTTCCTGAGAAACACACTCAAGTATGCCCTGACTGGAGATGAA
TGTCTGCCACTCATTAT CAACCTGAAAAGCAGACT CAAGTATGCCCTGATGGGACATGAA

GTAAAGAAGATTTGCATGCAGCGGTTCATTAAAATCGATGGCAAGEGTCCGAACTGATATA
GTCAAGAAGACCTGCCTGCAATGATTCATCAAGATTGATGGCAAGGTCCGCACTGATGTT
b bl ey gl R R e R GATGGCAAGGTCCGCACTGACATT

ACCTACCCTGCTGGATTCATGGATGTCATCAGCATTGACAAGACGGGAGAGAATTTCCGT
ACATACCCTGCTGGCTTTATGGATGTC= < = - = - ATTGAGAAGACAG- CGAACATTTCCAT
ACATACCCTGCTGCCTTTATTGATGTCATTAGCATTGAGAAGAAGGGTGAACATTTCCAT

CTGATCTATGACACCAAGGGTCGCTTTGCTGTACATCGTATTA - - - CACCTGAGGAGGCC
CTGATTTATGACACAAAAGGGTGTTTTGCTGTTCATTGTATTA - - - CAGCTGAGGAGGCT
TCCGTTTAATAGACAAAGTGGTGCTTTGCTGTTCGTGGTAT TAT TACAGCTGAGGAAGCT

AAGTACAAGTTGTGCAAAGTGAGARAGATCTTTGTGGGCACAAAAGGAATCCCTCATCTG
AARATATAAATTGTGCA- -GTGAGAAAAATCTTTGTGGGTACAAAAGGTATTCCCCCTCTT
AAATATAAATTGTGCAAAGTCAGAAAAATCTTTGTGGGTACAAAAGGTATTCCCCATTTG

GTGACTCATGATGCCCGCACCATCCGCTACCCCGATCCCCTCATCAAGGTGAATGATACT
GTCACCCATGGTGCCCATACTATCTGATACCCAGATCCTCTCATCAAAGTGAAGGGTACA
GTGACCCATGATGCCTG====-====-=-------- ATTCTCTCATCAAAGTGARATGATATA

ATTCAGATTGATTTGGAGACTGGCAAGAT TACTGAT TTCATCAAGTTCGACACTGGTAAC

GTTCAGATTGATTTAGAAGCTGGCAAGAT------ -TTTATCAAGTTTGATACCGGTGAC
GTTCAGATCGATTTAAATGTTAGCAAGATCACTGATTTTATAAAGTTTGATGCTGATAAT
RES4X-585r

CTGTGTATGGTGACTGGAGGTGCTAACCTAGGAAGAATTGGTGTGATCACCAACAGAGAG
CTATGTATGGTGACCAGTGGEECTAATTTGGGTCAAATTGGTCGTGATCACAAACAGGGAG
CTGTGTATGGTGACCAGTGGGGCTAATTTCAGTCGAATTGGGAGAATT----- - - GGGAG

AGGCACCCTGGAT CTTTTGACGTGGTTCACGTGAAAGATGCCAATGGCAACAGCTTTGCC

AMACATCCTGGCTTTTTTGATGTTGTCTGTGTAAAAGATGCCAATGGCAATAGTTTTGCC
AAACATCCTGACTCTTTTATTGTTGTCCATGTACAAGATGTCAATGTCAATAGTTTTGCC
< RPS54X-700r
ACTCGACTTTCCAACATTTTTGTTATTGGCAAGGGCAACAAACCATGGATTTCTCTTCCC
ACTAGGCTCTCCAACATTTTTGTTATTGGTAAAGGTAATAAGGCTTG-ATCTCTCTTCCC
ATTAGGCTCTCCAATATTTTTGTTATTGGTAAAGGTAATAAGCCTTGGATCTCTCTCTTC

C--GAGGAAAGGGTATCCGCCTCACCATTGCTGAAGAGAGAGACARAAGACTGECGACCA
T- - AAGGAAAGGGTATCTGCCTTACAACTGCTCGAAGAAAGAAACAAGAGATTGGCAGCTA
CAGGAAGAAAGGGTATCCGCCTTACAGTTGGTAAAGAAAGAGACAAGAGACTGACAGCTA

AACAGAGCAGTGGGT
AGCAGAGCAGTGGGT
AACAGAGCAGTGGCT

Figure 3.11: Sequence alignment of human RPS4X, tammar wallaby MeugRPS4X-
> (obtained via PRC) and tammar wallaby MeugRPS4X-6 (obtained via shotgun-
cloning). RPS4X/Y primers used in this study are indicated by arrows.
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the RPS4X/Y probe were uninterrupted by introns, therefore giving stronger
hybridisation. The RPS4X/Y probe was generated, by PCR, from tammar wallaby
genomic DNA, These PCR products did not contain the expected introns. The products
were smaller than expected for the intron containing RPS4, and sequencing revealed
that only coding sequence was present, RPS4X/Y intron and exon structure is conserved
In human and mouse, so is probably conserved in wallaby. The probe, generated from
the genomic DNA, was therefore a PCR product amplified from an RPS4X/Y
pseudogene, so would have had 100% homology to at least one pseudogene.

No conclusion could be made about the evolution of RPS4X/Y because the intron

containing copy was not isolated and mapped.

3.4 Tammar wallaby VCX/Y

The family of VCX/Y (Variably charged protein on the X/Y chromosome) genes on
the human Y code for small positively charged proteins, VCY is a Class [ gene with an
X-linked homologue (VCX) but is present in multiple copies on the Y. It is located
among XAR genes at human Xp22.3. VCX and VCY contain only one intron of 192bp.
The VOX mRNA is about 800bp and codes for a protein of 206 amino acids (Lahn and
Page, 2000). There are at least two copies of VCVY on the human Y chromosome, no
more than 140kb apart, and there are approximately 12 copies of VCX in close
proximity to each other on the human X chromosome (Lahn and Page, 2000). Both V(Y
copies along with at least three VCX copies are expressed exclusively in the testis, and
expression is most probably restricted to the male germ cells, indicating a potential role
in spermatogenesis. VCX and VCY share a high degree of sequence identity, with the
exception of a 30bp unit that is tandemly repeated in X derived cDNA and present only
once in Y derived ¢cDNA (Lahn and Page, 2000),

Southern blot analysis was conducted to determine if there were homologous
sequences present in the wallaby genome. Female dosage and/or male specific bands
would indicate that wallaby VCX/Y was located on the X and/or Y chromosome. A male
tammar wallaby genomic DNA library was screened to isolate VCX/Y clones that could

be mapped by FISH.
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A 400bp partial human ¢cDNA of VY, kindly supplied by Dr. David Page
(Whitehead Institute, Boston, USA), was used as a probe to detect wallaby VCVY. The
VCY probe was liberated from its plasmid vector by digestion for | hour at 37°C with

the restriction endonuclease Norl.

3.4.1 Southern blot analysis of VCX/Y

Hybridisation of the human VCY probe to tammar wallaby genomic Southern blots
under low stringency (55°C) was conducted to detect homologous sequences. The
Southern blot analysis would detect sex dosage difference and male-specific bands that
would indicate a locus on the wallaby X and/or Y chromosomes. The Southern blot
contained male and female tammar wallaby genomic DNA totally digested with EcoR]
and Hindlll. The probe was liberated from the plasmid vector using the restriction
endonuclease Norl. The insert was purified from the agarose gel after electrophoresis
and then labelled with “P dCTP. After hybridisation, the Southern blot was washed at
65°C and exposed to X-ray film for 48 hours,

The human VCY probe detected four bands shared between male and female in the
EeoRI digests and two bands in the Hindlll digests. There were no male-specific bands
and no evidence of male-female dosage difference. The few discrete bands detected

indicated wallaby orthologues of VOX/Y existed in one or a few copies (Figure 3.12).

3.4.2 Attempts to clone and sequence wallaby VCX/Y

A genomic DNA library was screened to isolate clones to use for FISH mapping.
The same human VCY ¢DNA, used to probe Southern blots, was also used to screen a
male tammar wallaby genomic DNA library. The library was hybridised under low
stringency conditions and washed at 55°C. The library membranes were exposed to X
ray film overnight. Five primary clones were identified with the low stringency washes
from the library of approximately 3 x 107 clones; four were purified to final clones by
three further rounds of screening.

DNA was amplified and a Southern blot was prepared for each clone. The clones
were digested with a variety of restriction endonucleases for 4 hours. The fragments

generated were separated by electrophoresis on a 0.8% agarose gel. The Southern blot
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VCX

Figure 3.12: Total genomic tammar wallaby male and female DNA fully
digested with EcoRI and Hindl1l. The Southern blot was hybridised with
a VCX probe. The autoradiograph was exposed for 2 days. The male

EcoRI lane is incompletely digested, therefore, female bands appear

darker than male bands.
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was probed with the human VCY ¢DNA labelled with P dCTP. Hybridisation was
strongest to clones MeugVCX-1.3 and MeugVCX-1.4 (Figure 3.13). A 3kb hybridising
fragment from MeugVCX-1.4, generated by EcoRI and Xbal, was sub-cloned into
pBluescriptSK”,

The insert was sequenced from either end using the plasmid primers. Primers
BPY 1#4t3(345) and BPY 1#417(470) were designed from the sequence generated by the
plasmid primers to walk into the sub-clone and construct a complete contig. A
nucleotide blast search of the insert sequence revealed that clone MeugVCX-1.3 had no
homology to human VCX. Instead it shared 85-90% homology with human SMARCF ]
(Figure 3.14). An open reading frame was observed across the region sequenced (Figure
3.15);

A fresh plating of the same genomic DNA library was screened to account for the
possibility that wallaby VCX/Y was not represented on the first plates screened. The
same VOCY ¢DNA probe was used to isolate six new primary clones under low
stringency hybridisation and washing conditions. All six of the primary clones were
purified to final clones by a further three rounds of screening. A Southern blot was
prepared from the DNA of each clone. The clones were digested with the restriction
endonucleases EcoRI and Sall. The VCY probe was hybridised to the Southern blot on
which it hybridised to five of the six clones (Figure 3.16). Hybridising fragments from
clones MeugVCX-2.2, MeugVCX-2.4 and MeugVCX-2.6 were sub-cloned and
sequenced to confirm their identities. However, none of the hybridising fragments that
were sequenced showed homology to VOX/Y or SMARCF .

PCR was conducted on all of the clones isolated from the library to try and confirm
one of the clones as VCX. Primers conserved between human VCX and VCY were
designed. Cycling parameters with 35 cycles of (94°C, 1’ / 55°C £+ 5°C, 1’ / 72°C,
1°3077) following a 27 denaturation at 94°C were used to try and amplify fragments of
varying expected size. There were no products of expected size amplified, At lower
annealing temperatures there was some non-specific amplification.

VCX7Y must therefore have diverged between human and tammar wallaby enough
50 that primers conserved between human VCX and VCY were ineffective. However,
this did not explain why no VCX/Y clones were isolated from the tammar wallaby

genomic DNA library.,
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Figure3.13: a) Ethidium bromide stained agarose gel of a restriction endonuclease
analysis of tammsr wallaby VCX clones #1.3 and 1.4. b) Southern blot of restriction
endonuclease gel after hybridisation of the human VCX probe. The autoradiograph
was exposed overnight,
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Meug&SMARCF1-1
HsapSMARCF1

MeugSMARCF1-1
HsapSMARCF1

MeugSMARCF1-1
HzapSMARCF1

MeugSMARCF1-1
HsapSMARCF'1

MeugSMARCF1-1
HsapSMARCF1

MeugSMARCF1-1
HzapSMARCK1

MeugSMARCF1-1
HsapSMARCF1

MeugSMARCF1-1
HeapSMARCHFI1

MeugSMARCF1-1
HsapSMARCF1

MeugSMARCF1-1
HzapSMARCF1

MeugSMARCF1-1
HsapSMARCF1

Exon |15
CTCCAGGAAATGATCCTTTCGTGTCCTCAGGGCAGGGCCCCAACAGTGGCATGGE

GAAAGCTCCAGGGAGTGATCCCTTCATGTCCTCAGGGCAGGGCCCCAACGGCGGGATGGE

GGACCCCTACAACCGTGCCACAGGCCCTGGCTTGGGGAATATGGCAATGGGACAGAGGTA
TGACCCCTACAGTCGTGCTGCCGGCCCTGGGCTAGCGAAATCGTGGCCATGGGACCACGACA
Exon 16
ACATTACCCATATGGAGGCCCTTACGACAGAGTGAGGGCGGAGTCCGGACTAGGACCCGA
GCACTATCCCTATGGAGGTCCTTATGACAGAGTGAGGACGGAGCCTGGAATAGGGCCTGA

GGGCAACATGGGCACCGGGGCCCCACAGCCAAACCTCATGCCTTCCAACCCAGACTCGGG
GGGAAACATGAGCACTGGGGCCCCACAGCCGAATCTCATGCCTTCCAACCCAGACTCGGE

"ﬁmmlﬂ
GATGTACTCTCCCAGCCGCTACCCCCCACAGCAGCAGCAGCAGCAGCCCCCACAACACGA
GATGTATTCTCCTAGCCGCTACCCCCCGCAGCAGCAGCAGCAGCAGCAGCAACGACATGA

TTCCTATGGCAATCAGT T T TCCACTCAAGGCACCCCTTCCAGCAGCCCATTCCCCAGCCA
TTCCTATGGCAATCAGTTCTCCACCCAAGGCACCCCTTCTGGCAGCCCCTTCCCCAGCCA
Y  Exon I8
GCAAACGACAATGTACCAACAACAGCAGCAGGTATCCAGCCCCACACCCOTTCCCCGGRAT
GCAGACTACAATGTATCAACAGCAACAGCAGGTATCCAGCCCTGCTCCCCTGCCCCGGOT

CCTGGAGAACCGCACGTCGCCCAGCAAGTCTCCATTCCTCCACTCGGGGATGAAGATGCA
AATGGAGAACCGCACCTCTCCTAGCAAGTCTCCATTCCTGCACTCTGGGATGAAAATGCA

AAAAGCAGGTCCTCCGGTGCCTGCCTCACACATAGCACCTGCCCCTGTGCAGCCCCCTCT
GAAGGCAGGTCCCCCAGTACCTGCCTCGCACATAGCACCTGCCCCTGTGCAGCCCCCCAT

GATCAGGAGGGACATCACTTTCCCTCCTGGCTCCGTGGAAGCCACACAACCTGTGTTGAA
GATTCGGCGGGATATCACCTTCCCACCTGGCTCTGTTGAAGCCACACAGCCTGTGTTGAA

ACCGAGGAGGCGGCTCACCACGAAAGATATTGGT -~~~ <<~ =<ccccccccmcncnmmn==
GCAGAGGAGGCGGCTCACAATGAAAGACATTGCAACCCCGGAGGCATGGCGGGTAATGAT

Figure 3.14: Sequence alignment of human SMARCFI! and tammar wallaby
SMARCF1 exons 15-18. Intron positions (indicated with arrows) were conserved
between species. No homology was evident in introns. High homology was
evident in exons, extending from the begining of exon 15 to the end of exon 18.
This region was translatable, and an open reading frame was observed in the
wallaby sequence,

HsapSMARCF1
MeugSMARCF1

HsapSMARCF1
MeugSMARCEF1

HzapSMARCF1
MeugSMARCF1

HeapSMARCF1
MeugSMARCF1

DMMGREMSYEPNKDPYGSMREKAPGSDPFMSSGOGPNGGMGDPYSRAAGPGLGNVAMGPROH
-------------------- PGNDPFVSSGQGPNSGMGDPYNRATGPGLGNMAMGOROQH

YPYGGPYDRVRTERPGIGPEGNMSTGAPQPNLMPSNPDSGMYSPSRYPPOOQQOQOORHDS
YPYGGPYDRVRAESGLGPEGNMGTGAPOPNLMPSNPDSGMYSPSRYPPOOOQQOOFPPQHDS

YGNQFSTQOGTPSGSPFPSQOTTMYOQOOOOVSSPAPLPRPMENRTSPSKSPFLHSGMEKMOK
YGNQFSTOGTPSSSPFPSOQTTMYQQQOOVSSPAPLPRPLENRTSPSKSPFLHSGMKMQK

AGPPVPASHIAPAPVOPPMIRRDITFPPGSVEATQPVLKORRRLTMKDIGTPEAWRVMMS
AGPPVPASHIAPAPVQPPLIRRDITFPPGSVEATQPVLKPRRRLTTKDIG- -~~~ -~~~

Figure 3.15: Amino acid alignment of human and wallaby SMARCF]. Conservative
changes are highlighted in yellow. Semi-conservative changes are highlighted in

blue.
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Figured.16: a) Ethidium bromide stained agarose gel of a restriction endonuclease
analysis of tammar wallaby VCX clones. Each clone was digested with FcoRI,
Sall and EcoR1/Sall respectively. b) Southern blot of restriction endonuclease

gel after hybridisation of the human VCX probe. The autoradiograph was exposed

overnight,
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3.4.3 Localisation of wallaby SMARCF 1 by fluorescent in situ

hybridisation

SMARCE] (SWI/SNEF-related, matrix associated, actin-dependent regulator of
chromatin, subfamily f, member 1) is a member of proteins distinguished by a DNA

binding motif call ARID (AT-rich interactive domain) (Dallas er al., 2000). SWI/SNF

complexes have been suggested to play fundamental roles in the regulation of gene
expression during cell growth and development via altering chromatin structure
(Kingston and Narlikar, 1999; Kadonaga, 1998). SMARCF] maps to human
chromosome 1p36.1-p35 (Takeuchi et al., 1998), where it has been suggested that at
least two tumour suppressor genes are located (Caron er al., 1995) for which SMARCF |
Is a candidate. SMARCFT spans approximately 86kb of genomic DNA with 20 e¢xons
and 19 introns, The SMARCFI mRNA is approximately 7.9kb and codes for a protein
of 2068 amino acids (NCBI, www.ncbi.nih.gov/[EB/Research/Acembly).

The sequence obtained from wallaby MeugVCX-1.4 (renamed MeugSMARCFEF[-1),
which was homologous to human SMARCF/, spaned exons 15 through to 18, Intron
positions were conserved and an open reading frame was observed.

Meug SMARCE]-1was labelled for five hours in a nick translation reaction with
biotin. 200ng of the labelled probe was precipitated with 25ug of suppressor DNA and a
further 200ng of the labelled probe was precipitated with 60ug of ssDNA. The two
precipitation reactions containing the biotin labelled probe were hybridised to tammar
wallaby metaphase chromosomes prepared from fibroblast cells. The slides were
pretreated with RNase and pepsin. The hybridisation was conducted at 37°C for 48
hours. After hybridisation the slide was washed to remove excess probe. Biotin labelled
probe that hybridised to the target sequences was detected with two antibody layers: a
goat anti-biotin antibody followed by a rabbit anti-goat+FITC conjugate. The slides
were visualised as described in section 2.5.4.

Under these conditions, consistent hybridisation signals were observed on the distal
region of tammar wallaby chromosome 5q (Figure 3.17). SMARCF] is the first gene to
be mapped to this region of the wallaby genome, and represents a new region of
homology between the short arm of human chromosome | and the long arm of wallaby

chromosome 5,

[ 15
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Tammar wallaby SMARCF |

Figure 3.17: FISH mapping of MeugSMARCF /-1. Hybridisation signals were
detected in the distal region of the long arm of chromosome 5.
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3.4.4 Summary

Southern blot analysis of VCX revealed that there were homologous sequences in
the tammar wallaby genome. There was no indication of female dosage and no male
specific bands, indicating that wallaby sequences homologous to VCX were autosomal.,
However, screening of a male genomic DNA library yielded no clones containing a
VOCX/Y orthologue. A clone containing the unrelated gene SMARCH ] was isolated and
mapped to the long arm of chromosome 5.

A partial human VCY ¢DNA was used as a probe to screen the genomic DNA
library. A'Y chromosome derived cDNA is not the ideal probe to use, as they are likely
to be less conserved between species than an X chromosome derived ¢cDNA. This could
explain why no wallaby clones containing VCX/Y were isolated. However, human VCX
and VC'Y share high sequence homology (95%).

There is no sequence homology shared between VOCX and SMARCF/, so the

isolation of SMARCF/ from the library was probably due to non-specific hybridisation.

3.5 Tammar wallaby PCDHX/Y

Protocadherin genes are members of the cadherin superfamily, and are thought to
be involved in cell-cell recognition in the central nervous system. Cadherin genes can
be divided into two groups, classical and non-classical. Protocadherin genes are the
major non-classical cadherins (Suzuki, 1996). Human protocadherin on the X
chromosome (PCDHX) is located in the X-Y homology region of Xq21.3 (Yoshida and
Sugano, 1999), The location of PCDHX in this region of the conserved human X
chromosome predicts that it should map to the marsupial X chromosome. However,
Blanco er al. (2000) suggested that PCDHX was part of a recent addition to the
cutherian X, Since PCDHY was the result of a very recent (3-4MyBP) transposition to
the human Y, a conserved Y-borne partner would be unexpected,

Human PCDHY is located at Ypll.2 and shares 98.1% nucleotide and 98.3%
amino acid homology with PCHDX, They have an identical gene structure of six exons
and five introns. PCDHX spans about 100kb of genomic DNA. The PCDHX mRNA ig

about 4,7kb and codes for a protein of 1025 amino acids (Blanco er al., 2000). Both
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PCDHX and PCDHY are predominantly expressed in the brain with differential regional
expression, consistent with the idea that protocadherins play a role in the central
nervous system. The X and Y-linked homologues are expressed at differing levels in
different tissues. Both X and Y transcripts are evident in the heart and the subregions of
the brain, except cerebellum (predominantly PCDHX). Kidney, liver, muscle and testis
all have predominantly PCDHY transcripts, indicating that PCOHX and PCDHY are
differentially regulated (Blanco er al., 2000).

Southern blot analysis was conducted to determine if there were homologous
sequences present in the wallaby genome. Female dosage and/or male specific bands
would indicate that wallaby PCDHX/Y would be located on the X and/or Y
chromosome. A male tammar wallaby genomic DNA library was screened to isolate

PCDHX/Y clones that could be mapped by FISH.

3.5.1 Southern blot analysis of wallaby PCDHX/Y

Primers were designed form sequence conserved between human PCDHX and
PCDHY in order to amplify a human probe to perform a Southern blot analysis and
screen the tammar wallaby genomic DNA library, The primers PCDHX-2020F and
PCDHX-2735R (Appendix 1) were used to achieve this. The cycling parameters to
amplify the expected human PCDHX product of approximately 700bp were 30 cycles of
(94°C, 1’ / 55°C, 1’ / 72°C, 1'30"") following a 2’ denaturation at 94°C. The PCR
product was subcloned into pGEM T Easy and its identity confirmed by sequencing
from the vector primers.

The PCDHX probe was radioactively labelled with “P dCTP and hybridised to
tammar wallaby genomic DNA Southern blots. The overnight hybridisation and
washing was conducted at low stringency (557C). The Southern blot membrane was
exposed to X-ray film for seven days. Under these conditions very poor hybridisation
was detected, There was no indication of bands either shared between male and female,
dosed or male specific. Despite the poor hybridisation of the PCDHX/Y probe to the
Southern blot, isolation of genomic clones from a tammar wallaby genomic DNA

library was attempted.
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3.5.2 Attempts to clone and characterise wallaby PCDHX/Y

The human PCDHX probe was used to screen the tammar wallaby genomic DNA
library at low stringency (hybridisation and washes conducted at 55°C), The X-linked
homologue (rather than the Y-linked homologue) was used as a probe because it was
more likely to be conserved between species. Under these conditions six primary clones
were picked from the library, After a further three rounds of screening, two final clones
were isolated. DNA was prepared from the two final clones and digested for 4 hours
with the restriction endonucleases EcoRI and Sall. The fragments generated were
separated by electrophoresis on a 0.8% agarose gel. A Southern blot was performed
using the same probe used to isolate the clones from the library, also under low
stringency conditions. MeugPCDHX-1.3 had a hybridising band generated by EcoRI
and Sall that was approximately 3kb in size. MeugPCDHX-1.4 did not have any
hybridising bands of manageable size to subclone (Figure 3.18).

The 3kb hybridising band from MeugPCDHX-1.3 was subcloned into
pBluescriptSK' and sequenced using the vector primers. Sequencing revealed that
Meug PCDHX-1.3 contained part of exon 2 of the gene PCDH I3, an autosomal relative
of PCDHX (Figure 3.19a & b). An open reading frame was observed in the PCDH /3
sequence and 90-95% homology was observed at the amino acid level between human
and wallaby (Figure 3.20). PCDHI3 and PCDHX display poor homology to each other
with only about 50% sequence identity.

The second clone contained different restriction fragments, so an effort to
characterise MeuePCDHX-1.4 was made in the anticipation that it could contain
wallaby PCDHX. MeugPCDHX-1.4 was digested with a variety of restriction
endonucleases to identify a hybridising fragment that could be subcloned. A hybridising
fragment generated by Xhal and Bg/ll, which was approximately 1.7kb, was identified
and subcloned into pBluescriptSK'. Sequencing with the vector primers revealed that
this clone was also PCDH /3. The primers PCDHX4(508) and PCDHX4(566)
(Appendix 1) were designed from the sequence oenerated by the vector primers to walk

into the subclone and construct a contig (Figure 3. 19 & b).
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MeugPCDHX-1.3 | MeugPCDHX-1.4  MeugPCDHX-1.3
Y 18 O 1 2

MeugPCDHX-1.4
3

[Lane Restriction enzymes
I Sall
2 FcoRl

Sell EcoRI

()

Figure3.18: a) Ethidium bromide stained agarose gel of a restriction endonuclease
analysis of tammsr wallaby PCDHX clones #1.3 and #1.4. b) Southern blot of
restriction endonuclease gel after hybridisation of the PCDHX probe. The

autoradiograph was exposed overnight.
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MeugPcdhl3
HeapPCDH13
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MeugPcdhl3
HeapPCDH]13

MeugPedhl3
HsapPCDH13

MeugPcdhl3
HeapPCDH13

MeugFcdhl3
HsapPCDH13

MeugPcdhl3
HeapPCDHL3

MeugPedhl3
HsapPCDH13

MeugPcdhl3
HegapPCDH13

MeugPcdhl3
HsapPCDH13

MeugPcdhl3
HeapPCDH]13

MeugPcdhl3
HeapPCDH13

ME-HHF:.“;H'J 13
HsapPCDH13

MeugPedhl3
HsapPCDH13

MeugPcdhl3
HsapPCDH] 3

MeugPcdhl 3
HesapPCDH] 3

---------------------------- AACGGGATCACCTACTCCTACAGCCAGAAGGTAC
CTGTGGATAAAGACT TGGGGACCAATGCTCAAATTACT TAT TCTTACAGTCAGAAAGTTC

CACAGGTATCAAAAGACTTGTTCTACCTGGATGAAATCACTGCGAGTCATTAAACTCTTCA
CACAAGCATCTAAGCGATTTATTTCACCTGCATGAAAACACTGGAGTCATTAAACTTTTCA

AAAAGATTGAGGGCAATGTTCTTCGACTACATAAGCTCACTATACTTGCCAATGGACCTG
GTAAGATTGGAGGAAGTGTTCTGGAGTCCCACAAGCTCACCATCCTTGCTAATGGACCAG

GCTGCATTCCAGCTGTAATCACTGTCCTGGTAACCGTCATCAAAGTAGTTTTTCGTCCAC
GCTGCATCCCTGCTGTAATCACTGCTCTTGTETCCATTATTAAAGTTATTTTCAGACCCC

CTCGAGATAGTTCCTCGTTATATTGCTAATGAAGTTGAAGGAGTTGTTTACCTAAAGGAGT
CTGAAATTGTCCCTCGTTACATAGCAAACGAGATAGATGGTGTTGTTTATCTCAAAGAAC

TGGAACCCATCAATACCCCAGTTGCATTTTTTACTATCAGAGATCCAGAAGATAAATATA
TGGAACCCGTTAACACTCCCATTGCGTTTTTCACCATAACGAGATCCAGAAGGTAAATACA

AAGTCGAATTGCCACCTGGATGCAGATGGACCATTTCGATTATCTCCCTATCAACCATACA
AGGTTAACTGCTACCTGGATGGTGAAGGGCCGTTTAGGTTATCACCTTACAAACCATACA

ATAATGAATACTTATTAGAAACTGCAAAATCTTTGGATTATGAGACACAGCAGCTCTATG
ATAATGAATATTTACTAGAGACCACAAAACCTATGGACTATGAGCTACAGCAGTTCTATG

AGATAACTGTGETGGCCTGGAACTCAGAGGGATTTCATGTTAAGAAGGTGATTAAAATAC
AAMGTAGCTGTGGTGGCTTGGAACTCTGAGGGATTTCATGTCAAAAGGGTCATTAAAGTGC

AGATTCTAGATGACAATGACAATGCACCTGTTTTCACTCAACCACTGATAGAAGTATCTA
ARCTTTTAGATGACAATGATAATGCTCCAATTTTCCTTCAACCCTTAATAGAACTAACCA

TTGAAGAAAATAATGCACCAAATGCCTTTCTCGACAAAGTTGCATGCCATAGATGCTGACA
TCGAAGAGAACAACTCACCCAATGCCTTTTTGACTAAGCTGTATGCTACAGATGCCGACA

GTGGAGAAAGAGGTCAAGTTTCTTATTTCCTTGGAGCTGATGCACCATCATATTTTTCAT
GCGAGGAGAGAGGCCAAGTTTCATATTTTCTGGGACCTGATGCTCCATCATATTTTTCCT

TAGACAAGATTACAGGGATTCTTACTGTGTCCACTCAGTTGGACAGAGAAGAAAAAGAGA
TAGACAGTGTCACAGGAATTCTGACAGTTTCTACTCAGCTGGACCGAGAAGAGAAAGAAA

GGTACAGGTACACAGTAAAAGCAGTTGACTCTGGGATACCACCTCAAGAGTCAATAGCTA
AGTACAGATACACTGTCAGAGCTGTTGACTGTGGGAAGCCACCCAGAGAATCAGTAGCCA

CAGTTGCCATCACGGTGTTGGACAAAAATGACAATAGCCCTAGGTTTATCAACAAGGATT
CTGTGGCCCTCACAGTGTTGCGATAAAAATCGACAACAGTCCTCGETTTATCAACAAGGACT

TCAGCTTTTTTGTGCCAGAAAATTTCCCAGGGTTTGGTGAAATTGGAGTAATCAGTGTCA
TCAGCTTTTTTGTGCCTGAAAACTTTCCAGGCTATGGTGAGATTGGAGTAATTAGTGTAA

CAGATGCAGATGCAGGACGGAATGGATGGGTTGCCCTTTCAGTGATGAAT CAGAGTGACA
CAGATGCTGACGCTGGACGAAATGCGATAEGETCACCCTCTCTGTGOGTGAACCAGAGTGATA

TTTTTGTCATAGACACTGGAAAAGGCATGTTGAGAGCAAAAGTCTCTCTGGATAGGGAGT
TTTTTGTCATAGATACAGGAAAGGGTATGCTCGAGGGCTAAAGTCTCTTTGGACAGAGAGT

AACAAAGTTCCTATATTTTGTGGGTTCGAAGCTGTTGATGGAGGTGAACCTGCCCTCTCOT
AGCAAAGCTCCTATACTTTGTGGGTTCGAAGCTGTTGATAGEGGTGAGCCTGCCCTCTCCT

CTACAGCAAAAATAACAATTCTTCTTCTTGATATCAATGACAACCCTCCTCTTGTCCTGT
CTACAGCAAAAATCACAATTCTCCTTCTAGATATCAATGACAACCCTCCTCTTGTTTTGT

TTCCTCAGTCAAATATGTCTTATCTATTGGTCCTACCTTCTACTCTACCTGGCTCACCAG
TTCCTCAGTCTAATATGTCTTATCTGTTAGTACTGCCTTCTACTCTGCCAGGCTCCCCGE

TTACAGAAGTCTATGCTGTTGACAAAGACACTGGTATGAATGCAGTCATAGCTTATAGCA
TTACAGAAGTCTATGCTGTCGACAAAGACACAGGCATGAATGCTGTCATAGCTTACAGCA
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Human Y Genes in Wallaby

TCATAGGAAGAAGAGGTCCTCGGCCTGAATCCTTTAAGATAGACCCCAAAACTGGTAACA
TCATAGGGAGAAGAGGTCCTAGCGCCTCGAGTCCTTCAGGATTGACCCTAAAACTGGCAACA

TTACTTTGGAAGAGACATTGATGCCGAATGATTATGEGCTTTATCGCTTGCTGGTTAAAG
TTACTTTGGAAGAGGCATTGCTGCAGACAGATTATGGGCTCCATCGCTTACTGGTGAAAG

TGAGTGACCACGGTTATCCTGAGCCCCTCTACTCTACTGTCATGGTAAATCTATTTGTCA
TGAGTGATCATGGTTATCCCGAGCCTCTCCACTCCACAGTCATGGTGAACCTATTTGTCA

ATGACACTGTTAGCAATGAGAGCTACATTGAGAGTCTATTGCGAAAAGAACCTGAGATCA
ATGACACTGTCAGTAATGAGAGTTACATTGAGAGTCTTTTAAGAAAAGAACCAGAGATTA

GGATTGAGGAAAAAGAACCACAAATTTCAATGGAACCTACTCACCGAAAAGTGGAATCAG
ATATAGAGGAGAAAGAACCACAAATCTCAATAGAACCGACTCATAGGAAGGTAGAATCTG

CCTCTTGTGTGCCCACTTTAGTCGCCCTGTCTGTGATAAGTTTGGGGTCCATCACATTAG
TGTCTTGTATGCCCACCTTAGTAGCTCTGTCTGTAATAAGCTTGGGTTCCATCACACTGG

TCACTGGGATGGGAATATACATATGTCTAAGGAAGGGGAAAAAGCATCACCAGGAAAATG
TCACAGGGATGGGCATATACATCTGTTTAAGGAAAGGGGAAAAGCATCCCAGGGAAGATG

ACAATTTGGAAGTACAAATTCCACTGAAAGGAAAGCTTCGACTTACACATGATAGAGAGGA
AARATTTGGAAGTACAGATTCCACTGARAAGGAAAAATTGACTTGCATATGCCAGAGAGAA
STOP
AACCAATGGAGATTTCTAATATT%GATGTTTQChﬂGGGAAAAAATACTAAGACAGATATT
AGCCAATGGATATTTCTAATATTTGATATTTCATGGTGGAATAACACAGAGAAATGTTTT

- - -TGGCCTTGGAGAGGCCACAAGCATAATCATAAGTGTGCTGATTGGCAGTTCCAATGA
AACTGACTTTGGATCTTCATCA - - CCTAAAAAAGAGTGTGTTGAT - GGCAGTTCCAATGA

AGGACAAATAATTTATAAATTATATTATATTGTAAATAACTGTTTACAAGTTTTATAAAA
AGGACAACTAATTTATAACTTGTTCTATATTGTAAATAGCTGTTTACAGGTTTT - - TAAA

TTCAAATTCAGGTCTTATAAAATGTGTACAGCATTTTT TAAAATGAAAAATTAGTATTAA
TTTAAATTCAGAGGTTATAAAATGTGTACAGCATTTTT - - AAGTGAAAA - TTAGTACTAA

CAGTRAGTETACTIGCIGAT » ==~ == mm == m - AAACGGCTTTC=-CATCATTTGCAGCT
CAGCTATAGCGACTTGTATTT! AA ' AAGCTTGGACATGGTTTGCAGCT

TTCATACATCAACCAGGTCATTGAACA - « « = = = - GAGTAAGGTAAGACATT - - - -ACAG-
TTCATACACCAAGCAGTTGATTGATAAAACCTGGGAGTAAGGTAAGAAAAATGGAACAAA

-=-TTTGTCTAAGAAGTTATTTTAGCCACCAGAGGGCATCAGTTGCTCCCATGTAGGAAGA
TTTTTATCTAA-AAATTCCTGTCACCACAAGAGGGCATCAGCTGCTCCTTTGCAGGAAAT

TG---TTTGAGAT CCCCCCGGEUTGCAGGARATTCCA T« cc s s s e s s s s m s m i n o
TGGGETATTGTACTTGGCAGTTGTACATGAAATTAATGAAAGAGTATATTTTAAATATAT

Figure 3.19a: Sequence alignment of human and tammar wallaby PCDH3 exon 2,
No introns are present in this region of human (or tammar) PCDH 3. This sequence
was obtained from MeugPCDHI13-1.3, MeugPCDH13-1.4 and MeugPCDH[3-2.5.
An open reading frame was observed up until the stop codon, after which homology
between human and wallaby PCDH 5 decreased.
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___________________________________________________________ GOTG
TACTGGTTGTTTTAGTTGGGCCTTTTATATGAAAGTTATACTGTACTTATCTTTTTGTTG

TTGTTTAGGTTAACTAGCTACTTTTTCTGGCTTTTGTTCTTTGGCTTTGETTTAGGGCCA
TTGTTTAGGTTTGTTGACTACCATTTCTGGCTTCCTTTCTTTGGTTTTGGATTAAATCCA

AGAGCTGCCTTTTAAGCCTGGTGGCAGATTTCTGGGATAATTTATTCTTTACTACATCCT
ACAGTTTATTTGTAAGCCCTECAGCAGATTTCTTTGATAATTTAGCTTTTACTGAATCTC

TTGCAATGCAAACAGCAGCTTCATCATCGATCAATCCTTTTCACCTCATTEGTGCAAGTGG
TTGCAATGAAGAAAGCTATTTCATCAGTGATTTATCACTTTCAATTCATTGTGTGAGCTG

AGAAAAAAATTCTTTCTTATGAGGGTTATCACAAATATATCTATGTAAACAAGGAAAATG
- - -GAAATATTATTTTATATGAGAGCTATAGCAAAATAATCTGTATAAACAAGGA- -ATG

TGTCAGCTTAAAAATGGGTCATTTTACTTTCCAGCATCTTATGTCTG-ATTGTACCAAAA
TGTTAGCTTAAAC - TGECATCATTTTACTTTTTGGCATCATGCATCTGTACTGTACCAARAA

GTETTTATATNTCTGCAAATTAAAGCTATATATTTTCATAACTTCTTTCTGTTGGTTACC
GTGTTTATATGTCTGCAAATTAAAGGTATATATTTTCATAATTTCTTTCTCACTTTTAGC

CTTCTGACTATAAGATTCACTGAACTGCTTTCTGAAGGTATCTGTTAGCTCTGTCTTATT
ATTTTATATTTGAACATGGGCTTGTTATTTCACTGAAGTGCCTGTCA- -TTTGTTTGTTT

TAAATCTTAAGAAAGTGATATCCTAAAAGCAAATATGTTGAAGAATAGAGTTCACTTTAA
TTAGGGTTAAATCTG-GCTAACCTGTAG - -TATTCTGCT - -ATACTAAAGTTTATATTAA

AATAGTCAATCCTTACATCTGTGAACGATGTGTGCACATATCTGAAAGA
ATGAATTCATTACTCAAAAA - -GARAAATGGGTAAAT - TATTAAAAANR

Figure 3.19b: Sequence alignment of human and tammar wllaby PCDHI3 3
untranslated region. The sequence was obtained from MeugPCDHI3-1.3 and
MeugPCDHI3-2.5. This homology is approximately 600bp 3' of the sequence
from figure 3.19a.
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TVYGNATVGTPIAAVOAVDEDLGTNAQITYSYSQKVPOASKDLFHLDENTGVIKLFSKIG
------------------------- NGITYSYSOKVPOQVSKDLFYLDEITGVIKLFKKIE

GSVLESHKLTILANGPGCIPAVITALVSIIKVIFRPPEIVPRYIANEIDGVVYLKELEPV
GNVLRLHKLTILANGPGCIPAVITVLVTVIKVVFRPPEIVPRY IANEVEGVVYLKELEPT

NTPIAFFTIRDPEGKYKVNCYLDGEGPFRLSPYKPYNNEYLLETTKPMDYELOQQFYEVAV
NTPVAFFTIRDPEDKYKVNCHLDGDGPFRLSPYQPYNNEYLLETAKSLDYETQOLYEITV

VAWNSEGFHVEKRVIKVOLLDDNDNAPIFLOPLIELTIEENNSPNAFLTKLYATDADSEER
VAWNSEGFHVKKVIKIQILDDNDNAPVFTOPLIEVEIEENNAPNAFLTKLHATIDADSGER

GOVSYFLGPDAPSYFSLDSVTGILTVSTQLDREEKEKYRYTVRAVDCGKPPRESVATVAL
GOVSYFLGADAPSYFSLDKITGILTVSTQLDREEKERYRYTVEKAVDSGIPPOESIATVAL

TVLDKNDNSPRFINKDFSFFVPENFPGYGEIGVISVTDADAGRNGWVALSVVNQSDIFVI
TVLDKNDNSPRF INKDFSFFVPENFPGFGEIGVISVTDADAGRNGWVALSVMNQSDIFVI

DTGKGMLRAKVSLDREQQOSSYTLWVEAVDGGEPALSSTAKITILLLDINDNPPLVLFPQS
DTGKGMLRAKVSLDREQQSSY ILWVEAVDGGEPALSSTAKITILLLDINDNPPLVLFFPQS

NMSYLLVLPSTLPGSPVTEVYAVDKDTGMNAVIAYSI IGRRGPRPESFRIDPKTGNITLE
NMSYLLVLPSTLPGSPVTEVYAVDKDTGMNAVIAYS T IGRRGPRPESFKIDPKTGNITLE

EALLOTDYGLHRLLVKVSDHGYPEPLHSTVMVNLFVNDTVSNESY IESLLRKEPEINIEE
ETLMRNDYGLYRLLVKVSDHGYPEPLYSTVMVNLFVNDTVSNESY IESLLRKEPEIRIEE

KEPQISIEPTHRKVESVSCMPTLVALSVISLGSITLVTGMGIYICLRKGEKHPREDENLE
KEPQISMEPTHRKVESASCVPTLVALSVISLGSITLVTGMGIY ICLRKGKKHHQENDNLE

VOIPLKGKIDLHMRERKPMDISNI
VQIPLKGKLDLHMIERKPMEISNI

Figure 3.20: Amino acid alignment of human and wallaby PCDH/3, exon 2.
Conservative changes are highlighted in yellow. Semi-conservative changes
are highlighted in blue.
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A different plating of the same tammar wallaby genomic DNA library was screened
with a low stringency hybridisation (55°C) and washed at a higher stringency (65°C)
than the previous screening attempt, This would reduce the probability of detecting
related genes. Seven primary clones were isolated from the library, all were purified to
final clones after a turther three rounds of screening. DNA was prepared from the final
clones, which were digested with the restriction endonucleases EcoRl and Sall. A
Southern blot was performed on the 0.8% agarose gel used to separate the fragments
cenerated. Hybridisation of the PCDOHX probe to the Southern blot identified
hybridising bands for all clones (Figure 3.21).

Clone MeugPCDHX-2.2 and Meug PCDHX-2.4 had the same restriction pattern and
were therefore identical clones, The clones Meug PCDHX-2.3 and Meug PCDHX-2.7 did
not have hybridising fragments generated by EcoRI and/or Sall that were small enough
to subclone and were not further characterised. The smallest hybridising fragments from
each remaining clone were pursued. EeoRI generated fragments from Meug PCDHX-2. |
and Meug PCDHX-2.4, of about 3.5kb and 2.5kb respectively, were subcloned into
pBluescriptsK'. EcoRI and Sall generated hybridising fragments from Meug PCDHX-
2.5 and MeugPCDHX-2.6 of about 3.5kb in size, these were also subcloned into
pBluescriptSK®, The inserts were all sequenced using the vector primers. Nucleotide
blast searches revealed that Meug PCDHX-2.1 and MeugPCDHX-2.4 had no significant
homology to anything in the database. MeugPCDHX-2.5 was shown to contain
PCDHI3 (Figure 3.19a & b).

However, a nucleotide blast search of the MeugPCDHX-2.6 sequence revealed that
there was a small region of homology (22bp) to PCDHX in exon five. Exon five is the
largest exon at 2493bp, so if MeugPCDHX-2.6 contained the true wallaby orthologue
much more sequence, homologous to exon five, should be present.

To completely sequence this region of homology to human PCDHX, MeugPCDHX
2.6 was shotgun-cloned. Sequencing of the relevant recombinant plasmids after
shotgun-cloning allowed a contig to be constructed. The contig contained about 150bp
of sequence both upstream and downstream of the small PCDHX hit, and contained no
exonic sequence other than the 22bp hit to human PCDHX. This indicated that

MeugPCDHX-2.6 did not contain the true PCDHX.
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Figure3.21: a) Ethidium bromide stained agarose gel of a restriction endonuclease
analysis of tammar wallaby PCDHX clones. Each clone was digested with EcoRI,
Sall and EcoRl/Sall respectively. b) Southern blot of restriction endonuclease gel
after hybridisation of the PCDHX probe. The autoradiograph was exposed for 2hrs.
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3.5.3 Mapping of wallaby PCDH 13 by FISH

Along with PCDHX, PCDH/ 3 is a member of the cadherin superfamily that are
thought to be involved in cell-cell recognition in the central nervous system. Mouse
Pedhls is expressed in the developing brain along with other protocadherin genes
(Hirano er al., 1999). In humans, PCDH/3 maps to chromosome 13q21 (Yagi and
Takeichi, 2000). It contains only one intron of about 1kb. The mRNA is approximately
4.5kb and codes for a protein of 925 amino acids (NCBI, www.ncbi.nih.gov/IEB/
Research/Acembly). PCDHI 3 is also known to map to mouse chromosome 18, rat
chromosome 18pl2-pl1 and Chinese hamster chromosome 2q17 (Hirano et al., 1999;
Ono et al., 2000),

The clones MeugPCDHX-1.3 and MeugPCDHX-1.4 were labelled with biotin in a
nick translation reaction at 16°C for 4 hours. The labelled probe was precipitated with
40ug of suppressor DNA and 60ug of ssDNA. The biotin labelled probe was hybridised
to tammar wallaby metaphase chromosomes prepared from fibroblast cells. The slides
were pretreated with RNase and pepsin to remove excess RNA and protein. The
hybridisation was conducted at 37°C for 48 hours. After hybridisation, excess probe
was washed off with 50% formamide/50% 2 X S8C at 37°C., Biotin labelled probe that
had hybridised to the target sequence on the metaphase chromosomes was detected with
two antibody layers: a goat anti-biotin followed by a rabbit anti-goat+FITC conjugate.

Signals were consistently detected on the long arm of chromosome 6 for both
Meug PCDHX-1.3 and MeugPCDHX-1.4 (Figure 3.22). PCDH3 is the first gene, from
human chromosome 13 to be mapped in tammar wallaby, and represents a new region
of homology between human chromosome 13 and tammar wallaby chromosome 6.

Secondary signals were also observed near the centromere on the long arm of the
wallaby X chromosome, implying that a related sequence must also exist at this

location, probably another protocadherin gene, and perhaps PCDHX.

3.5.4 Summary

Southern blot analysis of wallaby PCDHX/Y indicated that the wallaby genome
contained only sequences that were poorly homologous. Screening of a male genomic

DNA library yielded no clones that contained PCDHX/Y. However, a related gene,
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Figure 3.22: FISH mapping of a) MeugP( 'DHX-1.3 and b) MeugPCDHX-1.4,Both
clones had hybridisation signals on the long arm of chromosome 6. Secondary
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PCDHTS, was repeatedly isolated and mapped to chromosome 6q. The faint
hybridisation, detected on the Southern blot, may therefore have represented cross
hybridisation to tammar wallaby PCDH] 3.

Human PCDHX maps to a conserved region of the X chromosome (Xq21.3), but
was sugeested to be a recent addition to the human X (Blanco er al., 2000). PCDHY is
present on the Y in gorilla, orangutan and humans, but in no other primates. Blanco
(2000) concluded that there was an X-Y translocation including PCDHY in the earlier
Great Apes. PCDHY was lost from the Y chromosome in the ancestor of the human and
chimpanzee lineages, after divergence from gorilla. PCDHY was then added again to
the human Y chromosome in another X-Y translocation that included all of the Xq21.3 /
Y chromosome homologous region (Blanco er al., 2000). The current copy of human
PCHDY is the third to have existed in the human lineage. The first PCDHY was as a
result of an autosomal addition to both the X and Y, which was subsequently lost from
the Y chromosome (in accordance with the addition-attrition hypothesis): the second
PCDHY resulted from an X-Y translocation in early Great Apes, which was lost in the
human and chimpanzee ancestor; and the third PCDHY was the result of another X-Y
translocation in the human lineage. The similar degree of nucleotide homology between
the introns and exons of the X- and Y-linked copies shows that they have been
separated for only a short period of time. The loss of PCDHY a third time is likely as it
has been lost twice before, never obtaining a selectable male specific function.

Alternatively, it is possible that PCDHY confers a slight advantage to the bearer of
that Y chromosome. The expression of PCDHX/Y in the brain suggested that it could
have a function in this tissue. Although PCDHX and PCDHY were similar in sequence,
the potential difference in control of expression, and the small differences in amino acid
sequence, indicated that they could function differently. Different functions for PCDHX
and PCDHY could cause a sexually dimorphic trait that influences brain phenotype.
This brain phenotype in males could increase their ability to attract a mate (Blanco er
al., 2000),

Cross-species hybridisation to a zoo blot failed to detect PCDHX in rodents,
armadillo or kangaroo (Blanco et al., 2000), reflecting loss or extensive divergence of
the gene between species. However, male: female dosage differences were observed for

rabbit, cow, goat, sheep. pig. horse, lemur and both new and old world monkeys
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implying that PCDHX 1s on the X chromosome in these species (Blanco er al., 2000),
More recently, 1t was shown that there is a PCDHX orthologue in the mouse genome
located on the X chromosome. At the sequence level mouse and human PCDHX share
85% homology. The inability to detect or clone wallaby PCDHX/Y is not surprising
when you take into account that previous attempts to detect PCDHX in armadillo and
kangaroo failed.

The secondary signals on the wallaby X chromosome indicated that there were
PCDH related sequences in this region. The relationship of these sequences to the
MeugPCDHX-1.3 and MeugPCDHX-1.4 genomic clones was unclear. They could have
represented the wallaby orthologue of PCDHX, therefore demonstrating that PCDHX
was a conserved gene on the human X chromosome, contradicting the suggestion that
PCDHX was recently added to the X,

Other than mouse PCDHX, the non-primate gene most closely related to human
PCDHX is a chicken cadherin mRNA, showing 69% sequence homology and 82%
amino acid homology. Over the 144 amino acid coding region, the chicken cadherin
gene also shows 68% sequence homology and 79% amino acid homology to human
PCDHY. Human PCDHX and PCDHO9 show 56% sequence homology and 73% amino
acid homology to each other. The chicken cadherin gene could represent the precursor

to both of these genes in human.

3.6 Tammar wallaby Class Il genes PRY, XKRY and BPY2

PTP-BL Related Y (PRY), XK Related Y (XKRY) and Basic Protein Y2 (BPY2) all
fall into the Class 11 genes defined by Lahn and Page (1997). They have testis specific
expression, no homologue on the X chromosome and are multicopy on the Y (Figure
1.10).

PRY has similarity to PTP-BL (located on an autosome), which codes for a protein
tyrosine phosphatase. It has five exons and four introns, and its 1238bp transcript codes
for a 148 amino acid protein (Stouffs er al., 2001). Different copies of PRY fall into the
deletion intervals responsible for AZFb, AZFc¢ and GBY (Chapter 1). Stronger
candidates have been identified for all of these phenotypes but PRY is yet to be

excluded from playing a role in fertility or gonadoblastoma. XKRY shows similarity to
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XK (located on an autosome). It contains no introns and has a 1579bp transcript that
codes for a putative membrane transport protein of 117 amino acids (NCBI,
www.ncbi.nih.gov/IEB/Research/Acembly). It has a copy that falls into the deletion
interval responsible for AZFb. BPY2 spans 21.2kb of genomic DNA with nine exons
and eight introns. It has a 1201bp transcript that codes for a 101-residue protein (NCBI,
www . ncbi.nih.gov/IEB/Research/Acembly). A copy falls into the AZFc deletion. The

roles of these three genes on the human Y chromosome are unclear.

3.6.1 Southern blot analysis of PRY, XKRY and BPY2

Low stringency hybridisation of heterologous human probes for PRY, XKRY and
BPYZ2 to tammar wallaby genomic Southern blots was used to detect related sequences,
and to determine whether these sequences showed male: female dosage or were male-
specific. Male-specific sequences would identify genes that are located on the Y
chromosome in marsupials, as they are in human. Evidence of male-female dosage
difference would indicate an X-linked locus. Equivalent signals in male and female
lanes would indicate an autosomal location.

Probes for PRY and XKRY were generated by PCR with primers designed from
their respective human sequences (PRY -418f, PRY-1138-r, XKRY-695f and XKRY -
14811) (Appendix I). Human male genomic DNA was used as template to generate the
expected products of 710bp and 780bp respectively. The cycling parameters used were
35 cycles of (94°C, 17/ 51°C, 17/ 72°C, 1) following a 2 minute denaturation at 94°C.,
The products were cloned into the plasmid vector pGEM T Easy and the inserts were
sequenced using the vector primers to confirm their identity. The PCR generated probes
were liberated from their plasmid vectors by digestion for 1 hour at 37°C with the
restriction endonuclease EcoRI.

A 320bp partial human ¢cDNA probe for BPY2 was kindly supplied by Dr, David
Page (Whitehead Institute, Boston, USA). It was liberated from its plasmid vector with
the restriction endonuclease Norl. The inserts were purified from the gel after
electrophoresis on a 1% agarose gel and were radioactively labelled with “P dCTP,

The radioactively labelled inserts were hybridised to tammar wallaby genomic

Southern blots containing male and female wallaby DNA. fully digested with EcoRI
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and Hindlll. The hybridisation was conducted at low stringency (55 C) overnight in
Church’s buffer The Southern blot membranes were then washed at low stringency.

No clear evidence of specific hybridisation was detected for any of PRY, XKRY or
BPY/!. Apparent hybridisation was non-specific, permitted by the low stringency
hybridisation and washing conditions. Thus, Southern analysis did not reveal any
sequences with strong homology to these genes in the wallaby genome. There was no
indication of male-specific bands or male: female dosage difference to suggest genes

that lie on the tammar wallaby sex chromosomes,

3.6.2 Attempts to clone marsupial PRY, XKRY and BPY2

Despite these negative Southern blot results, attempts were made to clone PRY,
XRY and BFPY2 by homologous screening of a wallaby genomic DNA library. The
probes used for Southern blot analysis of PRY, XRY and BFPY2 were used to screen a
male tammar wallaby genomic DNA library. The libraries were screened and washed at
the same low stringency conditions as the Southern blots. Screening at lower stringency
would result in non-specific binding of the probe to the library membranes. No clear
positives were detected, and no clones were isolated from the genomic library for any of
the three genes.

A tammar wallaby pouch young ¢cDNA library was also screened to try and identify
any transcripts of the three genes expressed early in development. These homologous
cDNAs could then be used as probes for the genomic library, which would be more
successful than their human counterparts as they would be 100% homologous to the
target sequence. No clones were isolated for these genes from the pouch young cDNA
libraries, Since PRY, XKRY and BPY2 all show testis specific expression in adult
human, a tammar wallaby testis ¢cDNA library was therefore screened under the low
stringency conditions outlined above. However, no clones were isolated from this

library either.
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3.6.3 Summary

Southern blot analysis of PRY, XKRY and BPY2 indicated that there was poor
homology to these genes in the wallaby genome. Screening of a male genomic DNA
library did not yield any clones,

The three human Y-borne genes PRY, XKRY and BPY2 appeared to have no X-
borne copies, so they fit into Lahn and Page’s (1997) Class 1l genes. Therefore, all three
genes are likely to have arisen recently on the human Y chromosome by (retro)
transposition from an autosome. (Retro)transposed copies often change rapidly, and
therefore appear to be different from their autosomal progenitors, as shown by the
divergence of DAZ from DAZL. This occurs because once on the Y chromosome these
genes are subject to a higher mutation rate (Section 1.4.5 and 1.4.6). Their recent origin
would explain why PRY, XKRY and BPY2 are specific to the human or primate Y, and
why autosomal copies would be undetectable via Southern blot analysis and
homologous screening of DNA libraries. Failure to isolate PRY, XKRY and BPY2 in

tammar wallaby is therefore likely to reflect the rapid divergence of Y -specific genes.

3.8 Discussion of human-wallaby comparisons

Out of the eight human Y-borne genes I attempted to isolate in tammar wallaby,
only one (TB4X/Y) was successfully cloned and mapped. Pseudogenes were isolated for
EIFITAXTY and RPS4X/Y, No clones for PCDHX/Y were isolated, but a related
protocadherin gene (PCDH3) was isolated and mapped, and some indication was
obtained of a related gene on the X. No clones for VCX/Y were isolated, but an
unrelated gene (SMARCF 1) was isolated and mapped.

sSouthern blot analysis of tammar wallaby TB4X/Y revealed a few discrete bands.
There was no indication of gene dosage or male specific bands, suggesting an
autosomal location. Cloning and mapping of wallaby TB4X/Y demonstrated that it was
located on chromosome 5p (Figure 3.23). TB4X and TB4Y are therefore recent additions
to the eutherian sex chromosomes. This was unexpected since 784X maps to Xq21.3 in
human, among genes that are conserved on the marsupial X chromosome and therefore
defined as a part of the human XCR. As a recent addition, TB4X disrupts this conserved

material,
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Southern blot analysis of tammar wallaby RPS4X/Y revealed that there were many
copies of the gene in the wallaby genome. Without clones for the intron containing
copies of RPS4X/Y in tammar wallaby, only tentative conclusions can be made that it
has a copy on the X but not the Y, on the basis of previous Southern blot data. If this is
so, RPS4 was a part of the original proto-X and -Y, but was lost from the tammar
wallaby Y. This is consistent with evidence that in other marsupial species, intron-
containing copies of RPS4X/Y were located on both sex chromosomes (Jegalian and
Page, 1998); it is therefore a conserved gene on the therian X and Y chromosomes. This
suggested that RPS4Y must have a conserved selectable function on the human Y
chromosome,

Fifteen genes shared by the human X and Y chromosomes have been mapped
previously in tammar wallaby by myself and others in the Graves™ lab (Figure 3.23).
Two of these genes, CSF2RA and SLC25A6 (previously known as ANT3), were located
in PAR1 and four in PARZ2. The remaining nine were located in the non-recombining
region of the Y chromosome.

Ubiquitin-specific protease 9. Y chromosome ( USP?Y), previously know as
DFFRY, was shown to play a role in the AZFa phenotype (Sun e al., 1999) and is
therefore likely to be critical for spermatogenesis. It functions as an ubiquitin C
terminal hydrolase and is ubiquitously expressed, an unexpected pattern of
spermatogenesis factors, which are usually gonad-specific. However, in mouse it
showed testis specific expression (Brown er al., 1998). USPY9Y has an X-borne
homologue in human that was mapped to Xpl 1.4 (Jones et al., 1996), USPOY was
classified as a Class I gene (Lahn and Page, 1997).

DEAD/H box polypeptide, Y chromosome ( DBY) has also been shown to play a
critical role in the AZFa phenotype. DBY produces a long transcript that is ubiquitously
expressed, as well as a shorter transcript that is expressed specifically in the testis
(Foresta er /., 2000). It has an X-borne homologue that was mapped to Xp.11.3. DBY
was classified as a Class 1 gene (Lahn and Page, 1997).

USPOX/Y and DBX/Y tammar orthologues were cloned previously as part of work
completed in fulfilment of an Honours degree and subsequently published (Waters e
al., 2001) (Appendix 11), Both mapped to the short arm of chromosome 5 in tammar

wallaby. Five other human Y-borne genes have also been mapped to tammar wallaby
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chromosome 5p: the PART gene CSF2RA and the Class | genes, from the differentiated
region of the human Y chromosome, ZFY, AMELY, UTY and STSP (Waters et al., 2001 ;
Toder and Graves, 1998: Watson er al., 1992b). SLC25A6 was mapped to the long arm
of chromosome 3/4 (Toder and Graves, 1998) (Figure 3.23).

The PAR2 genes HSPRYS and CXYorfl have been mapped to wallaby chromosome
3. IL9R was mapped to wallaby chromosome | and SYBL/ was mapped to the wallaby
X chromosome (Charchar et al. submitted) (Figure 3.23).

[n addition to the 12 genes mentioned above, three genes (SOX3/SRY, SMCX/Y and
REMX'Y) have been mapped to the X and Y chromosomes of tammar wallaby (Foster er
al., 1992; Foster and Graves, 1994; Waters er al., 2001; Delbridge et al., 1999) (Figure
3.23). There has also been a report of a male specific RPS4Y band on an opossum
Southern blot (Jegalian and Page, 1998), indicating that RPS4X/Y is located on the sex
chromosomes of marsupials.

SMCY and RPS4Y both have X-borne homologues and were classified as Class |
genes (Lahn and Page, 1997). SRY and RBMY were both initially classified as Y-
specific Class Il genes (Lahn and Page, 1997) but have both been found to have X-
borne homologues. Thus SRY and RBMY are in fact Class | genes with testis specific
expression and roles in sex-determination and spermatogenesis respectively,

Two genes, ATRX and UBE/X, absent from the human Y chromosome have also
been mapped to tammar wallaby X and Y chromosomes. ATRY is located only on the
marsupial Y chromosome, and has been proposed to represent the ancestral sex-
determining gene (Pask et al., 2000). Ube /v 1s located on the mouse Y chromosome. but
absent from the Y chromosomes of old world monkeys and hominids. Ubelyv is also
located in the X-Y pairing region of the platypus sex chromosomes.

Mapping genes conserved on the therian sex chromosomes in monotremes could
test the hypothesis that the marsupial sex chromosomes represent the proto-sex
chromosomes. A finding that some genes conserved on the therian sex chromosomes
were located on the monotreme X, but that others were located on autosomes, could
mean one of two things. First, the therian X and Y were equivalent to the original proto-
sex chromosomes, and a region was lost from the monotreme X. Conversely, the
monotreme sex chromosomes could have been equivalent to the original proto-sex

chromosomes, and a region was added to the therian sex chromosome.
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The human Y chromosome consists of regions that are conserved with the
marsupial Y chromosome, and regions that are autosomal in marsupials, Genes
conserved on the therian sex chromosomes were mapped in a monotreme (platypus) to
test that hypothesis that these genes were also present on the original proto-Y
chromosome, If they were on the ancient mammalian Y chromosome 170MyBP they
should be on the sex chromosomes in monotremes, whereas if they were acquired by the
sex chromosomes of therian mammals they should be absent from the sex chromosomes
of distantly related mammals.

The mammals most distantly related to thertan mammals are the monotremes. The
platypus, Ornithorvnchus anatinus, was used for these studies because they diverged
from Theria ~170MyBP, and therefore represent a mammalian outgroup to therians. To
determine whether genes shared by the marsupial and eutherian Y chromosome were
part of the proto-Y, or added to the therian Y, human X-Y shared genes were mapped in
the platypus.

ATRX/Y, present on the human and marsupial X, and with a Y homologue in
marsupials is therefore a gene conserved on the therian X(Y). USPYX/Y, which is X/Y
shared in human and mouse, but autosomal in marsupials, and therefore recently added
to the eutherian sex chromosomes. These two genes were mapped in platypus to further
test the hypothesis that part of the human X and Y represent ancient sex chromosomes,

and part a recent addition to the eutherian X and Y chromosomes.

4.1 Platypus ATRX/Y

ATRX (c~thalassemia and mental retardation associated with the X chromosome)
1s a member of a helicase superfamily subgroup that contains genes involved in DNA
recombination, repair and regulation of transcription (Picketts er al., 1998). It spans
280kb of genomic DNA with 36 exons and 35 introns., The ATRX mRNA is
approximately 10.5kb and codes for a protein of 2492 amino acid (NCBI,
www.ncbi.nih.gov/IEB/ Research/Acembly). In humans, mutations in ATRX cause X
linked ci—thalassemia and mental retardation. XY individuals with mutations or
deletions in ATRX also display varying degrees of sex reversal, implicating this gene in

human testis development.
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There 1s no evidence of a Y-linked homologue in human or mouse, but there is a
homologue on the tammar wallaby Y chromosome (Pask er al., 2000). The marsupial
ATRY displays testis specific expression, whereas ATRX is ubiquitously expressed,
Along with the observation that mutations in human ATRX cause sex-reversal, the
gonad-specific expression of marsupial ATRY suggests it is involved in testis
development. Since no male-specific SKRY orthologue can be detected in platypus, it has
been suggested to represent an ancestral testis-determining mechanism that predates
SRY (Pask et al., 2000). The rise of SRY as the primary mammalian male determining
gene may have supplanted the role of ATRY, therefore permitting its demise in eutherian

mammals.

4.1.1 Cloning and characterisation of platypus ATRX/Y

The platypus genomic DNA library was constructed by Dr. Margaret Delbridge and
made available for use. An ARTX probe was amplified from genomic DNA of male
Monodelphis domestica with the primers ATRX(f) and ATRX(r) (Appendix ). To
amplify the expected product, the cycling parameters of a 27 denaturation at 94°C
followed by 35 cycles of (94°C, 1° / 58°C, 1’/ 72°C, 1) and then held at 4°C (Pask e/
al., 2000). A product of approximately 400bp was generated that represented a region of
exon 10, the largest of the ATRX exons,

The M. domestica ATRX probe was radioactively labelled with “P dCTP and
hybridised to a platypus genomic DNA library under low stringency (55°C). The library
membranes were washed at low stringency (557C) and exposed to X-ray film overnight.
Under these conditions five primary clones were isolated from the library. After a
further three rounds of screening two final clones were obtained,

DNA from these final clones was amplified and digested with a variety of
restriction endonucleases for 4 hours at 37°C. Upon digestion, the fragments generated
were separated by electrophoresis on a 0.8% agarose gel. A Southern blot was
performed on this gel, to which the radioactively labelled probe was hybridised under
low stringency. The Southern blot was also washed at low stringency and exposed to X-
ray film overnight (Figure 4.1). Good hybridisation was observed to the final clones
QanaATRX-1 and OQanaATRX-3. They shared both hybridising and non-hybridising

bands. The restriction endonuclease EcoRI generated a hybridising band of about 1.8kb.
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Figured.1: a) Ethidium bromide stained agarose gel of a restriction
endonuclease analysis of platypus ATRX clones #1 and #3. b) Southern blot
of restriction endonuclease gel with the ATRX probe hybridised. The
autoradiograph was exposed overnight,
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An attempt to subclone this hybridising fragment into pBluescriptSK" was unsuccessful.
Shoteun-cloning was therefore attempted on QanaATRX-1 and OanaATRX-3.
Sequencing of the relevant shotgun-clones confirmed that both QanaATRX-1 and
OanaATRX-3 were platypus ATRX orthologues, representing exon 9, part of exon 10
and the intron between them.

Sequence from the two clones was identical and displayed 70-80% homology to
human A7TRX (Figure 4.2). Primers were designed to walk into plasmid clones,
Sequence from the clones stretched from exon 9 through a small intron of
approximately 280bp and into exon 10. An open reading frame was observed across the
entire region sequenced in platypus (Figure 4.2). At the amino acid level 80-85%

homology was observed (Figure 4.3).

4.1.2 FISH mapping of Platypus ATRX

The clones OQanaATRX-1 and OanaATRX-3 were labelled with biotin in a nick
translation reaction at 16°C for 4 hours. 200ng of the labelled probe was precipitated
with 30ug of suppressor DNA, and a further 200ng was precipitated with 60pg of
ssDNA. The biotin labelled probe was hybridised to platypus metaphase chromosome
spreads prepared from fibroblast cells. The slides were pretreated with RNase and
pepsin to remove excess RNA and protein. The hybridisation was conducted at 37°C for
48 hours. After hybridisation excess probe was washed off, Biotin labelled probe that
had hybridised to the target sequence was detected with two antibody layers: a goat
anti-biotin followed by a rabbit anti-goat+FITC conjugate.

Consistent signals were observed near the centromere on the long arm of
chromosome 6. Platypus chromosome 6 contains the nuclear organising region (NOR),
which was frequently differentially contracted causing the two homologues to look
cytologically dissimilar in different spreads. In most metaphase spreads, signals were
observed on only one member of the pair, leading to the initial suspicion that there were
different alleles of ATRX on the two chromosome 6 homologues. This could indicate
that there was a polymorphism of ATRX, perhaps equivalent to an ATRX and ATRY.,
However, in a few spreads three or four signals were observed so this was probably the
result of low hybridisation efficiency (Figure 4.4). The difference in condensation of the

NOR region could have caused differential hybridisation to the pericentric region.

| 4




Chapter 4:

Human X/Y Genes in Platypus

HaapATRX

MougATRX -

HaapATRX
MougATREX

HaapATRX

MaugATRX -

HaapATRX

MetugATRX -3

HaapATRX

MeugATRX -

HaapATRX
MaugATRX

HsapATRX

MougATRX -

HaapATRX

MeugATRX -

HaapATRX

MeugATRX -

HaapATRX

MeugATRY -

HeapATRY

MeugATRX -

HuapATRX
MaugATRY

HeapATRX

MougATRX -

HaapATRX

MeugATRX -

HaapATRX

MeugATRX -

HeapATRY
MeugATRX

HeapATRX

MeugATRX -

HeapATRX
MeugATRX

HzapATRX

MougATRY -

HsapATRX

MougATRA -

HaapATRX

MeugATRA -

HaapATRX

MeugATRX -

HaapATRX

MeugATRX -

HarpATRX
MeugATRX

HaapATRX

MeugATRX -

E|

Exon @
ACCOCTTCATTGCAAGTTCTTATTTGTAAGAATTGCTTTAAGTATTACATGAGTGATGATATTAGCCGTGACTC
- - - AATTGCTACAAATATTACATGAGTEATGACATTAGCCGTGATTC

¥ lxon 0
AGATGGAANTGGATGAACAATGTAGGTGG TG TGCGGAAGGTGGAAACT TGATTTGTTG TGACTTT TGCCATAAT
TOATGOAATGGATGAACACTOTAGATAGTGCGUGCGAAGGTGEAMMCTTCGATT TETTGUGACTTCTGCCATAAT

GETTTCTGCAACAAATGCATTCTACGCAACCTTGGTCGAAAGGAGTTGTCCACAATAATGGATGAAAACAACT
GCOTTOCTGCAAAAAATGCATTTTCGCGTAACCTOGOCCOAAAAGAGUTGTCOOCCATAATGGATGAAAACAACT

AATGOTATTOGCTACATTTGTCACCCAGAGCCTTTGTTGOACTTGGTCACTGCATG TAACAGUGTATTTGAGAA
AATGGTATTGOTACATTTGCCACCCAGAGCCTTTACTGGACT TGGTCACTGUCTGTGACAGCG TG TTTGAGAR

TTTAGAACAGTTOTTGCAGUAAAATAAGAAGAAGATAAAAGTTOACAGTEAAAAGAGTAATAAACTATATOAA
TTTAGAACAGTTATTGCAGCAGAGCAAARAAGAAGATCAAAGT TGAARACGAAAAGAGTARTAAARTCTATGA -

CATACATCCAGATTTTCTCCAAAGAAGACTAGT TCAAATTATAATAGOAGAAGANAACGAARTTAGATGATTCOT
TGCGCACAAATTCTCTCCAAAGAAAAATAATCCAAATTGTAATGGAGAAGAAAARAARTTCARCGATTCTT

GTTCTGACTCTUTAACCTACTCTTATTCCGCACTAATTGTGCCCAAAGACATOGAT TAAGARGGCAAAAAAACT
ACTCTGGCTCCATAACT TACTCTTACACAGCACTCGTGGTGCCAAAAGACATGC TTAAAAAGGCAAAAAAACT

GATTGAGACCACAGCCAACATGAACTCCAGT TATGTTAAATTTTTARAGCAGGCAACAGATAATTCAGAAATC
GATCGAAACCACAGCGAATATGAACTCTAGTT TTGTAAAGTTTTTGAAGCAAGCGGCCGATAATTCGGAATTG

AGTTCTGCTACAAAATTACGTCAGCTTAAGGCTTTTAAGTCTGTGTTGGCTGATATTAAGAAGGCTCATCTTG
AACTCAAACGTGAAACTCCGCCAGCTOAAAGCGTTTAAATCCATTTTCGAGTOACATCAACAAGGCOCACCTON

CATTGGAAGAAGACTTAAATTCCGAGTTTCOGAGCOATGGATGCTG TAAACAAAGAGAAAAATACCAAAGAGCA
COTTAGAAGATACTCTAAATT TGOAGATTCACGCTTTGGATGTTCAAAGCAAGOAGAAAACTACCAAAGAGCE

TARAGTCATAGATGCTAAGTTTGAAACAMAAGCACGAAANG - -GAGAAAAACT - TTATGC TTTGEAAARACAAG
TOAAACCOAAMATACTARACCAGAAACTGAAGCAAAAAAGO TAGAGAAAAACCACTGTGAGTCAGAAGACARG

GATATTTCAAAGTCACGAAGC TAAACTTT CAAGAAAACAGGTACATAGTGAGCACATGCATCAGAATGTTCCAR
AGCACGCCCARGTTACACGAGAAACCOGTCOGGARAR - - -GGCTCATCCTGAGACCACGGATCGGAGTGCTCCGE

CAGAGCAACARAGAACARATAAAAGTACCOGTCGTGAACATAAGAAATC TGATACAAAAGAAGAACCTCAATA
GAGGGCCCAARGCGGGAAGCAAGAGCACCAGT CGCGAAGACAGGAAATCCGAATTCAAACGARGAGCCGCAGTA

TGAACCTGCCAACACTTCTGAAGATTTAGACATGGATATTGTGTCTGTTCCTTCCTCAGTTCCAGAARGACATT
TEAGCCAGCCAACACTTCOGAGGCUTTAGACATGOACATTGTGTCTATCCCTTCTTCAGT CCCCUAAGATATC

TTTGAGAATCTTGAGACTGCTATGGAAGT TCAGAGTTCAGTTGATCATCAAGGGEATGGCAGCAGTGEAACTG
TTCGAGAATCTOGAGTCOGCTATACAAGTCCAGACTGCCGCAGAT TTTCACGGCOACOGCGATAGCGOAACCE

AACAAGANGTGGAGAGTTCATCTGTAARAT TARATATTTCTTCAAAAGACAACAGAGEAGGTATTAAATCAAAR
AACOCOTCACAGAGAGCCCOAC AAAATCCAACGCGGCTTCCAGAGACACGCAGAGGCAGTATCAAGTTAAR

AACTACAGCTAAAGTAACAAAAGAATTATATGT TAAACTCACTCCTOTTTCCCTTTCTAATTCCCCAAT TAAA
ACCCACGGCARAAGTAACCAAAGAACTGTATGTTAAATTAACTCCCGTTTCCCTCTCTGATTCCCCAGTCAAA

GOTCCTGATTGTCAGGAAGTTCCACAAGATAAAGATGGCTATAAAAGT TG TGCTCTGAACCCCARG T TAGAGA
GCCACCGAATGTCAGGATG TG TCGCAAGAAAAGGAAGATGACCAGAATCCCGCTGCTACTCCCAAGTCCGAGA

ARTOTGGACTTGGACAGGARAAC - - - - - - AGTGATAATGAGCATTTGGTTGAAAATGAAGTTTCATTACTTTT
ACGGCGUGCOGEEAMMAGAARGCCATAGCACTGATGACGAGCCTTCAGTTGAGAATGACGT TCCCTOTTTGET

AGAGGAATCTGATCTTCGAAGATCCCCACGTGTARAGACTACACCCTTCGAGGCGACCOGACAGARACTARCCCT
GOAGGAACCTGACCTCAGGAGCTCLCCOCOGGAETCAAGACCACTCCOT TAAGCGCAGCAGOLCOAAAATCAATCCA

GTAACATCTAATTCAGATGAAGAATGTAATGAAACAGTTAAGGAGAAACAAAAACTATCAGTTCC - - - - - - AG
GTGACATCCAACTCTOAAGAGGAAGGUCACGACGCOTACAACGAGAAACGTAAACOGAAGCCOCCCOGOOUAGH

TGAGAARAAAGGATAAGCGTAATTCTTCTGACAGTGETATAGATAATCCTARGCCTAATAAATTGCCARAATC
TAAACGAAAAAGGACAAACGCOGOTTCTTCGGAGUTCACOATGOGTAGCCCTAAACCOAACAAGCAGCCTAGATC

TAAGCAATCAGAGACTGTGGATCAAAATTCAGATTCTGATGAARTGC TAGCAATCCTCAAAGAGGTGAGCAGE
CAAACCOGCTAGAACCTOTAGATCAGAGTTCAGATTCCGACGACATGCCCGCCGTCCTCAAGOAGGTUCGCCATG

ATGAGTCACAGTTCTTCTTCAGATACTGATATTAATGAAATTCATACAAACCATARGA - - - - - - CTTTGTATG
ATGAGTCACAGTTCCTCC - - -GACACCGATGCCCACGAAACCCAGGOCAGGE TTGAGAAGGCCACTTCGGE TG

ATTTAAAGACTCAGGCGGGGAAAGATGATAAAGGAARAAGGAAACGAARAAGTTCTACATCTGGOTCAGATTT
ACCCARAGAGCGAGGCCCTGAAAAGCGACAAAGOAAAGUGARAAAAGGAANAGCTCCACTCC - -GTTCGGATT -

Figure4.2: Sequence alignment of human and tammar wallaby ATRX exon
sequence. An open reading frame was observed across the region sequenced. The
intron between exons 9 and 10 is 284bp. The position of this intron is conserved
between species and
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HsapATRX CENCFKYYMSDDISRDSDCGMDEQCRWCAEGGNLICCDFCHNAFCKKCILRNLGRKELSTI
OanaATRX/Y - -NCYKYYMSDDISRDSDGMDEQCRWCAEGGNLICCDFCHNAFCKKCILRNLGRKELSAT
HeapATREX MDENNQWYCYICHPEPLLDLVTACNSVFENLEQLLOONKKKIKVDSEKSNKVYEHTSRES
OanaATRX/Y MDENNOWYCY ICHPEPLLDLVTACDSVFENLEQLLOQSKKEMEKVENEKSNEIYDAH - KFS
HsapATRX PEKTSSENCNGEEKKLDDSCSGSVTYSYSALIVPKEMIKKAKKLIETTANMNSSYVEFLEQ
OanaATRX/Y PKKNNANCNGEEKKFNDSYSGSITYSYTALVVPKDMLKKAKKLIETTANMNSSFVKFLKQ
HeapATRX ATDNSEISSATKLROLKAFKSVLADIKKAHLALEEDLNSEFRAMDAVNKEKNTKEHKVID
OanaATRX/Y AADNSELNSNVELROLKAFKSVLSDIKKAHLALEDGLNLEIQALDVOSKEESTEERETEN
HsapATRX AKFETKARKGEK-PCALEKKDISKSEAKLSRKQVDSEHMHONVPTEEQRTNKSTGGEHKK
OanaATRX/Y TKPETEAKKVEENHCESEDKSTPKLHEKPSEK-AHPETTDRSAPGGPKAGESKSTSREDRK
HeapATRX SDREEEPOYEPANTSEDLDMDIVSVPSSVPEDIFENLETAMEVQSSVDHQCGDGSSGTEQE
OanaATRX/Y SNENEEPQYEPANTSEALDMDIVSVESSVPEDIFENLESAMEVOSAADFQGDGGSGTERVY
HsapATRX VESSSVEKLNISSKDNRGGIKSKTTAKVTKELYVKLTPVSLSNSPIKGADCQEVPODKDGY
OanaATRX/Y TESP-TKSNAASRDSRGEIKLEKATAKVTKELYVEKLTEVELEDSEVEKATECQDVEQEKEDD
HzapATREX KSCGLNPKLEKCGLGQE - -NSDNEHLVENEVSLLLEESDLRRSPRVETTPLRRFTETNPV
OanaATRX/Y ONPAATPKSENGAPGKESHSTDDEPSVENDVPCLVEEPDLRRSPRVKTTPLRROAENNPV
HsapATRX TSNSDEECNETVKEKQKLSVP- -VRKKDKRNSSDSAIDNPKPNKLPKSKQSETVDONSDS
DanaATRX/Y TSNSEEEGHDAYNEKRKRKPPCOVKKKDKRGSSEVAMGS PKPNKOPREKPLEAVDOSSDS
HsapATRX DEMLAILKEVSRMSHSSSSDTDINETH- - TNHKTLYDLKTOAGKDDKGKRKRKSSTSGSD
QanaATRX/Y DEMPAVLEKEVAMMSHSSS -DTDAHETQGRVEKATSGDPKSEALKSDKGKRKRKESSTE - - -
HsapATRX FDTKKGKSAKSSIISKKKRQTQSES

OanaATRX/Y FE----===csccsaasmae=r-----

Figure 4.3: Amino acid alignment of platypus and human A7TRX.
Conservative changes are highlighted in yellow. Semi-conservative
changes are highlighted in blue.
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OanaATRX-1

OandaATRX-3

Figure 4.4: FISH mapping of platypus ATRX clones OanaATRX-1 and OanaATRX-3.
Signals were observed on the long arm of chromosome six. The chromosomes were
counterstained with DAPL.
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There were no signals on the platypus X chromosome, or on platypus chromosome

|, the chromosome to which XAR genes map.,

4.1.3 Summary

Screening of a male platypus genomic DNA library, with a M. domestica ATRX
PCR product, yielded two clones that contained ATRX/Y orthologues. The two clones
displayed 70-90% sequence homology to human ATRX, Both clones were mapped by
FISH to the long arm of platypus chromosome 6. ATRX/Y was therefore not conserved
on the sex chromosomes of all three mammalian groups. and constituted the first
exception to the rule that genes conserved on the eutherian and marsupial sex

chromosomes are also C()I'IHCI‘VL‘[I on the monotreme sex chromosomes.

4.2 Platypus USP9X/Y and DBX/Y

Two Class I genes shared by the human X and Y chromosomes are USP9X/Y and
DBX/Y. Their position on the human X (Xpll.4 and Xpl1.3 respectively) and their
location on tammar wallaby chromosome 5p leads to the expectation that they should be
located on an autosome in platypus.

USPYY has been shown to play a role in the AZFa phenotype (Sun er al., 1999),
USPOX spans 342kb of genomic DNA with 50 exons and 49 introns. Its transcript is
7.2kb and codes for 1367 amino acid protein (NCBI, www.nebi.nih.gov/IEB/Research
[Acembly).

DBY has also been shown to play a critical role in the AZFa phenotype. DBY
consists of 17 exon and 16 introns, It produces a long transcript (4.4kb) that is
ubiquitously expressed, as well as a shorter transcript (2.3kb) that is expressed
specifically in the testis (Foresta er al., 2000),

USPOY and DBY, along with UTY, form a syntenic homology region shared
between the human, cat and mouse Y chromosome (Murphy er al., 1999, Mazeyrat et

" intervals.

al., 1998, all of which fall within both the human AZFa and the mouse ASyr
The tammar wallaby orthologues of these three genes also cluster together on

chromosome Sp (Waters et al., 2001).
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4.2.1 Attempts to clone platypus DBX/Y

A full length mouse DbAx cDNA. kindly supplied by Dr. M. Mitchell (INSERM
Unite 406, Marseille, France: GenBank accession number NMO10028), was used as a
probe in an attempt to isolate the platypus orthologue from a male genomic DNA
library. The mouse ¢cDNA was radioactively labelled with P dCTP and hybridised to a
platypus genomic DNA library at 55°C, The membranes were washed at 55°C and
exposed to X-ray film overnight. Under these conditions six primary clones were
Isolated from the library; however, after a further three rounds of screening no final

clones were obtained.,

4.2.2 Cloning and characterisation platypus USP9X/Y

A full-length mouse Usp9y cDNA kindly supplied by Dr. M. Mitchell (INSERM,
Marseille, France; GenBank accession number NMO009481) was used as a probe in an
attempt to isolate the platypus orthologue from a male genomic DNA library. The
mouse Usp9x ¢cDNA was radioactively labelled with P dCTP and hybridised to a
platypus genomic DNA library under low stringency (55°C), The membranes were
washed at 557C and exposed to X-ray film overnight. Under these conditions six
primary clones were picked from the library. After a further three rounds of screening
four final clones were obtained.

DNA from these final clones was amplified and digested with a variety of
restriction endonucleases. The digestions were conducted at 37°C for 4 hours. The
fragments generated were separated by electrophoresis on a 0.8% agarose gel, upon
which a Southern blot was performed. The UspYy cDNA probe was hybridised to this
Southern blot under the same conditions used to isolate the clones from the library. The
Southern blot was exposed to X-ray film for 2 hours and 30 minutes. The restriction
analysis revealed that QanaUSPYX-1, OanaUSPY9X-4 and OanalUSP9YX-5 shared
hybridising and non-hybridising bands, indicating that they were three different but
overlapping clones (Figure 4.5). The remaining clone showed poor hybridisation of the

¢DNA probe (Figure 4.6).
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OanalUSPYX-1 OanalUSP9X-4 OanaUSP9X-1  QanalUSP9X-4

] 23456788910/12345678910 | 234567880101123456788910

.ln: _pra
nﬂm“ﬂ
@

b)
Lane Restriction enzymes [Lane Restriction enzymes
] Sall § Sall Xbal
2 FeoRl 7 Sall Xhol
3 Xbal 8 EcoRl] Xbhal
2! Xhol 9 LeoRl Xhol
5 Sall LeoRl 10 Xbal Xhol

Figured.5: a) Ethidium bromide stained agarose gel of a restriction
endonuclease analysis of platypus USPYX clones #1 and #4. b)
Southern blot of restriction endonuclease gel with the USPYX probe
hybridised. The autoradiograph was exposed for 2Zhrs and 30mins.
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OanalUSP9X-3 Oanal/SP9X-5 OanaUSP9X-3 OanalUSP9X-5
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LLane Restriction enzymes Lane Restriction enzymes
I Sall §) Sall Xbal
2 EcoRl 7 Sall Xhol
3 Xbal 8 FEcoRl  Xbal
-+ Xhol 9 EcoRl  Xhol
3 Sall EcoRl 10 Xbal Xhol

Figured.6: a) Ethidium bromide stained agarose gel of a restriction
endonuclease analysis of platypus USPYX clones #3 and #5. b)
Southern blot of restriction endonuclease gel with the USPYX probe
hybridised. The autoradiograph was exposed overnight.

HeapUSPaX TGCGAACGAGAGCAAAGAGCCAGATCGACCAACATGCTCCAGATCGAACATGAGTCGCCTCCAC
Oanalsp9x = —=====-===----- GAACCSGATGACCAAGAGGCCCCAGATGAACACGAATCCTCTCCAC
HsapUsPaX CTGAAGATGCCCCATTGTACCCCCATTCACCTGGATCTCAGTA- TCAACAGAATAACCAT
Oanalsp9x CAGAAGATGCGCCAATTATATCCCATTC - CCTGGATCCCAGTAATCAGCAG

Figured.7: Sequence alignment of human and platypus /SPYX, exon 46 . This
region is translated in human and an open reading frame is present in platypus.
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A ~400bp hybridising fragment, generated by EcoRI from OQunalUSP9X-4 was
subcloned into pBluescriptSK" and sequenced using the plasmid primers. Sequencing
revealed approximately 90% homology to exon 46 of human USPYX, which was
approximately 100bp. Qanal/SPY9X-4 showed homology to the entire exon with
homology falling away in the introns on either side. Exon 46 is part of the 3
untranslated region (Figure 4.7). OanalUSP9X-4 was therefore confirmed as containing
platypus USPYX/Y. The overlapping clones Qanal/SP9X-1 and QanaUSPYX-5 shared
the hybridising fragment from Qanal/SP9X-4 that was sequenced to confirm its
identity, Therefore, all three clones contained exon 47. In addition, QanaUSP9X- |
contained larger hybridising fragments that were not subcloned. These fragments may
have contained sequence from a different exon of USPYX. However, attempts to
subclone and sequence these fragments were unsuccessful.

Attempts to map platypus USP9X/Y by FISH were unsuccessful. No signals were

consistently observed on any platypus chromosome,

4.2.3 Summary

Attempts to clone DBX/Y were unsuccesstul, but attempts to clone platypus
USPYXTY yielded three overlapping clones that all contained USP9X/Y, Fish mapping
was unsuccessful and no conclusion could be made about its evolution in light of its

human, tammar wallaby and platypus locations.

4.3 Conclusions

Cloning genes in platypus has traditionally proven to be difficult. The monotreme
genome contains many repeats of MON-1, a monotreme specific Core-SINE element.
Previous attempts to clones platypus genes by myself and others have resulted in
isolation of these elements (P. Kirby, N, }iI-Mnglmrhu;l, personal communication),

ATRX/Y lies on the sex chromosomes of eutherians and marsupials. It has a copy
that lies on the long arm of the human X, among other genes that are shared by the X in
all mammals. ATRX/Y was therefore expected to be located on the monotreme X. It has

a copy on the X as well as the Y in marsupials. The gonad-specific expression of
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marsupial ARTY, as well as the sex-reversed phenotype of humans with mutant ATRX,
suggested that it might have once served as the mammalian testis-determining gene,
before the differentiation of SKY. Since platypus lacks a male-specific SRY, it was
suggested that ATRY serves a testis determining function in platypus.

It was therefore surprising to find that platypus ATRX was located, not on the sex
chromosomes, but rather on chromosome 6. This immediately contradicted the
hypothesis that ATRX determines sex in monotremes. It also implied that part of the X
conserved region is not conserved on the monotreme X.

This finding was supported by the recent mapping of REMX and CDX4 (conserved
on the sex chromosomes of therian mammals) to platypus chromosome 6 (M.
Delbridge: J. Deakin, personal communications). In addition, the SOX35 gene, which
was the ancestor of the sex-determining SRY, was also determined to be autosomal in
platypus (Pask, 1999; Western, 1999), although there are now doubts about the correct
identification of this member of the large SOX gene family (Kirby, 2002),

These result implied that the ATRX-REMX-CDX region was either not part of the
ancestral mammalian sex chromosomes, or that it was originally part of the ancestral
mammalian sex chromosomes, but was subsequently moved to an autosome in the
monotreme lineage. The question of where this cluster of genes was located in the
mammalian ancestor was particularly interesting because two of the genes in the region
have important male-specific functions in human, RBEMX has a Y -linked homologue in
eutherians and marsupials that is crucial to male spermatogenesis. ATRX has a Y-linked
homologue in marsupials that may play a role in the sex-determining pathway. Did
these genes arrive more recently on the sex chromosomes of the therian ancestor and
acquire their roles in sex and reproduction, perhaps replacing more ancestral
mechanisms, after the divergence of monotremes 170MyBP? If so, this would subdivide
Stratum 1 (Lahn and Page, 1999) into two evolutionarily distinct regions. Alternatively,
could a region of the X, carrying these genes, have been moved to an autosome In
monotremes? A more likely scenario 1s that the region was moved to an autosome at a
time when the proto-X and -Y were still homologous over this region, so that loss from
the monotreme X represented a PAR to autosome translocation,

Gene mapping in a vertebrate outgroup was necessary to answer this question.

Chicken represents the reptile-bird lineage from which the mammalian ancestor
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diverged about 310MyBP. Thus attempts were made to clone and map the chicken
orthologues of ATRX, SOXS and REMX, as well as GOPD, a gene conserved on the X

chromosome of all mammals.
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Chapter S: Comparative Mapping of Human X- and Y-

linked Genes in Chicken
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Twelve genes from the human X chromosome have been located on the X in
marsupials and monotremes (Wilcox er al., 1996; Wrigley and Graves, 1988b; Watson
et al., 1990). They defined a conserved region encompassing the entire marsupial X,
and the long arm and proximal short arm of the human X, This region was hypothesized
to represent the original autosomes from which mammal sex chromosomes evolved.
However, there are a number of genes on human Xp that are autosomal in marsupials
and monotremes. This region was therefore added to the eutherian sex chromosomes
after the divergence of marsupials 130MyBP. It was therefore concluded that the human
X chromosome consisted of a conserved region (XCR) shared by the X in all mammals,
and recently added region (XAR). However, it now appears that at last a part of the
region shared by human Xq and the marsupial X is not on the X in monotremes.

The finding that ATRX, REMX and CDX4 (all conserved between the human and
marsupial sex chromosomes) resided on chromosome 6 in platypus, and that FMR/,
HPRT and PGK were also autosomal platypus, suggested that this region may represent
an addition to the X chromosome in the therian lineage after the divergence of
monotremes. Or, it may represent a region lost from the X in the monotreme lineage,
and retained by the X in the therian linage. Thus it was important to distinguish between
these two hypotheses by mapping some or all of these genes in an outgroup.

The division of the human X chromosome into two regions (XCR and XAR) with
an independent evolutionary origin has been confirmed by reference to an outgroup,
Chicken was chosen as an outgroup because birds/reptiles are the closest vertebrate
relatives of the mammals, The bird/reptile lineage diverged from mammals
approximately 310MyBP, whereas mammals diverged from amphibians and fish
360MyBP and 400MyBP respectively. Chicken was the obvious choice as a model bird
because they have the best studied genome of all birds and reptiles.

Three genes from the human XCR have been mapped in chicken and all map to
chromosome 4p. Genes from the XAR are located on chicken chromosome | (Figure
>.1). This confirmed that XCR and XAR were both present intact, but separate, in a
common ancestor of mammals and reptiles/birds 310 MyBP,

However, these results do answer the question of whether the XCR is composed of
more than one evolutionary unit, because there are no human XCR genes (on the X in

all mammals) that have been mapped in both platypus and chicken, None of the genes

156



Chapter 5:

SCMLR
ZFX
NROBI
o1

PGKI
BTK
CUL4B
UBEZA

HPRTI]

Chicken

chromosome |
7N

Human X/Y Genes in Chicken

SCMLR
ZFX
NROB]
oTC

Human X chromosome

XAR

XCR

Chicken
chromosome 4

PGK]
BTK
CUL4B

UBE2A
HPRTI

Figure 5.1: Location of human X gene in chicken. Human XCR genes (red) are
located on chicken chromosome |. XCR genes (blue) are located on chicken

chromosome 4.,
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that have been mapped to the platypus X chromosome (GOPD, RCP, AR, GDX, UBEITX,
PLP, IF9, I'S, GATAI, ALAS2, P3 and (GLA) have been mapped in chicken, and none of
the XCR genes mapped in chicken (BTK, CUL4B and UBE2A) have been mapped in
platypus. Since no genes have been mapped in both monotremes and birds, the ancestral
origin of the genes missing from the monotreme X is unknown. A finding that the
cluster of genes on platypus chromosome 6 lays on chicken 4p would favour the loss of
this region from an original mammal XCR. A finding that these genes lay in a separate
cluster in the chicken would imply that the region was independently added to the sex
chromosomes later in the therian lineage.

To answer this question, attempts were made to clone and map orthologues of three
human X-Y shared genes (ATRX/Y, SOX3/SRY and REMX/Y) in chicken. SOX3 was
chosen because of its status as a gene conserved on the therian X and the importance of
its Y-linked homologue (SRY) in the evolution of the therian Y chromosome. RBMX
was chosen also because of its status as a conserved gene on the therian X and the
importance of its Y-linked homologue (RBMY) in the evolution of the therian Y
chromosome. In addition, G6PD was chosen for mapping in chicken because of its

location on the platypus X, as well as marsupial and eutherian X (Watson ez al., 1990).

5.1 Chicken G6PD
Glucose-6-phosphate-dehydrogenase (GOFPD) is an X-specific gene that maps to the
long arm of the human X and lies on the X chromosomes of all eutherians, marsupials
and monotremes (Watson ¢r al., 1990, Dawson and Graves, 1984), It spans 16kb of
cenomic DNA with 13 exons and 12 introns. The G6PD mRNA is 263 1bp and codes

for a 545 amino acid protein (NCBI, www.ncbinih.gov/IEB/Research/Acembly),

5.1.1 Cloning and characterisation of chicken G6PD

A partial human GOPD ¢cDNA (Persico et al., 1986) was used as a probe to screen
the chicken female genomic DNA library. The G6FPD insert was liberated from its
plasmid vector by digestion with the restriction endonuclease LcoRI for 1 hour at 37°C,
The insert was separated from the vector by electrophoresis on a 1% agarose gel, and
the band was excised and purified. 100ng of the G6PD probe was radioactively labelled

with “P dCTP and hybridised to a female genomic DNA chicken library under low
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stringency (55°C). The library membranes were washed at 55°C and exposed to X-ray
film overnight.

Under these conditions five primary clones were isolated from the library. After a
further 3 rounds of screening all five were purified to final clones. Three final clones
were isolated from primary clone #1 and two final clones were isolated from primary
clone #2. DNA was amplified from all of the final clones and digested with a variety of
restriction endonucleases for 4 hours at 37°C. The fragments generated by the digests
were separated on a 0.8% agarose gel and a Southern blot was performed. The
radioactively labelled GO6PD probe was hybridised to this Southern blot overnight at
557C and then washed at 55°C. The Southern blot membrane was exposed to X-ray film
overnight (Figure 5.2). All three final clones from primary clone #1 had identical
restriction patterns, whereas the two final clones from primary clone #2 were different
from each other and from the final clones isolated from primary clone #1. Good
hybridisation to the G6PD probe was observed to all of the final clones that were
Isolated.

GealGoPD-1.1 was selected for shotgun-cloning to confirm its identity.
sSequencing of the relevant recombinant shotgun-clones and a nucleotide blast search
revealed 90% sequence homology to part of the | 59bp exon 6 of human GoPD (I‘igun.:
5.3). However, this exon in chicken was tandemly repeated at least 11 times, and
showed good homology only at the end of the exon. The good hybridisation of the
GOPD probe to GgalG6PD-1.1 was probably due to the tandem repetition of exon 6.
However, the possibility that a complete, translatable copy of exon 6 was present in the
clone could not be excluded. Unsuccessful attempts were therefore made to sequence
this clone further to find a complete exon 6. Attempts to map this clone to chicken
metaphase spreads were made, but these were unsuccessful. Time constraints restricted

the characterisation of other chicken GG6PD clones.

5.2 Chicken SOX3/SRY

SOX3 and SRY are located on the human X and Y chromosome respectively, Both
are conserved on the sex chromosomes of eutherians and marsupials, demonstrating that
they have existed on the mammalian sex chromosomes at least since the divergence of

these two Iincugcﬁ | 30MyBP.
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Clones #'s Clones #'s
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Figure5.2: a) Ethidium bromide stained agarose gel of a restriction
endonuclease analysis of chicken G6FD clones. Each clone was
digested with EcoRI, Sall and EcoR1/Sall respectively. b) Southern blot
of restriction endonuclease gel with the G6PD probe hybridised. The
autoradiograph was exposed overnight.
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HsapGaPD GATAGGCTGCAACCGCATCATCGTGGACGAAGCCCT TCGGGAGGGACCTGCAGAGCTCTGA

GORIGEFD = ==csmsszecca=- XL L P e R R R LR CATGGTGCTCAGS

HaapG&FPD oGO TG T CCAACCACA T TCCTCCC TG T TOCGTGAGGACCAGATCTACCGCATCGACCA

GgalGaPkD TATGGGATCC TATAGCGGCCOTATAACGGCOC -TATAGATAACAGGGACAGCATGGACCA
gy D H
Stop

HzapGePD CTACCTGGGCAAGGAGATGGTGCAGAACCTCATGGETGCT

GgalGePD CTACCTCGGCAAGGAGATGGTGCAGAGCCTCATGETECT

Y L, 6 K EM V @ &8 L M V

Figure 5.3: Exon 6 (159bp) of human G6PD aligned to the 112bp repeated unit of
in GgalGOPD-1.1. This repeat ocurrs at least 11 times in GgalG6PD-1.1. Amino
acid sequence is shown where there is homology. No amino acid homology was
observed outside this region. An in-frame stop codon was observed and is
indicated.
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SOX3 is a member of the SOX group B family and in the mouse embryo it is
expressed in the central nervous system, as well as briefly in the genital ridge
(Collignon et al., 1996). It is intronless, and its1.39kb transcript codes for a 446 amino
acid protein. SOXJ5 orthologues were cloned from platypus and mapped to a small
autosome that is a member of the group of cytogenetically indistinguishable
chromosomes 7-11 (Pask, 1999); however, the identity of this SOXB gene in now not
certain (Kirby, 2002),

SRY, the dominant testis-determining factor (TDF) in eutherians, is thought to have
evolved from SOX3 by truncation outside the HMG box. As for SOX3, SRY s
intronless, and its 897bp transeript codes for a 218 amino acid protein (NCBI, www.,
ncbi.nih.gov/IEB/Research/Acembly). Although it was originally classified as a Class 11
gene by Lahn and Page (1997), the discovery of an X-borne homologue (Foster and
Graves, 1994) showed that it was, after all, a Class [ gene. Despite many attempts, no
male-specific SRY has been identified in platypus. Because the progenitor of SRY
(SOX5) has not been identified and mapped in platypus, the origin of SRY is unclear.

There is no sex-specific SOX/SRY in chickens, SOX3 has been cloned and
sequenced (Kamachi er al., 1998) but not mapped. To determine the location of the
ancestral SRY in chicken, SOXJ3 (rather than the very variable SRY) was cloned and

mapped in chicken.

5.2.1 Cloning and characterisation of chicken SOX3

A SOXJ probe was amplified from tammar wallaby male genomic DNA using the
degenerate primers SOX3f and SOX3r. To amplify the expected product of 900bp. the
cycling parameters used were 30 cycles of (94°C, 307 / 51°C, 307" / 72°C, 30™")
following a 2 minute denaturation at 94°C, The product was subcloned into pGEM T
asy so it could be easily amplified and used as a probe to isolate SOXS from a female
chicken genomic DNA library. A library was constructed using DNA from female
chicken tissue (section 2.3.1). Because females are the heterogametic sex in birds a
male chicken genomic DNA library would lack representation of the W chromosome.

The SOX3 probe was radioactively labelled with “P dCTP and hybridised to a
female chicken genomic DNA library overnight under low stringency (55°C), The

library membranes were washed at 55°C and exposed to X-ray film overnight. Under
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these conditions six primary clones were picked from the library. After a further three
rounds of screenimg, at the same stringency. four final clones were isolated.

DNA from the final clones was amplified and PCR with two different primer sets
was performed. The first primer set, SOX3-HMG(f) and SOX3-HMG(r) (Pask, 2000),
amplified the HMG box from group B SOX genes. The second primer set, SOX3(f) and
SOX3(r), amplified SOXS specifically. To amplify the expected products of 300bp
(HMG box) and 900bp (§0OX5) the cycling parameters of a 27 denaturation at 94°C
followed by 30 cycles of (94°C, 307" / 51°C, 30" / 72°C, 30"") followed by 72°C for
10" were used. The reactions were subjected to electrophoresis on a 1% agarose gel,
Under these conditions products of the expected size were amplified for GgalSOX3-4
and GgalSOX3-5. No products were amplified for GegalSOX3-1 and GealSOX3-2
(Figure 5.4),

The products were subcloned into pGEM T Easy and the inserts sequenced using
the vector primers. A nucleotide blast search revealed that GealSOX3-4 and GealSOX3-
5> were both chicken SOXS. The 900bp PCR products displayed 99% homology to the
chicken sequence in the NCBI database; the few differences are located in the primer-
binding region at the degenerate nucleotide positions (Figure 5.5). An open reading
frame across the entire sequence was observed and there was 100% homology at the

amino acid level (Figure 5.6).

5.2.2 FISH mapping of chicken SOX3

CrealSOXS-5 was labelled tor 4 hours and 30 minutes in a nick translation reaction
with biotin, 200ng of the labelled probe was precipitated with 10ug of suppressor DNA
and a further 200ng of the labelled probe was precipitated with 60ug of ssDNA, The
two precipitation reactions containing the biotin labelled probe were hybridised to
female chicken metaphase chromosomes prepared from fibroblast cells. The slides were
pretreated with RNase and pepsin to remove excess RNA and protein. The hybridisation
was conducted at 37°C for 48 hours. After hybridisation excess probe was washed off at
37°C. After washing, biotin labelled probe that hybridised to the target sequences was
detected and visualised as described in section 2.5.4,

Under these conditions consistent signals were observed on the short arm of

chromosome 4 (Figure 5.7), near to the location of other genes from the conserved
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Figure5.4: PCR of SOX3 chicken clones #1,2,4 and 5. Tammar wallaby
SOX3 genomic clones were used as positive controls. Negative control A
was a Monodelphis domestica REMX genomic clone and negative
control B contained no DNA.
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[CCCATGAACGGGTTTCATGGTGT| SOX3(F) =i

l/\l(/\/"\( STTYATGQ TDTGGTCCCGE| SOX3-HMG([) —
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Xenopus
Ggal&S0X3-5
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GgalS0X3-5
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Xenopus
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Emu
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Emu
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Figure 5.5:

E:bmiﬁaf:cr TTTATGGT T TGGTCCCGLGECCAGCGAAGARAGATGGLCCAGGAGAACCCCAA]
GAACGCCTTTATGGTTTGGTCCCGGGECCAGCGECGGAAGATGGCCCAGGAGAATCCCAA
GAACGCCTTTATGGTTTGETCCCGGGEACAGCGACGGAAGATCCGCCCAGCAGAACCCCAA|

TGO AC AR TCGCAGATCAGCARAAGATTGOGLGC TOAC TGGARGCTGC TCAGCGATTT
hATﬁlACAA¢TCGGAGATCAGCAAG GFFTCGGGGCEGATTGGRAGﬁTGCTbAGCGATGC

CGACAANAGACCCTTCATCGACGAGGCCAAGAGGCTGAGAGCTGTGCACATGAAAGACITTA
CGAGAAGCGGCCCTTCATCGACGAGGCCAAGAGGCTGCGGGCCGTGCACATGAAGGAGIA

o 4 P 4 4 A

+— S0X3-HMG(r) [AAGAAGGACAAGTA]|
CCCGGATTACAAGTACCGACCCCGTAGGAAGACCAAGACTCTCCTGAAGAAGGACAAGTA
CCCGGATTACAAATACCGGCCCCGCAGGAAGACCAAGACCTTGCTGAAGAAGGACAAATA
TCCGGATTACAAATACCCGGCCCCETAGGAAGACCAAGACCTTGCTGAAGAAGGACAAATA

CTCGCCTGC

CGGCAACCTCTTGGCTCC - - - AGGAGTAAGCCCGGTGGCTAGCAGTGTCGG
CTCGCTGCCGGGCAACCTGCTGGCCCCCGGAGGGGGCAACGCGGTGAGCAGCCCCGTCGE
CTCCCTGCCCGGCAACCTGCTGECCCCCGGGEEEECCAACGCGETCAGCAGCCCCGTCGG

AGTGGGCCAGAGGATAGACACTTACGCGCACATGAACGGCTGGACTAATGGCGCTTATTC
GGTGGGCCAGAGGATTGACACTTACGCCCATATGAACGGTTGGACCAACGGGGCTTACTC
GGTGGGGCAGAGGATTGACACTTATGCCCACATGAACGGCTGGACCAACGGGGCTTACTC

CCTGATGCAGGACCAGTTGGGCTACAGCCAACACCCGGCCATGAACAGCCCCCAGATGCA
CCTGATGCAAGACCAGCTGGGTTACGGGCAGCACCCGGGCATGAACAGCCCGCAGCTGCA
CCTCATGCAGGACCAGCTGGGCTACAGCCAGCACCCGGGCATGAACAGCCCGCAGCTGCA

GCAGATCCAGCACAGGTATGACATGAGCGGCCTCCAGTACAACCCTATGATGACCTCTGC
GCAGAT - - -GCACCGCTACGACATGCCGEGCCTGCAGTACAGCCCCATGATGTCCACGGT
GCAGAT - - -GCACCGCTACGACATGGGCGGCCTGCAGTACAGCCCCATGATGTCCACGGL

CCAAAATGCCTACATGAATGCCGCTGCCTCCACCTACAGCATGTCCCCTGC - - -CTACAA
GCAGA - - - CCTACATGAACGCCGC - - - CTCCACCTACAGCATGTCCCCCGCCGCCTACGG
GCAGA - - -CCTACATGAACGCCGC - - -GTCCACCTACAGCATGTCCCCGGCCGCCTACGG

CCAGCAGAGCTCCACGGTCATGAGCTTGGCTTCCATGGGCTCAGTGGTGAAATCCGAACC
CCAGCAGCCCTCCACGGCCATGAGCCTGGGCTCCATGGGCTCGGTGCTGAAGTCCGAGCC
CCAGCAGCCCTCCACGGCCATGAGCCTGEGCTCCATGGGCTCCGTGGTGAAGTCCGAGCC

CAGCTCCCCCCCTCCAGCCATCACCTCCCACACACAGAGGGCCTGCCTGGGAGACCTGCG
CAGCTCGCCTCCGCCGGCCATCACCTCGCACTCGCAGAGGGCCTGCCTGGGAGACCTGCG
CAGCTCGCCGCCGCCGGCCATCACCTCGCACTCGCAGAGGGCCTGCCTGGGAGACCTGCG

AGATATGATCAGCATGTACCTGCCCCCAGGTGGAGACGCCAGCGACCCTTCA - - -CTTCA
GGATATGATCAGCATGTACCTGCCCCCOGAGEGCGACGCCACAGACCCTTCGGCCCTGCA
GGATATGATCAGCATGTATCTCCCCCCGGGGEECGATGCCACAGACCCTTCCGCCCTCGCA

AAATAGCAGACTGCACAGTGTACACCAACACTACCAGAGTG

GOGCAGCAGGTTGCACAGTGTGCACCAACACTACCAGAGCG

GGGCAGCAGGTTACACAGTGTACACCARCACTACCAGAGCG
£—— S0X3(n [GTYCACCAYCACTACCAGYGRGCCG

Alignment of chicken, emu (Shetty, 2001) and Xenopus (GenBank

accession number BM262916) SOX3. The HMG Box is outlined in red, 15bp of the 5'
region of the HMG box is missing. HMG box primers (green) and cross-species SOXJ3
primers (blue) are indicated. An open reading frame was observed across the entire

region sequenced.
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EmusS0ox 3
GgalS50X3
XenopusS0X3

EmuS0X3
GgalsS0x3
XenopussS0x3

EmuS0X3
GgalsS0X3
Xenopuss50X3

EmuS0X3
GgalsSox3
KE‘-I'IQPU 850X3

EmuS0X3
GgalS0X3
}cr:*.m::puasﬂx,'ﬂ

NAFMVWSRGORRKMAQENFPKMHNSE I SKRLGADWKLLSDAEKRPFIDEAKRLRAVHMEKEY
--------- GORREKMAQENPKMYNSEISKRLGADWKLLSDAEKRPFIDEAKRLRAVHMKEY
NAFMVWSRGORRKMAQENPKMHNSEI SKRLGADWKLLSDSDEKRPFIDEAKRLRAVHMEDY

PDYKYRPRREKTKTLLEKKDKYSLPGNLLAPGCANAVSSPVGVGORIDTYAHMNGWTNGAYS
PDYKYRPRRKTKTLLKKDKYSLPGNLLAPGGGNAVSS PVGVGORIDTYAHMNGWTNGAYS
PDYKYRPRRKTKTLLEKKDKYSLPGNLLAPG-VSPVASSVGVGORIDTYAHMNGWTNGAYS

LMODOLGY SQHPGMNS PQLOOM - HRYDMGGLQYSPMMSTAQ - TYMN - AASTYSMSPAAYG
LMODOLGYGOHPGMNS POLOOM - HRYDMPGLOYSPMMSTAQ - TYMN - AASTYSMSPAAYG
LMODOLGYSOHPAMNS POMOQIOHRYDMSGLOYNPMMTSAONAYMNAAAS TYSMSP - AYN

QOPSTAMSLGSMGSVVKSEPSSPPPAITSHSQRACLGDLRDMISMYLPPGGDATDPSALQ
QOPSTAMSLGSMGSVVKSEPSSPPPAITSHSQRACLGDLEDMISMYLPPGGDATDPSALQ

QOSSTVMSLASMGSVVKSERPSSPPPAITSHTQRACLGDLRDMISMY LPPGGDASDPS - LO

GSRLHSVHQHYQS
GERLHE = =====-=
NSRLHSVHQHYQS

Figure 5.6: Amino acid alignment of chicken, emu and Xenopus SOX3. Conservative
changes are highlighted in yellow. Semi-conservative changes are highlighted in blue.
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GgalSOX3-5

Figure 5.7: FISH mapping of the chicken SOX3 clone GgalSOX3-5. Signals
were observed on the short arm of chromosome four. The chromosomes
were counterstained with DAPL.

|67



Chapter 5: Human X/Y Genes in Chicken

region of the human X chromosome. This was the first localisation of a human X/Y
shared gene, conserved on the therian X, in chicken. This directly confirmed that the
origin of the conserved part of the Y chromosome was represented by chicken

chromosome 4p.

5.2.3 Summary

A female chicken genomic DNA library was screened with a tammar wallaby
SOX3 probe. Two clones were isolated that contained chicken SOX3. One of these
clones was mapped to the short arm of chromosome 4. SOX3 therefore maps with other

human XCR genes in chicken.

5.3 Chicken RBMX/Y

REMY is present in multiple copies on the human Y chromosome. There are copies
located in all of the AZF regions defined on the human Y. However, only the copies
located in the AZFDb region are expressed, and RBMY is the primary candidate for
azoospermia resulting from deletion of this region (Elliott er al., 1997). REMY 1s
conserved on the marsupial Y chromosome, indicating that it was part of the ancient Y,
and has been maintained for at least 130 million years. This is consistent with a
conserved role for KBEMY in spermatogenesis (Delbridge er al., 1997).

[t was originally thought that KEMY arose on the human Y chromosome via
translocation from an autosome, or retrotransposition from an unprocessed transcript in
the mammalian ancestor (Vogt et al.. 1997). The HNRPG gene located on human
chromosome 6 was found to share about 60% sequence Imnmh)}__{y with RBMY (Soulard
et al., 1993). However, it was shown that RBMY has a ubiquitously expressed X-linked
homologue (RBMX) located on the long arm of the human X chromosome in a region
(X(26) responsible for several mental retardation syndromes (Delbridge er al., 1999),
The chromosome 6 copy is one of several pseudogenes, some of which are expressed
(Lingentelter er al., 2001). Thus RBMX and REMY are a conserved X/Y pair that have

resided on the mammalian X and Y chromosomes for at least 130 mullion years. The
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platypus RBEMX/Y was mapped to the long arm of chromosome 6. Therefore, REMX/Y,
like SOX3. 15 not conserved on the sex chromosomes of all mammals.
REMX/Y was mapped in chicken to determine whether it clusters with other XCR

eenes, including SOX3/SRY.

5.3.1 Cloning and characterisation of chicken REMX/Y

A partial tammar wallaby REMX ¢cDNA ('l"_)ulln'idgc el al., 1998) of upprnximulcly
kb was used as a probe to isolate the chicken orthologue. The insert was liberated from
its plasmid vector by digestion with the restriction endonuclease EcoRI for 1 hour at
37°C. The insert was separated from the vector by electrophoresis on a 1% agarose gel,
which was excised and purified. 100ng of the RBMX probe was radioactively labelled
with P dCTP and hybridised to a female chicken genomic DNA library under low
stringency (55°C). The library membranes were washed at 55°C and exposed to X-ray
film overnight.

Under these conditions seven primary clones were isolated from the library. After a
further three rounds of screening all were purified through to final clones. DNA was
amplified for all of the final clones and digested with a variety of restriction
endonucleases at 37°C for 4 hours. The fragments generated were separated on a 0.8%
agarose gel, on which a Southern blot was performed. Hybridisation of radioactively
labelled REMX probe and washing of the Southern blot was performed under the same
conditions used to screen the library. The Southern blot membrane was exposed to X-
ray film overnight, after which the film was developed. Good hybridisation was
observed to two of the seven final clones, Ggal/RBMX-3 and GgalRBMX-5 (Figure 5.8).

GealRBMX-5 was chosen for shotgun-cloning in order to confirm its identity as
chicken REMX. Sequencing of the relevant shotgun-clones revealed that Gea/REMX-5
showed 85-90% homology to human REMX across exons 4 through 9. Introns were
observed between all exons, confirming its identity as the chicken REMX orthologue
(Figure 5.9). An open reading frame was observed in the chicken sequence, displaying

90-95% amino acid homology to human REMX (I-’igum 5.10),
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Figure5.8: a) Ethidium bromide stained agarose gel of a restriction
endonuclease analysis of chicken RBMX clones #1 to #7. b) Southern
blot of restriction endonuclease gel with the KBEMX probe hybridised.
The autoradiograph was exposed overnight.
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START
|
HaapRBMX COGAAAAARARAATGOTTGAAGCAGATCGCCCAGGAAAGCTCTTCATTGGTGGGCTTAATACGGAAACAAATG
[-,“LIIIIREM,\:-S --------- I I I T e - . ARSI AR E=eaa
HuzapRBMX AGAAAGCTCTTGAAGCAGTATTTGGCAAATATGGACGARATAGTGCGAAGTACTCTTGATGAAAGACCGTGAAA
‘--'".:.f'-'i IRBMX=5 | s cccemcrcccsss s s s s o s e s t S S ESSSSSS IS S S S S S S S EEE S S EE S S SE S S ESEESSEEE
HzapRBMX COAACAAATCAAGAGGATTTGCTTTTGTCACCTTTGAAAGCCCAGCAGACGCTAAGGATGCAGCCAGAGACA
GgalRBMX-5 =  ------s-cc-cza=== ssssssssss=as o v i i 7 i e e il
%Mmp -
v Exon 4
HszapRBMX TGAATGGAAAGTCATTAGATGEAAAAGCCATCAAGETGGAACAAGCCACCAAACCATCATTTGAAAGTGET -
GgalRBMX-5 = —--=c-=a=a. ;E@ATTAGATGGGAAAGCAATTAAAGTGGAACAAGCAACEAAGCCATCCTTTGAAAGTGGTG
HzaphBMX - = AGACGTGOACCGCOTCCACOTCOAAGAAG TAGAGGECCCTCCAAGAGETC T TAGAGGTAGAAGAGGAGGAA
GgalRMBX-5 GTAGGCGTGGGCCACCACCCCCTCCACGAAGCAGAGE TCCTCCCAGGOGOCT TAGAGGTGGAAGAGGCGGAA
12540y Exon $
HzapRBMX ﬁTﬂGhGﬂAACCAGGGGACCTCECTCACGGGGAGGAGACATGSETGACGGTGGATATT&GATGAATTTTAA&A
GgalRBMX-5 GTGGCG---ﬂﬂAﬁAﬁﬂAGEACCTTCAAGAGGGAGTGACTTG%EAACAAGTTGGTA--C-ATGGCTTATCTTG
059
HeapRBMX TOAGTTCT T CCAGGGGACCACTCCCAGTAAAAAGAGEACCACCACCAAGAAGTGGGGATCCTCOTCOTAAGA
GgalRBMX-5 TAGGGTCTTCTCGAGGGCOTOTTCCCATCAAGAGAGE TCCACCTCCACGAAGTGEAGGCCCTCCACCTAARR
siiop Exon 6
HsapRBMX GATCTGCACCTTCAGGACCAGT TCGCAGTAGCAGTGGAATGGGAGGAAGAGC TCCTGTATCACGTGGAAGAG
Ggal RBMX-5 QATETGCAGGTTCGGGACCAGTGC-——GTAGCAGTAGCATEGGAGGAAGA%ETECTQTHTCAG&T@GAAEAG
HsapRBMX ATAGTTATGGAGGTCCACCTCGAAGGGAACCOGOTGOCCTCTCGTAGAGATG T I TATTTGTCTCCARGAGATG
Ggal RBMX-5 ACAGTTACGG TG TCCTCCACGCAGAGARCCAATGCOGTCACGAAGAGATGTCTACATATCTCCAAGAGATG
27hp Exon 7
v =¥ “)n
HasapRBMX ATGGGTATTCTACTAAAGACAGCTATTCAAGCAGAGATTACCCAAGTTCTCGTOATACTAGAGATTATGCAC
Ggal RBMX-5 ATGGCTATAGCACTAAAGATQETTACTCGAGEAGAGATTAE¢ﬂEAGTTﬁmAﬁﬂﬁhﬂhﬂAGGGQAGTATGCAC
101 b
HaapRBMX CACCACCACGAGATTATACTTACCGTGATTATGGTCATTCCAGTTCACGTCATGACTATCCATCAAGAGAAT
Ggal RBMX-5 CACCTCCACG TGAC TATG LG TATCGTGAT TATGG T C AT T CCAGT T ACGTGATGAATACCCOTCCAGCGGOT
Hf;l*'ﬂ Fxon 8
HegapRBMX ATAGCGATAGAGATAGATATEGTCATOATCGTCACTATTCAGATCATCCAACTGOAGETTCCTACAGAGATT
GgalRBMX-5 ATAGTGATCGGATACGGTGGTGGACGTUACAGAGACTACTCAGATCATCCAAGTGEAGGTTCCTACAGAGATT
100bys O Exon 9
HzapRBMX CAT AT GAGAGT TATGG TARC T CACGTAG TGO TCCACC TACACGAGGGCCCCCGOCATCTTATGGTGGARGCA
GgalRBMX-5 CGTATGAEAGTTR@P&TAACTCAﬂGTAGTGCTCCACGTGGTCGAGGGCCCCCGCCATCTTATGGTGGAAGGA
S0dph
HzapRBMX GTCGCTATCATGATTACAGCAGCTCACGTGACGEGATATGETGGAAGTCGAGACAGTTACTCAAGCAGCCGAA
GagalRBMX-5 GTCGATATGATGATTACGGCAGCACACGTGATGGATATGG - - - AAGCCGAGAAAGTTACTCAAGCAGCAGAA
HsapRBMX GTOATCTUTACTCAAGTGETCGTGAT CGGET TG CAGAC AAGAAAGAGEGC T TCCCCCTTC TATGGAAAGTS
GgalRBMX-5 GTGATGTCTACTCAAGTAGCCATGATCE TG T TEGAAGACAAGACAGGGGTCTTCCCCCATCCATGGAAAGES
HeapRBEMX GOTACCOTCOTCCACGTGAT TCOTACAGCAG T TC ARG CGCGGAGCACCAAGAGGTGGTAGCCGTGGAGGAA
GgalRBMX-5 GOTATCCACCTCCTCGTGAT TCATACAGTAG T TCAAGCUGCGGAGCACCCAGAGGTGGTGGCCGTGGCGGAA
STOp
HsapRBMX GCCGATCTGATAGAGCGGGAGGCAGAAGCAGATACTAGAAACAAACAAAACTTT - - - - GGACCAAAATCCCA
GagalRBMX-5 GUAGATCTGACAGAGE TOGAGGCAGAAGCAGATACTAAAAACAC TCTTAACTTTTTTTGGACCAAGACATTA
HsapRBMX GTTC- - AAAGAAACAAAAACTGGAMACTA- - - -TTCTATCATAACTACCCAAGGACTACTAAAAGGAAAAAT
GgalRBMX-5 CTTCTCAAACAAATTAAARANAAAAAAGTGGAAGTTCTATCT T TACTACCAGAGUGACTACTAAAAGGAARAAGT
HsapRBMX TGTGTT - ACTTTTTTTAA- - ATTCCCTGTTAAGTT - - CCCCTOCCATAATTTTTATG TTCTTGTGAGGAAARA
Gagal RBMX-5 TG T T T TACCT T I T I T TAT TG T TGO TG T TAAG T T T T C OO TCCATGAC T T TTATGC T T T TG TG AAGAAAAG
HsapRBMX AGTAAAACATGTTTAATTTTATTT - - - GACT TCTGCAT TGO T T T TCAACAAGCAAATGTTAAATGTGTTAAG
Gga lRBMX-5 TTAARCCAGTGTTTAATTTCAT TTCAGAAT TGTTAACATTTCTTTCAAAACGGCAGATGTTAAATGT - -~ - - -

Figure 5.9: Sequence alignment of human and chicken RBMX. Start and stop codons
are indicated. The chicken RMBX displayed an open reading frame from the beginning
of exon 4 until the stop codon in exon 9, Intron positions are conserved between
species, their sizes are indicated for human and, where known, chicken.
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HsapRBMX DAKDAARDMNGKSLDGKAIKVEQATKPEPE$G RRGPPPPPRSRGPPRGLRGGRGGSGGT
GgalRBMX/Y ==ss==cecc--- SLDGKATIKVEQATKPSFESGGRRGPPPPPRSRGPPRGLRGGRGGSG-A
HasapRBMX RGPPSRGGHMDDGGY SMNFNMSSSRGPLPVKRGPPPRSGGPPPKRSAPSGPVRSSSGMGG
GgalRBMX/Y RGPPSRGSHLVTSWY -MAYLVGSSRGPLPMKRGPPPRSGGPPPKRSAPSGPVRSSS - MGG
HsapRBMX RAPVERGRDSYGGPPRREPLPSRRDVYLSPRDDGYSTKDSYSSRDYPSSRDTRDYAPPPR
Ggal RBMX/Y RAPVSRGRDSYGGPPRREPMPSRRDVYMS PRDDGYSTKDGYSSRDYPSSRDTRDYAPPPR
HsapRBMX DYTYRDYGHSSSRDDYPSRGYSDRDGYGRDRDYSDHPSGGSYRDSYESYGNSRSAPPTRG
GgalRBMX/Y DYAYRDYGHSSSRDEYPSRGYSDGYGGGRDRDYSDHPSGGSYRDSYESYGNSRSAPPARG
HzapRBMX PPPSYGGSSRYDDYSSSRDGYGGSRDSYSSSREDLYSSGRDRVGROERGLPPSMERGY PP
GgalREMX/Y PPPSYGGSSRYDDYGSTRDGYG - SRESYSSSRSDVYSSGRDRVGRODRGLPPSMERGY PP
HsapRBMX PRDSYSSS5RGAPRGGGRGGSRSDRGGGRSRY

GgalRBMX/Y PRDSYSSSSRGAPRGGGRGGSREDRGGGRSRY

Figure 5.10: Amino acid alignment of human and chicken RBMX. Conservative
changes are highlighted in yellow. Semi-conservative changes are highlighted in
blue.
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5.3.2 FISH mapping of chicken RBMX

GgalRBMX-5 was labelled for 3 hours in a nick translation reaction with biotin, 200ng
of the labelled probe was precipitated with 10ug of suppressor DNA and a further
200ng of the labelled probe was precipitated with 60ug of ssDNA. The two
precipitation reactions containing the biotin labelled probe were hybridised to female
chicken metaphase chromosomes prepared from fibroblast cells. The slides were
pretreated with RNase and pepsin to remove excess RNA and protein, The hybridisation
was conducted at 37°C for 48 hours. After hybridisation excess probe was washed off at
37°C. The hybridised biotin labelled probe was detected and visualised as described in
section 2.5.4,

Under these conditions, consistent signals were observed on the short arm of
chicken chromosome 4 (Figure 5.11), near to the location of the chicken orthologues of
other genes from the human XCR. Thus the two human X/Y shared genes SOX3/SRY

and REMX/Y map together to this location in chicken.

5.3.3 Summary

Screening a female chicken genomic DNA library yielded one clone that was
confirmed as containing RBEMX/Y, This REMX/Y orthologue was mapped to the short
arm of chicken chromosome 4. REMX/Y therefore clusters with other XCR genes in

chicken, including SOX3.

5.4 Attempts to clone chicken ATRX/Y

A Monodelphis domestica ATRX PCR product was used as a probe in an attempt to
solate the chicken orthologue from a female genomic DNA library. The ATRX probe
was radioactively labelled with P dCTP and hybridised to the genomic DNA library at
55°C. The membranes were washed at 55°C and exposed to X-ray film overnight.
Under these conditions seven primary clones were isolated from the library: however,

after a further three rounds of screening no final clones were obtained.
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GgalRBMX-5

Figure 5.11: FISH mapping of the chicken RBEMX clone GealRBMX-5.
Signals were observed on the short arm of chromosome four. The
chromosomes were counterstained with DAPIL.
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The map location of chicken ATRX/Y is clearly important in understanding the
evolution of the mammalian sex chromosomes. However, time constraints prevented

further attempts to clone and map chicken ATRX/Y.
5.5 Conclusions

Three XCR genes that map to human Xq and the marsupial X, were unexpectedly
found to map to chromosome 6 in platypus. This demonstrated that not all of the genes
shared by the marsupial and eutherian X chromosomes were also located on the
monotreme X chromosome. Human XCR genes were mapped in chicken to determine
whether these genes were lost from the X chromosome in the monotreme lineage, or
added to the X chromosome later in the therian lineage.,

Clonimg, characterisation and mapping of chicken SOX3 and RBMX revealed that
they were both located on the short arm of chicken chromosome 4. This is where other
genes from the human XCR map. Chicken chromosome 4p contains SOX3, RBMX,
BIK, UBLE2A, PGKI, CUL4EB and HPRT/, and therefore represents at least a significant
part of, and possibly the entire, human XCR,

However, without a map location in chicken for genes that are on the X in all
mammals, the question of whether these genes had an independent origin from genes
that are on the platypus, as well as the therian X, cannot be answered. These results
were consistent with either hypothesis: that a large region was lost from the monotreme

X. oradded to the therian X after the divergence of monotremes.
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in tammar wallaby as part of an honours project (Waters ¢r al., 2001), The location of
these genes in tammar wallaby would determine whether they were recent additions to
the human sex chromosomes, or whether they had been conserved on the Y
chromosome since before the divergence of marsupials and eutherians 130MyBP.

The ultimate origin of these genes was further explored by attempting to clone and
map the same genes, and others conserved on the therian sex chromosomes, in
monotremes and chicken. Genes conserved on sex chromosomes in all mammals,
including the monotremes, must have resided there since before the prototherian and
therian divergence 170MyBP, indicating that they were part of the original mammalian
proto-X and -Y. Genes located on the therian, but not the prototherian, sex
chromosomes were also mapped n a vertebrate outgroup (chicken), to determine
whether they were lost from the monotreme sex chromosomes, or had an independent
origin and were added later in the therian lineage.

Summarised in table 6.1 are the results of gene I attempted to clone and map in this
study. Results previously obtained by myself and others in the Graves lab are indicated

by blue print. Isolation of pseudogenes is indicated by 1.

Table 6.1: Results of this study

I'B4X + 5p

EIFIAX P -

USP9X I 5p 4 -
DBEX 2 5p . i

PCDHX | PCDHIS O(
VCX |SMARCF] 5

FPRY . :

XKRY -

BPYZ -

RPS4X Y

ATRX 1 X/ + 6 - -
REMX | X i (O + 4p
SOXS 2 X/ | (] + 4p
GOPD X X P
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- 6.1 Phylogenetic analysis of RBMX/Y

The relationship of X/Y shared genes to orthologues that are autosomal in other
species can give insights into the evolution of genes on sex chromosomes. The
autosomal orthologue represents the progenitor of both the X and Y copies, The RBEM
genes were chosen for this analysis because chicken RBM sequence was obtained
during this study that overlapped with the human, mouse and wallaby KBMX/Y
sequences. The sequence obtained for platypus RBM included only 3" untranslated
region, so was not included in this analysis because there was little overlap with the
chicken sequence.

RBMX is located on the X and Y chromosome of both eutherian and marsupial
mammals. RBMX/Y has therefore been conserved on the mammalian sex chromosomes
since their divergence 130MyBP. It clusters on chicken chromosome 4, co -localising
with other XCR genes,

The chicken RBMX sequence obtained in this study was aligned to the tammar
wallaby, mouse and human X and Y RBM genes. A DNA maximum likelihood analysis,
DNA parsimony analysis and protein parsimony analysis was conducted on this
alienment, which spanned from the beginning of exon 4 through to the stop codon in
exon 9, The trees were constructed using PHYLIP 3.6. DNA maximum likelihood
(DNAML) estimation involves finding the evolutionary tree that yields the highest
probability of evolving the observed data. All sites are included in the analysis, not just
the ones that have undergone change. This method does not assume rate consistency
between lineages and can accommodate unequal rates of transversions and transitions.
Protein parsimony (PROTPARS) analysis and DNA parsimony (DNAPARS) analysis
estimates phylogenies on the fewest number of changes required to explain the observed
data, The ancestral sites are estimated from the consensus.

[n the DNAML and DNAPARS analyses, the human and mouse REMX clustered.
The wallaby REMX was the next closet relative, followed by chicken REM. The close
clustering of the RBMX genes with chicken KBM, implied that there had been little
change in this gene over 310MyBP (Figure 6.1).

As observed, the eutherian REMX genes were expected to be more related to each
other then either were to wallaby. The therian RBEMAX copies clustered together and were
more closely related to cach other than any were to chicken. However, the PROTPARS
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DNA maximum likelthood
MmusREMY

GealRBM

MmusREMX

HsapRBMX - T
MeugRBMX 4
MeuRBMY
DNA parsimony
MmusRBMY
MeugRBMY
|
GealRBM
MmusRBMX
X HsapRBEMY
HsapRBMX MeugRBMX /
Protein parsimony
Meug RBMX
GealRBM
MeugRBEMY
MmusRBMX
HsapRBMY

HsapRBMX MmusRBEMY

Figure 6.1: Results of phylogenetic studies of RBM genes. The unrooted trees
were constructed using PHY LIP 3.6. The REMX genes cluster with the chicken
REMX homologue. The RBMY genes diverged from the RBMX cluster,
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analysis was not as clear, The human and mouse RBEMX clustered together and the
wallaby REMX and chicken RBM clustered together, but separately from human and
mouse KBMX.

The eutherian Y-borne copies were very divergent from the REMX cluster. The
DNAML and DNAPARS analyses indicated that the REMY copies had diverged, both
from each other, and from the RMBX cluster. The wallaby REMY was also removed
from the RBMX cluster, although not as far as the eutherian RBMY copies implying less
rapid divergence. The eutherian RBEMY copies were more closely related to each other
than either were to chicken RBEM, or to the RBMX cluster (human, mouse or wallaby
REMX). This indicated a common REMY ancestor after the divergence of the X and Y
linked copies. but before the marsupial and eutherian lineages diverged. The more rapid
divergence of the RBMY genes, in relation to the therian X-borne copies and bird
autosomal copy, supports the theory that the Y chromosome evolves more rapidly than
the X chromosome and autosomes,

This analysis confirmed that mammalian X-borne genes remain similar to their
autosomal orthologues in distantly related vertebrates, whereas, Y-borne genes change

rapidly.

6.2 Ancient and added regions of the human sex chromosomes

Comparative mapping of genes on the human X has defined conserved (XCR) and
added (XAR) regions. In the same way, in this study, comparative mapping of human Y
genes in tammar wallaby defined regions of the human Y chromosome that were
conserved on the marsupial sex chromosomes, and regions that were added after the
marsupial divergence (130MyBP). Therefore, genes conserved on the human Y
chromosome must have persisted on the Y for at least 130MyBP, whereas genes
recently added to the human Y chromosome have persisted since before the eutherian

radiation (8OMyBP), but after the marsupial divergence.
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6.2.1 Ancient and added regions of the human Y

The eutherian Y chromosome, like the X chromosome, is composed of a conserved
ancient region (YCR) and added region (YAR). The surprising finding from this study
was that the most of the human Y was derived from the added region. A total of 8 genes
that have been mapped to chromosome 5p of tammar wallaby (CSF2RA, ZI'Y, AMELY,
USPOY, DBY, UTY, TB4Y and STSP) are distributed along the length of the human Y
chromosome. The PAR gene SLC25A6 is also autosomal in tammar wallaby, but it
maps to chromosome 3/4q. Excluding PAR2 genes, no other genes from the human Y
have been mapped to a marsupial autosome. These genes therefore represent a recently
added region of the human Y chromosome. Since eight of the nine human Y genes
mapped in tammar wallaby are located on 5p, almost all of the Y AR arose as the result
of a single addition,

What then has become of the ancient Y7 There are only three genes on the human
Y chromosome that are known to be located on the sex chromosome of tammar wallaby
(SRY, SMCY, and RBMY). A fourth gene, Ubely, on the mouse Y chromosome is also
on the wallaby Y chromosome. as well as ATRY, which is X-specific in eutherians,
RPS4Y was shown to be located on the sex chromosomes of opossum by Southern blot
analysis, although this could not be confirmed in this study. The four genes conserved
between human and marsupial sex chromosomes, and therefore representing the ancient
Y. form two small conserved regions on the human Y chromosome. The larger of the
conserved regions contains SMCY and RMBY. The maximum extent of this region is
from the DAZ gene cluster to STSP (7MDb), and the minimum only from REMY to SMCY
(2.7MDb). A second smaller (YCR) region of conserved material resides next to the
pseudoautosomal region boundary, and includes SRY and RPS4Y. 1t could extend from
the PAR boundary to ZFY (80kb), or only from SRY to RPS4Y (20kb) (Figure 6.2).
Therefore, only 2.7-7.1Mb remains of the original proto-Y chromosome (the smaller
estimate from the minimum size possible for each region, and the larger estimate from
the maximum size possible for each region). This amounts to only 8-20% of the
euchromatic region. Assuming that the proto-Y was the same size as the conserved
region of the modern human X chromosome (because the X and Y chromosomes

evolved from an Imnmlngcms puir of autosomes), the modern human Y chromosome has
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Human Y chromosome

DY

[DAZ

CSF2RA
SLC25A6
SRY

.....

AMELY

DFFRY
DBY
UTY
TB4Y

S18F

SMCY
RBMY

Figure 6.2: Genes on the human Y chromosome. The two small conserved regions
are indicated in blue. The large recent addition is indicated by red. Class Il genes
that have jumped to the Y chromosome by transposition are listed on the left in

green. Class | genes are listed on the right.
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lost as much as ~11OMDb of its original material; equating to as many as 1000 genes.

Most of the human Y was derived from the single recent addition,.

6.2.2 Rearrangement of the ancient and added regions of the

human X

The mapping of eight X/Y shared human genes, as well as 15 X-specific genes, to
wallaby 5p confirmed a single addition. The genes previously mapped to the ancient
and added regions of the human X chromosome have fallen into a distinet XCR region
(the long and pericentric region of the X) and XAR region (the short arm of the X, distal
to Xp 11.23). Only a local inversion around the fusion point rearranges these regions.

However, the finding that 7B4X/Y also mapped to wallaby 5p did not accord with
this simple picture, because 7B4X maps on the human X chromosome within a group of
XCR genes at Xq21.3-q22. It was therefore the first gene from the long arm of the
human X chromosome to map to tammar wallaby chromosome 5p. This indicated that a
block of recently added material lies in the heart of the conserved human Xq (Figure
6.3a). These results implied that there was an inversion, which positioned 784X on the
long arm of the human X chromosome, perhaps along with other genes that were part of
the same recently added material to the human X chromosome (Figure 6.3b).

However, there is a large block of material on the human Xp that has been
duplicated on Xq. Thus a number of recently added genes located on Xp have copies
located on Xq. T'B4X could be one of these genes duplicated from Xp (Sargent er al.,
1993) (Figure 6.3¢). Either of these mechanisms, for mixing of conserved and recently
added regions on the human X chromosome, was in addition to the small local
rearrangement near the border of the conserved and added regions at Xpl1.23,
described previously by Wilcox er al. (1996).

Thus comparative mapping of human X genes identifies a conserved region (17
genes on the wallaby X) and an added region (ten genes on wallaby 5p and three genes
on Ip). Largely the regions have remained separate, except for a small inversion around
the fusion point, and an inversion or duplication Xp gene(s) onto Xq. These conserved

and added regions have parallels on the human Y chromosome, where mapping human
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Figure 6.3: a) Recently added regions of the human X chromosome (red)
includes 784X on the long arm in the middle of conserved material (blue). b)
An inversion may have positioned recently added genes on the long arm of
human X chromosome. ¢) Alternatively, a duplication of genes from human Xp
to Xq may have positioned XAR in XCR. A small local inversion occurred for
both b) and ¢) across the XCR/XAR border,

(b)

(o o] |
LY



Chapter 6: The Shrinking Y

X/Y shared genes identified a conserved region (four genes on the wallaby Y) and an

added region (seven genes on wallaby 5p).

6.3 A new geological stratum of the X and Y?

The autosomal location of (previously defined) XCR genes in platypus was an
unexpected result, which demonstrated that not all of human Xq derived from the same

ancient autosome,

6.3.1 The hole in the platypus X

Somatic cell genetic analysis showed that HPRT and PGK, genes conserved on the
X chromosome of both marsupials (Dawson and Graves, 1984) and eutherians, were
autosomal in platypus (Watson and Graves, 1988). Their co-expression in cell hybrids
showed that these genes in platypus were syntenic and did not correlate with retention
or loss of the platypus X, but they could not be assigned to an autosome. Therefore,
there were a total of six genes located on the therian X, but autosomal in platypus. Of
these six genes, one had a partner on the eutherian and marsupial Y chromosome
REBMY, whereas ATRY was confined to the marsupial Y chromosome.

The mapping of  ATRX/Y with REMX/Y and CDX4 on platypus chromosomes 6
(along with the exclusion of HPRT, PGK and FMRI from the platypus X),
demonstrated that a large block of human Xq genes, conserved on the therian sex
chromosomes, were missing from on the monotreme sex chromosomes. The regions
that contained these genes will be termed X therian conserved regions (XtCR). Two
scenarios were possible: XtCR genes, located on platypus chromosome 6q, were added
to the therian sex chromosomes after the monotreme divergence. Alternatively, they
were part of the original proto-X/Y, but were lost from the monotreme sex
chromosomes after the divergence of the monotreme and therian lineages.

Addition to the therian X of an autosomal region containing COX4, HPRT, PGX,
SOX3, RBEMX and ATRX, or loss of this region from the mammalian X/Y., 1s likely to
have occurred before recombinational isolation of the X and Y homologues, after the

divergence of monotremes from therians, Under both scenarios, RBMY, SRY and ATRY
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If this region conserved on the therian X was on the original proto-X and lost from
the monotreme X, it would be expected that XCR gene conserved on the platypus, as
well as the therian X chromosome, would also map to chicken chromosome 4, If the
region represents an independent addition to the therian X, genes on the platypus X, as
well as the marsupial X, would be expected to map elsewhere in chicken.
Unfortunately, none were successfully mapped in chicken (Table 6.2).

Further attempts to map GOFD, and other genes conserved on the X chromosome
of all mammals (e.¢. AR and RCP), would answer this question.

Not withstanding lack of mapping data from chicken, mapping data from a different

outgroup could give insights into the origin of human Xq.

6.3.3 Two independent origins for gene on human Xq

Fish are more distantly related to mammals than are chickens, The fish lineage
diverged from other vertebrates 400MyBP.

In zebrafish, two XtCR genes (CDX4 and RBEMX) that were on the X chromosome
in therians, but on chromosome 6 in platypus, were located in linkage group 14 (LG 14).
A third XtCR gene, HPRT1, (located on an unknown platypus autosome) also mapped
to zebrafish LG 14, SOX3S is also located on zebrafish LG 14, but its location is unknown
in platypus. Thus LG 14 contains four XtCR genes from the long arm of the human X
chromosome that map to the marsupial, but not the monotreme X (CDX4, HPRT/,
REMX and SOXJ3). It therefore appears that LG 14 in zebrafish, chromosome 4p in
chicken and chromosome 6q in platypus are all equivalent to each other, representing a
significant part of the conserved region of the human X chromosome

Only one gene that was on the X chromosome of all mammals (XCR) has been
mapped in fish. Red Cone Pigment (KC/P) was located in the conserved region of the
human X chromosome (Xq28). It was located on the tammar wallaby X chromosome
and also the platypus X chromosome. Significantly, RCP did not map to LG 14, but
Instead was located on LGI11 in zebrafish. RCP was therefore the only gene on the
platypus X chromosome that has been mapped in a vertebrate outgroup. LG 11 could
therefore represent XCR genes from the platypus, as well as the therian X chromosome,
In Tetraodon nigroviridid (pufferfish) ATRX and RCP were also located on different

chromosomes (F, Griitzner, personal communication), lending further support to the
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idea that they were on different chromosomes in the vertebrate ancestor. This needs to
be confirmed by mapping more genes located on the platypus X in chicken and
zebrafish (e.g. AR and HPRT).

| therefore propose that platypus X/ zebrafish LG 11 and platypus 6/ chicken 4p/
zebrafish LG 14 represent different ancestral blocks. The original proto-X is represented
by platypus X/ zebrafish LG 1. Platypus 6/ chicken 4p/ zebratish LG 14 was added after
the monotreme and therian lineages diverged, but before eutherians and marsupials
diverged (Figure 6.4). The conserved region of the human X chromosome therefore
consists of two evolutionarily distinct regions. The first is the region conserved between
the X chromosomes of all mammalian groups (proto-X). This region includes UBEIX,
AR, G6PD, RCP, GDX, PLP, GLA, F§, F9, GATA], ALASZ2 and P3. The second is the
region that was added to the sex chromosomes of the therian ancestor, which includes
HPRT, SOX5, REMX, CDX4 and ATRX. This region was added to the sex chromosomes
130-170MyBP.

Lahn and Page (1999) defined the entire long arm of the human X chromosome as
Stratum 1. Stratum 2 included the proximal region of human Xp. Nine of the 12 genes
mapped to the platypus X chromosome were located on human Xq (Stratum 1). The
remaining three, UBITX, GATA] and ALAS2, were located in Stratum 2 of the human X
chromosome. Therefore Strata 1 and 2 did not correlate to XCR and XtCR, The strata
were not defined by the time when they arrived on the sex chromosomes, but rather the
time at which they were recombinationally isolated from the Y chromosome. Stratum 2
was estimated to be between 130-170 million years old, which was compatible with
UBETX, GATAT and ALAS2 having been on the original proto-sex chromosomes.

The XtCR genes are all located in Stratum 1., which was estimated to be between
240-320 million years old. The arrival of the XtCR Stratum | genes HPRT, SOX3,
REMX, CDX4 and ATRX on the therian sex chromosomes, between 130-170MyBP,
completely contradicted the age of Stratum 1. The recombinational isolation of Stratum
| from the Y could not have occurred before it arrived on the sex chromosomes (130
1 70MyBP).

Thus the long arm of the human X chromosome was comprised of two blocks with

independent origins. The first remained from the original mammalian proto-X
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Figure 6.4: Evolution of the mammalian sex chromosomes (a) from the mammalian
proto-X/Y XCR (blue) contained RCF, G6PD, AR and other genes located on the
monotreme sex chromosomes. (b) Addition of XtCR region (light blue) containing
SOX3, RBMX, ATRX and other genes located on platypus chromosome6 and zebrafish
LG 14 to the sex chromosomes of the therian ancestor.(¢) XAR (red) containing genes on
the human X and Y chromosomes that are located on an autosome in wallaby were
added to the sex chromosomes of the eutherian ancestor.
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chromosome (XCR), The second was added after monotremes diverged from the therian
lineage, but before the marsupial and eutherian lineages diverged (XtCR).
The independent origin of genes on human Xq implied that genes previously

classified as YCR genes could also have different origins.

6.3.4 Origins of the Y conserved region

Since the ancient mammalian X was equivalent to the ancient mammalian Y, the
oldest part of the Y was homologous to the platypus X/ zebrafish LG 11. The only Y
oene that remains from this most ancient Y is UBETY. It is conserved on the monotreme
Y chromosome in the region that pairs with the X chromosome. UBETY was therefore a
member of the mammalian proto-Y. It is on the mouse Y but absent from the human Y,
and is the only eutherian Y -borne gene known to have been part of the proto-Y.

Potentially, the modern human Y chromosome contains no genes that have
survived from the original mammalian proto-Y chromosome. However, SMCY and
RPS4Y have not been mapped in platypus, chicken or zebrafish and could therefore
have been members of the proto-Y chromosome with Ubely. The origin of SMCY and
RPS4Y could be resolved by mapping them in platypus and chicken.

The next oldest region of the Y was equivalent to platypus chromosome 6/ chicken
dp/ zebrafish LG 14 (SRY, RBMY and ATRY). Thus, of four (previously defined) YCR
genes on the human Y chromosome (SRY, RBMY, RPS4Y and SMCY) and a fifth on the
mouse Y (Ubely), only Ubely was present on the original proto-Y. Two genes (REMY
and ATRY) were added in the therian lineage (YtCR), RBMY and ATRY were located on
chromosome 6 in platypus. REMY and SOX3 (X-borne homologue of SKRY) were located
on LG 14 in zebrafish, and were probably part of the same ancient cluster of genes
(which also included ATRY) added to the therian sex chromosomes (Figure 6.5). These
aenes were therefore not part of the mammalian proto-Y,

RBMY and SRY acquired their roles in male sex and reproduction after they were
added to the therian sex chromosomes. SRY replaced an ancient mammalian sex-
determining gene, and RBMY acquired a role in therian spermatogenesis, ensuring their

survival.
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Figure 6.5: The eutherian Y chromosome consists of YCR, YtCR and YAR. (a) YCR
has persisted from the proto-Y chromosome (dark blue). (b) YtCR was added to the Y
chromosome in the therian ancestor 170-130MyBP (light blue). (¢) YAR was added
after marsupials diverged from eutherians but before the eutherian radiation (130-
80MyBP). YCR and YtCR are separate in distantly related vertebrates (fish) and were
therefore seperate in the mammalian ancestor.
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Figure 6.6: Known location of regions added to the eutherian Y chromosome in
wallaby, platypus, chicken and zebrafish. The original Y (dark blue) had three
independent additions (light blue, orange and red). Only genes from two additions
persist on the human Y.
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The mammalian Y chromosome has been losing genes since it became
recombinationally isolated from the X chromosome, and perhaps none of the original
proto-Y chromosome remains on the modern human Y and only a few remain from the
Y1CR addition. Therefore, most of the genes borne by the eutherian Y have persisted
from a recent addition in the eutherian lineage. These additions were located on
different autosomes in distantly related mammalian, and vertebrate, species (Figure
6.0).

The critical functions that the Y chromosome plays, ensures that it has survived for

as long as it has. The loss of these functions could permit the complete loss of the Y.

6.4 Decline and fall of the Y

6.4.1 Loss of genes from the Y chromosome

Clearly, most of the 1000 genes in the original YCR, and the 400 genes in the
original added region have been lost from the human Y. Genes that have survived on
the Y chromosome for a significant length of time must therefore have acquired a
function that is selectable. SRY (sex determination) and REMY (spermatogenesis) are
examples of genes that acquired male specific functions and persisted on the Y
chromosome. These two genes lie on the Y chromosome of all therian mammals
studied. SRY evolved from SOX3, and is the dominant sex-determining gene that acts as
a switch to set off a cascade of events leading to male determination. REMY evolved
from RMBX, gaining testis specific expression and a role in mammalian
spermatogenesis.

However, even a selectable function 1s not always enough to assure the
maintenance of a Y-borne gene. There are several genes that which are retained on the
Y only in one lineage or another. Eif2s3x/y is an X/Y shared gene residing on the mouse
Y but not the human Y chromosome (Ehrmann er af., 1998). It also maps to 5p in
tammar wallaby (M. Delbridge, personal communication) and is therefore part of the
recent addition to the sex chromosomes of the eutherian ancestor. £i/253v 15 located in
the ASxr” deletion interval of the mouse Y. and introduction of an £if2s3v transgene
rescues spermatogenic failure in mice with the ASx” deletion (Mazeyrat et al., 2001),

demonstrating that it plays an important role in mouse spermatogenesis.
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Even a critical Y-borne gene may be lost if a backup gene evolves. In human, along
with an X borne copy, there is a retroposed copy of E/F255 on chromosome 12 that is
expressed in the testis (Ehrmann er al., 1998) that may have compensated for the loss of
EIF255Y. Similarly, in mouse there is a retroposed copy of Ddxs (the X homologue of
Dby) on chromosome |, which is transcribed in the testis (Leroy ef al., 1989). This
could explain why mouse spermatogenesis can proceed without Dby, whereas DBY is
critical to human spermatogenesis,

UBETY is a Class | gene with an X-borne homologue, UBE/X, in mice and
marsupials. It is also present on the short arm of the monotreme X chromosome. This
region of the monotreme X chromosome pairs with the first element in the meiotic
chain and is therefore part of the platypus PAR. Its location on the sex chromosomes of
all three mammalian groups indicated that it has persisted there since before the
divergence of the prototherian and therian lineages 170MyBP. UBETY is present on the
Y chromosome in marsupial, mouse and new world monkey, but not in human,
chimpanzee and old world monkey (Mitchell er al., 1998). The location of UBE]X/Y on
the tammar wallaby sex chromosomes means that it was on the original mammalian X
and Y. To exist for so long on the therian Y chromosome UBETY must have acquired a
selectable male specific function. This was lost, and its function replaced by another
gene in the lineages that led to hominids and old world monkeys (Figure 6.7).

Thus, the male specific role of a gene on the Y chromosome could be lost if another
gene can fulfil that same role.

Clearly, YAR genes with critical male specific functions (e.g. USP9Y and DBY)
acquired their roles after arriving on the Y. perhaps replacing the roles of other genes.
The YtCR genes, with critical male-specific functions (e.g. SRY and REMY), arrived on
the sex chromosomes of the thertan ancestor and may have replace the roles of genes
that no longer exist on the therian Y chromosome,

Marsupials possess an ATRY, whereas eutherian mammals do not. Both eutherians
and marsupials have an X-borne ATRX. which demonstrated that ATRY was on the sex
chromosomes in the therian ancestor. It was hypothesised that ATRY could play a
conserved role in marsupial sex-determination that was lost in the eutherian lineage

(Pask er al., 2000). Perhaps ATRY was the original TDF that was replaced by SRY (a
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later arrival), thus making ATRY redundant in eutherians. To test this hypothesis ATRY
was mapped in the most distantly related mammals, the monotremes. To be the
ancestral sex-determining gene, ATRX/Y should be located on the monotreme sex

chromosomes.

6.4.2 Evolution of ATRX/Y and sex determination

ATRY is located on the marsupial Y chromosome and could potentially play a role
in the marsupial sex-determining pathway (Pask er al., 2000) (Figure 6.58). However, the
eutherian Y chromosome does not appear to contain ATRY related sequences. It has
therefore been conserved on the marsupial Y chromosome and lost from the eutherian Y
chromosome. The location of ATRX/Y in monotremes is very interesting, as it could
play a role in an ancient mammalian sex-determining pathway.

Surprisingly, cloning and mapping of ATRX/Y in platypus revealed that it was
located on the proximal long arm of chromosome 6, co-locating with RMBX/Y and
CDX4.

The unexpected result that ATRX/Y was autosomal in platypus immediately
contradicted the hypothesis that ATRY represented an ancestral mammalian sex-
determining gene. ATRX/Y was therefore part of YtCR that was added to the
mammalian sex chromosomes after the monotreme and therian lineages diverged. ATRY
could, therefore, not have been the ancestral sex determining gene. ATRY must have
gained a function in marsupials to persist on the Y. However, in the eutherian lineage
either no function for ATRY was obtained, or, a function was obtained and then lost.
ATRY was subsequently lost from the eutherian Y. There must have been another gene
responsible for ancient mammalian sex determination, which could still determine sex

in platypus (Figure 6.9).

6.4.3 Fall of the Y

With the mammalian Y chromosome rapidly degrading and getting smaller, how
much of it can disappear before it is no longer stable? Could it disappear completely? It

seems that the answer is “yes”.
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There are two species of mole vole (eenus Ellobius) that have no Y chromosome and no

SRY. A third Ellobius species has a standard XY male: XX female system, in which the

vole to determine sex without a Y chromosome is still not clear. The male determining
function of SRY must have been replaced by another gene in E. lutescens and E. tancrei.
This made SRY, and ultimately the Y chromosome, redundant. There could be a new
sex-determining locus on a different pair of what were autosomes, which are still
homomorphic.

The loss of the Y chromosome meant that other genes on the mammalian Y
chromosome were also lost. This included the conserved gene Rbmy that plays a role in
spermatogenesis, as well as genes (Usp9y and Eif2s3y) recently added to the eutherian
Y chromosome that are important in rodent spermatogenesis. There are two ways this
could have occurred. The important functions of genes on the missing Y chromosomes
could have been replaced before the Y was lost. Alternatively, these genes could have
been translocated to an autosome, and still retain their male specific functions. A search
for these genes in the Ellobius species would answer these questions. Z/7Y is absent, but
the presence of other Y genes in unknown. To know what is on the Y chromosome of £,
Juscocapillus would also help in understanding how the E. lutescens and E. tancrei Y
chromosome met its doom. Once the sex-determining locus on a Y chromosome
becomes non-functional, and genes critical to male specific functions have been
replaced or moved from the Y chromosome, the end is near for that Y chromosome
(Fieure 6.10).

The fall of the Y chromosome has therefore occurred in Ellobius. And could be
close to its fall in species that commonly have XY females (e.¢. akodont rodents and
lemmings; discussed in section 1.5). Ellobius demonstrates that the Y chromosome is
not immortal, and the retention of its male determining function is crucial to its survival.
The process of Y degradation is continual and it may only be a matter of time before

other mammalian species lose their Y chromosome.
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6.5 Conclusions

The mammalian X and Y chromosomes evolved from an homologous pair of
autosomes, The original proto-X and -Y chromosomes contained the same set of genes,
but throughout its history the Y chromosome has been subjected to selective torces that
have caused the loss of most of the genes it once contained. Only genes that are
beneficial to males have survived on the Y for a long evolutionary period.

Previous comparative mapping of human X/Y shared genes in marsupials defined
conserved (XCR) and recently added (XAR) regions of the human X chromosome. My
mapping of human XY shared genes in the tammar wallaby showed that the human Y
chromosome, too, I1s composed of an ancient region (Y CR, represented on the marsupial
Y),and a Y added region (Y AR, represented on marsupial autosomes). The position of
genes on tammar chromosome 5p implies that the human Y chromosome is derived
primarily from a single recent addition. The ancient YCR constitutes only 8-20% of the
euchromatic human Y, so has been virtually obliterated,

Unexpectedly, the locations of XCR genes in platypus, chicken and fish defined
two evolutionarily distinet origins for the long arm of the human X chromosome. One
region, on the X also in platypus, represents the original proto-X (XCR). A second
region, mapping to chromosome 6 in platypus, was added to the therian X chromosome
(XtCR) after the divergence of monotremes [70MyBP,

Mapping of these genes also defined a region on the human Y that has been
conserved only on the llll:!'iélll Y (Y1CR), but is autosomal in platypus, This region was
therefore not a part of the proto-Y, but was added after monotremes diverged from
marsupials 170MyBP, but betore marsupials diverged from eutherians 130MyBP. This
finding contradicts Lahn and Page’s influential “Geological layers™ of the sex
chromosomes hypothesis, which states that the entire long arm of the X. and
corresponding regions of the Y, represent the original proto-XY chromosome, and
genes in this region diverged on the X and Y 180-240MyBP,

Thus of the 35 genes located on the human Y chromosome, none were present on
the original proto-Y and only four survive from the region added 130-170MyBP. Most
of the human Y chromosome is therefore derived from the recent (~=80MyBP) addition
to eutherian sex chromosomes (Figure 6.11). Thus of the 1400 genes on the original Y
and the additions, the mammalian Y chromosome has lost all but 35. With time, more

will be lost, until the human Y disappears entirely,
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Appendix

Appendix I: Primer list

13 AATTAACCCTCACTCCLGGO
T CGGGATATCACTCAGCATAATG
5P6 ATTTAGGTGACACTATAGAAA

BPY 1#413(345)

CCTTCGTCAGTTTTGGUAGTG

BPY 1 #417(470)

GCCCTTCTGCTTCTGTCTT TG

PCDHX-2020f

GAATAACTCTCCTGGCATCC

PCDHX-2735r

TCITCTTGTGTTTCCTCCTAC

RPS4X-142f

CTCCGAAACCGCCTCAAGTA

RPS4X-585r GGTGTTTCTCCCTGTTGGTG
RPS4X-12f GCCCAAGAAGCACCTGAAGC
RPS54X-700r CGGGGCAGAGAAATCCAAGC

PRY -418f

ATGGGAAGGTTGGCTGTATCT

PRY-1138r

AAGTGTTGTTGGAGGTTGTGA

XKRY-695f

TATTCCCTCTTATCAGTTGTG

XKRY-1481r ACTCAGCCTCTTTACTCTTTG
ATRX(f) CAATAATGGATGAAAACAGCC
ATRX(r) TGCCTGCTTCAAAAATCTTAC
SOX3(f) ATCAACGCSTTYATGGTDTGGTCCCG
SOX3(r) CGGCRCYCTGGTAGTGYTGUIGYAC
SOX3-HMG(T) CCCATGAACGGGTTTCATGGTGT
SOX3-HMG(r) GCAGGCGAGTACTTGTCCTTCIT
PCDHX4(508) CTGTTGATGGAGGTGAACC
PCDHX4(566) AGACAGGGCGACTAAAGTGG
TB4X286-13 TGCTAACCAAGGATAAAAAG
TB4X354-t3 TTACCCAACATAGAAAAACC
TB4X392-t3 ACCCAAAGGCATCAGTAAGG
TB4X81-t7 GOGAGAGGGGAGAAGGAGGAG
TB4X397-17 GAGGCTGTGAATGGTTTTGG

TB4X102-17

ATTGTTGAGCCAGAGAAAGC

l-dl
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Cell Genetics

The human Y chromosome derives largely from

Abstract. Mapping of human X-borne genes in distantly
related mammals has defined a conserved region shared by the
X chromosome in all three extant mammalian groups, plus a
region that was recently added to the eutherian X but 15 still
autosomal in marsupials and monotremes, Using comparative
mapping of human Y-borne genes, we now directly show that

In all mammals, females have two X chromosomes, while
males have a single X and a male-determining Y. The Y is
much smaller than the X and contains few active genes. The
mammalian X and Y chromosomes arce thought to have
evolved from a homologous pair of autosomes by a process of Y
degradation (Ohno, 1967) which lelt only a small pseudoauto-
somal region (PAR) and a few genes shared between the differ-
ential regions of the X and Y chromosomes.

The origin of mammahan sex chromosomes has been ex-

most distant mammahlian relatives, marsupials and mono-
tremes, which diverged from the eutherian ("placental™) h-
neage about 130 and 170 mullion years ago, respectively (Hope

arm and pericentric region of the human X were also on the X
chromosome i marsupials and monotremes. However, genes
distal to human Xpl1.23 were located in two autosomal ¢lus-
ters m other mammal groups, the larger on tammar wallaby
(Macropus eugenii) chromosome 5p. Cross-species chromo-
some paimnting between human and tammar wallaby confirm
these regions ol homology and nonhomology (Glas et al., 1999).
Thus comparative mapping and painting defined an X con-
served region (XCR), which represents the ancestral mammali-
an X. and an X added region (XAR), which was originally
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plored by comparing their gene content in humans and their

et al., 1990). Our previous work showed that genes on the long

a single autosomal region added to the sex
chromosomes 80-130 million years ago

P.D. Waters, B. Duffy, C.J. Frost, M.L. Delbridge, and J.A.M. Graves

Department of Genetics, La Trobe Unmiversity, Melbourne, Victora (Australia)

the eutherian Y is also composed ol a conserved and an added
region which contains most of the ubiquitously expressed Y-
borne genes. Little of the ancient conserved region remains,
and the human Y chromosome is largely derived from the add-
ed region.,

Copyright @ 2001 5. Karger AG, Basel

autosomal but was translocated m one or more events to the
cutherian X after the divergence of eutherians from marsupials
(Graves, 1995).

Since several human Y chromosome-borne genes share ho-
mology with sequences on the X, it is likely that the Y, too, con-
sists of conserved and added regions. The evolutionary origin of
genes on the human Y may be explored by mapping eutherian
Y-borne genes or their X-borne relatives in marsupials. Limited
observations on the content of the marsupial Y chromosome
supported the hypothesis that the eutherian Y is also bipartite.
We have now investigated the origin of five more genes on the
human Y which enable us to draw at least a rough map of the
ancient and added regions of the human Y chromosome. Sur-
prisingly. this map reveals that most of the human Y was not
original, but was derived from a recently added region.

Materials and methods

Male and female M. eugenii genomic DNA (10 pg) was digested with
Feoll or HindlI1l, run in 0.8 % agarose, and blotted on Hybond-N+ mem-
branes (Amersham). These membranes were subsequently hyvbridised with
[c=PldCTP=labelled probes (Megaprime Labelling Kit, Amersham),

An EMBL 3 genomic library was constructed from DNA extracted from
the liver of a male tammar wallaby, Genomie DNA was partially digested
with Sau3A and size-selected through a 10% to 40% glveerol gradient. Frac:
tions were taken, and partially digested DNA ranging in size from 15to 20 kb
was ligated to AEMBL3 arms. The ligation reaction was packaged with Giga.
Pack Gold (Stratagene), The library was titred and plated to a density of
120,000 plagque-forming umits on four 22 = 22em Nune plates.

Small hyvbridising ragments of wallaby genomic ¢lones were subcloned
into pBlueseript. The plasmid primers T3 and T7 were used to obtan
sequence rom either end of the cloned fragment with an Amplicyele ki
(Promega) according to the manufacturer’s instructions.

Accessible online at
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Lymphocytes were cultured from M. eugenii blood, supplied by Prof,
M.B. Renfree (University of Melbourne), and held under Animmal Ethics and
Experimentation Permit No, L5B 96/4, Air-dried chromosome preparations
were made from cultured peripheral blood according to standard methods
(Schempp and Meer, 1983), with minor modifications, Chromosome in situ
suppression (CI88) hybridisation of the genomic probes was performed
(Lichter et al., 1988). Probes were labelled with digoxigenin and detected
with anti=digoxigenin mouse antibodies (Sigma), followed by binding of
tetramethylrhodamine 1sothiocyanate (TRITCO)-comjugated goal anti-mouse
antibodies (Sigma) and then TRITC-conjugated rabbit anti-goat antibodics
(Toder et al., 1996). Chromosomes were then stained with 4°.6-diamidino-
2-phenylindole (DAPI) dihydrochloride, and images were collected using a
Zeiss Axioplan microscope with a liquid-cooled Photometrics charge-cou-
pled device camera,

Results

We cloned and mapped the marsupial homologues of DBY,
USPOY., UTY, ZFY, and SMCY (characteristics described in
Table 1) in the model marsupial M. eugenii (tammar wallaby)
in order to determine whether these genes were part of the con-
served or recently added regions of the human Y chromo-
some.

Southern blots containing digested DNA from male and
female wallabies were probed with cDNA from mouse UspYy,
Dbx, Uty, and Smey (Agulnik et al., 1994a) and human ZFX
and ZFY (Page et al., 1987) (Fig. 1). All probes detected a few
¢lear bands, showing that the tammar wallaby genome con-
tained sequences homologous to all genes. The Swicy probe
detected male-specific bands that confirmed a Y-chromosome
location for the marsupial homologue, as well as a dosed band,
implying an X-borne homologue, The UspYx, Dbx, Uty, and
ZFX/ZFY probes detected no male-specific bands and no con-
sistent male:female gene dosage differences, implying autoso-
mal locations for their wallaby homologues.,

Size-selected genomic DNA libraries were screened with the
same cDNA probes. Clones were 1solated for Usp9x/y, Dbx/v,
and Urx/y. Restriction analysis was performed, and fragments
hybridising strongly to the relevant probe were subcloned and
partially sequenced to confirm clone identity. The marsupial
clones displaved greater than 87% homology to their human
homologues over coding regions. ZFX/Y clones were of {wo

241kb ¥

9.4kb > |

6.5kb » |

4.4kb »

-

Smey

L ﬂ; L
Uty. zty

; I. .*
Fig. 1. Southern blots containing fully digested total genomic tammar
wallaby DNA hybridized with either mouse Dbx, Usp9y, Uty, or Smcey or

human ZFY. Open arrows denote male-specific bands. Grey arrows denote
dosed bands,

types, one of which was highly homologous to human ZFX/Y
throughout the gene and the other only in the zinc finger region:
the latter proved to be more similar to ZNF6 (Frost, unpub-
lished)., Two wallaby clones were isolated with Smey cDNA:
one was most similar to human SMCX and detected dosed
bands on Southern blots, whereas the other was most closely
related to human SMCY and detected male-specitic bands.

Fluorescence in situ hybridisation (FISH) onto wallaby
chromosomes was carried out with the full-length clones con-
taining wallaby SMCX/Y, USPOX/Y, DBX/Y, and UTX/Y
(Fig. 2). Digoxigenin-dUTP-labelled probes were hybridised
onto DAPI-stained tammar wallaby metaphase chromosomes.
The low diploid number (2n = 16) and the distinctive morphol-
ogy made it easy to identify each chromosome except 3 and 4.
SMCX mapped to the wallaby X, and SMCY localised to two
regions on the wallaby Y chromosome, suggesting multiple Y-
borne copies. Wallaby USPOY/X, DBY/X, and UTY/X homol-
ogous clones all mapped to the same location on wallaby 5p. In
situ hybridisation with a radioactively labelled wallaby ZFX/Y
homologue produced a single peak over wallaby chromosome
Sp(Fig. 2).

Table 1. Position and expression of X« and Y-borne genes in human and mouse

nat II'I.I'I.L'|.I\'II|L'I.1

not inactivated

al. (1995)
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Gene Humian - Mouse Putative function  References
Lociation on Expression of locus on Expression of locus on
X chromosome Y chromosome X chromosome Y chromosome X chromosome Y chromosome
ZFX/Y Xp22.1 Ypll.3 Ubiquitous, Ubiquitous Ubigquitous, lestig-specific  Spermatogenesis  Page et al, (1987); Mardon and
nol inactivated inactivaied factor? Page ( 1989y Jegalian and Page
(1908)
USPOX/Y  Xpll4 Yqll.2 Ubiquitous, Ubiguitous Lbiguitous, Festis-apecific  Spermatogenesis — Jones et al, (1996); Lahn and Page
not inactivated inactivated factor? (1997a). Brown et al. (1998)
DBEX/Y ? Ygqll.2 Lbiquitous, Ubiquitous 7 i 7 Lahin and Page (19974)
nol machivated
- : ' I N : .
y UTX/Y Xpll.23 Yqll.2 Ubiguitous, Ubiguitous Ubigquitous, Ubiquitous Hya determinant Creentield et al. (1996, 1995)
not inactivated not inactivated
\BMOX/Y Xpll.2 Yqll.2 Ubiquitous, Ubiguitous Ubigquitous, Ubiguitous Hya determinant Agulnik et al, (1994n, b); Wang el




DFFRY/X | DBY/X

Fig. 2. Fluorescence in situ hvbridisation to
DAPI-stained metaphase chromosomes of the
male tammar wallaby, using wallaby genomie
phage clones SMCOY, SMCOX, USPOY/X, DBY/X,
and UTY/X. Radioactive in situ hyvbridisation
using a 53’ (acidic domain) S. crassicaudata ZFX/
Y probe produced a single peak over 5p.

Fig. 3. Regions of the human Y chromosome
deriving from an ancient proto-X and proto-Y
(blue) and a large recent addition to the human Y
chromosome represented by 5p in the tammar
wallaby (red), Genes and amplified regions de-
rived by transposition rom autosomes are repre
sented inogreen, We propose that the two con-
served reglons were n|1.'.'m.1]|\ contiguous, Bl
were disrupted by an mversion in the human
lineage

Cvtogenet Cell Genet 92:74=79 (2001)
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Table 2. Characteristics of genes on the

Y location (Mb
from Yp telomere)
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|.HL".I|H.1I:I mn
tamimar wallaby

Phenotype X logation”

; Ciene
human Y chromosome e

¥ telomere {
CSF2RA 1,23
SLOC254a 1.3
SRY/S0X1 2.56
RPS4Y/X 2.58
2FYIX 204
TSPY major 8.31
AMELY/X 0.5]
TSPY minor (0,53
Centromere [1.40
LSPay/X |2.68
DRYN 12.84
LTy 13.12
STS/P |5.86
Oy 18,31
SMOY/X 20011
REMY/X 21,95
DAL 22,93
Heterochromatin 27.28

horder

Xp2l.3 ip
Xp22.3 3/dp
| Sex determination Xq26—q27 XY
Aqli.l X
Xp22.l ip
Autosomal
GRY" Xp22.31=p22.1 ip
9.00-11.49 Autosomal
GOY”
11.31-14.69
Afla Xpll.d 5|1
[1.92-13.37
o 5p
Xpll.32 Sp
Xp22.32 Splp
18,79 . ?
xpll.2 Xy
22.93 AZFb Xq26—q27 XY
20.64-22.93
2728 4

e

The lack of an X-chromosome homologue is denoted by o dash (-,

GRY 15 the region associated with gonadoblastoma,

GOY s the Y-specific growth control region,

Gienes shown in italies represent recent additions to the Y chromosome, Genes shown in boldface are conserved.
Gienes shown in plain type were transposed to the Y chromosome from autosomes,

Discussion

These results consolidate the fragmentary evolutionary pic-
ture of the human Y. It was previously shown by somatic
hybrid analysis that marsupial homologues of ZFY were auto-
somal (Sinclair et al., 1988), but localization was uncertain and
complicated by cross-hybridisation with ZNF6, since shown to
map to chromosome 1| (Frost, unpublished), AMELX/Y was
previously shown to be autosomal in marsupials and mono-
tremes, mapping near the centromere of wallaby chromosome
3 (Watson et al., 1992). STS/STSP and the PAR gene CSF2RA
were recently mapped to wallaby 5p (Toder and Graves, 1998),
while SLC25A6 mapped to wallaby chromosome 3 (Toder and
Graves, 1998). The marsupial homologues of two human Y-
borne genes, SRY and RBMY, have also been mapped to the Y
chromosome in the tammar wallaby, and their X homologues
have been mapped to the wallaby X (Foster et al., 1992; Foster
and Graves 1994; Delbridge et al., 1999), A report of a male-
specific RPS4Y (Jegalian and Page, 1998) band on Southern
blots of the opossum suggests that this gene also has a homolo-
gue on the Y 1n some marsupial species, although no male-
specific band is apparent in the tammar wallaby (Duffy, unpub-
lished). The present results substantiate an earlier report of a
male-specific band in opossum DNA detected with human
SMCY (Agulnik et al., 1994a).

Our present results, together with previous localizations,
define a Y conserved region (YCR) of the human Y containing
four genes (SRY, RBMY, RPS4Y, and SMCY) and a Y added
region (YAR) containing eight genes (USP9Y, DBY. UTY,

ZFY, AMELY, STSP, CFS2RA, and SLC25A6). All but one of
these YAR genes co-localise on wallaby chromosome 5p and.
therefore, are part of a single recent addition to the cuthe-
rian Y.

Significantly, the wallaby homologues of 10 X-specific hu-
man genes located distal to human Xpl1.23 also map in the
same region of chromosome 5p in the wallaby. They are also
grouped on chromosome 3q in a distantly related marsupial
species Sminthopsis crassicaudata, and on chromosome 1 in
monotremes (Graves,1995), implying that this 1s an ancient
gene cluster. This cluster of X and Y genes on wallaby chromo-
some 5p therefore represents an ancient region which was origi-
nally autosomal in the ancestors of monotremes, marsupials,
and eutherians, but was added to both sex chromosomes in the
cutherian linage. then subsequently degraded on the Y.,

The arrangement of YCR and YAR genes on the human Y
chromosome (Table 2) reveals the evolutionary origin of parts
of the human Y (Fig. 3). There are two small conserved regions
on the human Y chromosome. One (adjacent to the Yp PAR)
contains SRY and RPS4Y, and the other (near the Yq hete-
rochromatin) contains SMCY and the major cluster of ex-
pressed RBMY copies. These regions amount to only 8% to
24% of the euchromatic portion of the Y chromosome (the low-
er figure is calculated from the distance separating the pairs of
YCR genes, and the higher figure from the distance separating
the YAR genes on either side [Affara et al., 1996], excluding the
highly repetitive region below RBMY, which contains only
amplified sequences with no X homologues). The minimum
size (about 10 Mb) accords with the very small size of the con-

Cyvtogenet Cell Genet 92:74=79 (2001)

17



served marsupial Y, with which it shares homology. Since the
region of the X with which 1t once shared homology 1s at least
100 Mb, we conclude that the original Y chromosome has been
much reduced: indeed, it has all but disappeared.

Remarkably, most of the euchromatic region of the human
Y. including the Yp PAR, contains only genes which are auto-
somal in marsupials and map together on chromosome 5p in
the wallaby. Exceptions are the amplified non-expressed copies
of RBMY, which are distributed with TSPY sequences in two
additional blocks in Yp and proximal Yqg and may have origi-
nated via tandem duplication, In addition, there are genes (e.g..
DAZ and CDY) with no X homologues, which are likely to
have been transposed into the Y from an autosomal location.
Most of the human Y therefore represents the relic of an auto-
somal region added to the proto-X and proto-Y between 80 and
130 million years ago.

The presence of these wallaby chromosome 5 genes on both
the human X and Y implies that a large autosomal block was
added to both sex chromosomes after the divergence of euther-
1ans trom marsupials 130 million years ago, but before the
eutherian radiation 80 million years ago, as proposed previous-
ly (Graves, 1995), A single inversion 1s all that was required to
redistribute the YCR and YAR genes into two smaller blocks
(Fig. 3), although there must have been rearrangements within
the YCR before the inversion to produce the gene order shown
in Fig. 3 from the original order retained by the X, as well as
other rearrangements within the YAR after it was added (Gli-
ser et al,, 1997). These rearrangements must all be relatively
recent in the hominid lineage, since in lower primates the Y-
chromosome gene order SHOX-IL3RA-SLC25A6P-SRY still
reflects that of the X chromosome (Gliser et al., 1999). from
which the Y derived.

Our direct demonstration that genes on the human Y are

arranged in two small conserved blocks amid a majority of

recently added material confirms and extends the hypothesis
put forward several years ago (Graves, 1995) that the human Y
chromosome consists of a small conserved region and a large
added region. This demonstration of a separate origin by com-
parative mapping constitutes much stronger evidence than
sequence comparison, which is subject to many vagaries, espe-
cially for genes on the Y chromosome; however, our hypothesis
s quite compatible with Lahn and Page’s division of the
human Y chromosome into five “geological strata™ claimed. on
the basis of' sequence homology between X-and Y-borne homo-
logues, to have been isolated at different times (Lahn and Page,
1999a), Their strata I and I1 represent the YAR, while strata I11.
IV, and V represent the ancient YCR, Both regions were proba-
bly further subdivided by major rearrangements which elimi-
nated homologous pairing and permitted rapid degradation
within a large region.

Some human Y-specific genes with no X homologue appear
to have a more recent origin than the X-Y shared genes within
the YCR and YAR. DAZ lies on the human Y but is not on the
mouse or marsupial Y (Delbridge et al., 1997). and the intron-
less CDY 1s present only in simians (Lahn and Page, 1999b).
TSPY also has no X homologue in any species: it is present as a
single copy on the mouse Y and as multiple copies on human
Yp. but is absent from the Y in marsupals (Delbridge et al.,

18 Cvtogenet Cell Genet 92:74-79 (2001)

1997). These genes all have autosomal homologues from which
they were evidently transposed or retrotransposed into the P
mate Y chromosome 50-80 million years ago. inserting into g
part of either the conserved or added region (Fig. 3),

The evolutionary origin of genes on the human Y may be
reflected by their function, or lack of it. Genes that persisted on
the Y for the 130 million years since eutherians and marsupials
diverged are likely to have been selected for a critical function
in sex determination (SRY) or spermatogenesis (e.g.. RBMY),
Genes that were added more recently may still be present simp-
ly because they have not yet had time to degrade (e.g., human
STSP, which appears to have recently suffered an exon deletion
[Yen et al., 1988]). However, some genes within the YAR have
evidently acquired a male-specific function; for instance,
DFFRY 1s likely to be involved in spermatogenesis (Sargent el
al.. 1999; Sun et al., 1999). Evidently, the Y copies of many
genes which were originally added to the X and Y (e.g., the
X-specific genes DMD and PDHAL, which also map to wallaby
chromosome 5p) have already been degraded and deleted (Sin-
clair et al., 1988; Fitzgerald et al.. 1993). Another recent addi-
tion to the sex chromosomes, represented by a human PAR
gene (SLC25A6) which maps to wallaby chromosome 3, may be
the sole survivor of an independently added region, and a
region of wallaby chromosome 1, which maps to the human
XAR but not the YAR (Graves et al., 1995), may have been
added earlier, for it has evidently left no trace on the hu-
man Y,

New genes found within the two small regions of the human
Y which have been conserved from the original Y of an ancient
mammalian ancestor are likely to have a critical male-specific .
function, The tiny marsupial Y may serve as a model of this
ancient mammalian Y,
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served marsupial Y, with which it shares homology. Since the
region of the X with which it once shared homology is at least
100 Mb, we conclude that the original Y chromosome has been
much reduced: indeed. 1t has all but disappeared.

Remarkably, most of the euchromatic region of the human
Y, including the Yp PAR, contains only genes which are auto-
somal in marsupials and map together on chromosome 5p in
the wallaby, Exceptions are the amplified non-expressed copies
of RBMY, which are distributed with TSPY sequences i two
additional blocks in Yp and proximal Yq and may have origi-
nated via tandem duplication. In addition, there are genes (e.g..
DAZ and CDY) with no X homologues, which are likely to
have been transposed nto the Y from an autosomal location.
Most of the human Y therefore represents the relic of an auto-
somal region added to the proto-X and proto-Y between 80 and
130 million vears ago.

The presence of these wallaby chromosome 5 genes on both
the human X and Y implies that a large autosomal block was
added to both sex chromosomes after the divergence of euther-
ians from marsupials 130 million years ago, but before the
cutherian radiation 80 million years ago, as proposed previous-
ly (Giraves, 1995). A single inversion 1s all that was required to
redistribute the YCR and YAR genes into two smaller blocks
(Fig. 3). although there must have been rearrangements within
the YCR before the inversion to produce the gene order shown
in Fig. 3 from the original order retained by the X, as well as
other rearrangements within the YAR after it was added (Gli-
ser et al., 1997), These rearrangements must all be relatively
recent in the hominid lineage, since in lower primates the Y-
chromosome gene order SHOX-IL3RA-SLC25A6P-SRY still
reflects that of the X chromosome (Gliser et al.. 1999), from
which the Y derived.

Our direct demonstration that genes on the human Y are

arranged 1n two small conserved blocks amid a majority of

recently added material confirms and extends the hypothesis
put forward several years ago (Graves, 1995) that the human Y
chromosome consists of a small conserved region and a large
added region. This demonstration of a separate origin by com-
paralive mapping constitutes much stronger evidence than
sequence comparison, which 1s subject to many vagaries, espe-
cially for genes on the Y chromosome; however, our hypothesis
Is quite compatible with Lahn and Page’s division of the
human Y chromosome into five “geological strata™ claimed. on
the basis of sequence homology between X- and Y-borne homo-
logues, to have been isolated at different times (Lahn and Page,
19994a). Theirstrata |l and Il represent the YAR., while strata 111,
[V, and V represent the ancient YCR. Both regions were proba-
bly further subdivided by major rearrangements which elimi-
nated homologous pairing and permitted rapid degradation
within a large region.

Some human Y-specific genes with no X homologue appear
to have a more recent origin than the X-Y shared genes within
the YOR and YAR. DAZ lies on the human Y but is not on the
mouse or marsupial Y (Delbridge et al., 1997). and the intron-
less CDDY 1s present only in simians (Lahn and Page. 1999h),
TSPY also has no X homologue in any species: it is present as a
single copy on the mouse Y and as multiple copies on human
Y p. but 1s absent from the Y n marsupials (Delbridge et al.,
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1997). These genes all have autosomal homologues from whigk
they were evidently transposed or retrot ransposed into the pri-
mate Y chromosome 50-80 million years ago, inserting into g
part of either the conserved or added region (Fig, 3).

The evolutionary origin of genes on the human Y may be
reflected by their function, or lack of it. Genes that pur&;islc;i on
the Y for the 130 million years since eutherians and marsupials
diverged are likely to have been selected for a critical function
in sex determination (SRY) or spermatogenesis (c.g.. RBMY).
Genes that were added more recently may still be present simp-
ly because they have not vet had time to degrade (e.g.. human
STSP, which appears to have recently suffered an exon deletion
[Yen et al., 1988]). However, some genes within the YAR have
evidently acquired a male-specific function: for instance.
DFFRY 1s likely to be involved in spermatogenesis (Sargent ef
al., 1999: Sun et al., 1999). Evidently, the Y copies of many
genes which were originally added to the X and Y (e.g., the
X-specific genes DMD and PDHA L, which also map to wallaby
chromosome 5p) have already been degraded and deleted (Sin-
clair et al., 1988; Fitzgerald et al., 1993). Another recent addi-
tion to the sex chromosomes, represented by a human PAR
gene (SLC25A6) which maps to wallaby chromosome 3, may be
the sole survivor of an independently added region, and a
region of wallaby chromosome 1, which maps to the human
XAR but not the YAR (Graves et al., 1995), may have been
added earlier, for it has evidently left no trace on the hu-
man Y.

New genes found within the two small regions of the human
Y which have been conserved from the original Y of an ancient
mammalian ancestor are likely to have a critical male-specific .
function. The tiny marsupial Y may serve as a model of this
ancient mammalian Y.
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Assignment' of the SMARCF1 gene to tammar
wallaby chromosome 5¢ by fluorescence in situ

hybridisation

P.D. Waters, P.J. Kirby, and J.A.M. Graves

Comparative Genomics Group, Research School of Biological Science, The Australian National University, Canberra (Australia)

! To our knowledge this is the first time this gene has been mapped in tammar wallaby.

Rationale and significance

SWI/SNF-related, matrix associated, actin-dependent regu-
lator of chromatin, subfamily f, member 1 (SMARCF1) is a
member of a conserved family of proteins distinguished by a
DNA binding motif called ARID (AT-rich interactive domain)
(Dallas et al., 2000). First isolated in yeast, and followed by the
characterization of similar SWI/SNF complexes in mammals
and Drosophila melanogaster, these complexes have been sug-
gested to play fundamental roles in the regulation of gene
expression during cell growth and development via altering
chromatin structure (Kingston and Narlikar, 1999; Kadonaga,
1998), SMARCF1 maps to human 1p36.1 — p35 (Takeuchi et
al., 1998) where it has been suggested that at least two tumor
suppressor genes are located (Caron et al., 1995), In this study
we cloned and mapped the genomic SMARCF] in the model
marsupial Macropus eugenii (tammar wallaby) of particular
value for comparative genetics because of its carly divergence
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plying M, eugenif tissue,
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(about 130 million years ago) from placental mammals.
SMARCFI was cloned and mapped by fluorescent in situ
hybridization to the distal region of chromosome 5q. This is the
first gene to be mapped to chromosome 5q in the tammar wal-
laby and may represent a region of homology between human
chromosome 1 and wallaby chromosome 5.

Materials and methods

A tammar wallaby lambda genomic DNA library was screened with a
labeled cDNA probe for VOY (kindly supplied by Dr. David Page, Howard
Hughes Medical Institute, Whitehead Institute, Cambridge, MA, USA), Five
positive clones were isolated and sequencing revealed that one contained the
willaby SMARCF1 gene. The SMARCF1 clone was biotin=14-dCTP labeled
by nick translation and hybridised to tammar wallaby metaphase chromo-
somes. Hybridisation signals were detected with anti-biotin raised in goat
and anti-goat coupled with FITC and counter stained with DAPI.

Probe name: MeSMARCI.1
Probe type: genomic DNA

Insert size: approximately 20 kb
Fector: Lambda EMBL3
Proof of authenticity: sequencing

Results

Mapping data

Location: 5q distal region (Fig. 1)

Number of cells examined: 20

Number of cells with specific signal: 16

Most precise assignment. 5q distal region

Location of background signals (sites with = 2 signals): none
observed
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0301-0171/01/0934-0315%17.50/0
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Fig. 1. The tammar wallaby SMARC 1 homologue hybridised to 3q.
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