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A bstract

The morphologically distinct mammalian X and Y chromosomes pair during male 

meioses. Within this pairing region chiasmata are formed and regular exchange 

between the X and Y chronx)Somes occurs in a region of homology near the telomeres 

called the pseudoautosomal region (PAR). Recombination between chrorrx)Some 

bivalents is thought to be required for the correct segregation of all chromosomes 

including the sex chromosomes. Alleles within this region do not exhibit strict sex linked 

inheritance because of the exchange of genetic material but behave as if they were 

autosomally inherited hence the term pseudoautosomal. The molecular structure of the 

pseudoautosomal region has not been defined in mammals other than humans. By 

comparing the pseudoautosomal region of humans with other species features that are 

essential to the correct function of this region may be determined. Several approaches 

to cloning the murine PAR have been undertaken.

As the PAR resides in the terminal region of the mouse X chromosome one approach to 

isolating sequences from the PAR is to generate somatic cell hybrids which retain the 

distal region of the mouse X chromosome. A panel of irradiation and fusion gene 

transfer hybrids was generated from a monochromosomal hybrid which retained the 

mouse X chromosome. The retention of loci across the X chromosome was determined 

and DNA sequences were isolated from hybrids which were enriched for the terminal 

region of the mouse X chromosome. None of the probes isolated originated from the 

PAR. An alternative approach to isolating sequences from the murine PAR involved 

characterizing yeast artificial chromosomes (YACs) which retained sequences common 

to the telomeric regions of several chromosomes including the X and Y chromosomes. 

None of the sequences isolated from these YACs originated from the PAR.

The order of loci in the terminal region of the mouse X chromosome was determined in 

order to initiate a chromosome walk towards the PAR from the closest flanking marker. 

The order centromere-Pdha1-DXPas18-(Glra2,DXMit12)-Prps2-Amg-\e\omere of this 

conserved linkage group agrees with the order found on the human X chromosome 

{PDHA1/GLRA2-PRPS2/AMG-STS) and enables the order of PRPS2 and AMG\o be 

predicted. As Amg was the closest marker to the PAR, a YAC base chromosomal walk 

was initiated from this locus. Although sequences from the PAR were not obtained, the 

distance between the pseudoautosomal boundary and the closest flanking X-linked 

marker was reduced by 460-640 kb.
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U _______ INTRODUCTION

In mammals, males and females differ in sex chromosome constitution. Females are the 

homogametic sex with two X chromosomes while males are the heterogametic sex with 

an X chromosome and a sex determining Y chromosome. The X and Y chromosome are 

very different in structure and genetic properties. The X chromosome contains 

approximately 5% of the eutherian genome and retains a large number of genes most of 

which are not involved in either sex determination or differentiation. These genes are 

present in a hemizygous state in the male. The Y chromosome is variable in size even 

within a species, however It is usually smaller than the X chromosome and frequently 

one of the smallest chromosomes. Few genes appear to be located on the Y 

chromosome and much of the Y consists of constitutive heterochromatin. The Y 

chromosome, which acts as a dominant male determinant, has two major functions in the 

transmission of sex which are dependant upon their location on the Y chromosome: the 

induction of testis formation and as the pairing partner of the X chromosome in male 

meiosis.

L 2 ______ $EX.DETgRMiNATION IN MAMMALS

The mechanism by which the sex of an individual is determined has fascinated humans 

and theories to explain the causes of separate male and female development and the 

remarkably constant equality in the proportion of the sexes have been proposed from the 

earliest recorded times. Chromosomes were observed in the late nineteenth century and 

by the 1890’s the chromosome theory of heredity was proposed (Austin et a i, 1981 ). 

Sexual dimorphism in insects was amongst the first traits shown to have a chromosomal 

basis. In Drosophila, sex is determined by the number of X chromosomes (Hodgkin, 

1990) with the Y chromosome being irrelevant to sex determination: diploid XX or XXY 

flies develop as females while XY or XO flies develop as males (Bridges, 1916). The 

presence of a Y chromosome in the human male, which segregated from the X 

chromosome in the first meiotic metaphase, was obsen/ed by Painter ( 1923). Until 1959 

it was assumed, by analogy with Drosophila, that sex in mammals is decided by the 

number of X chromosomes. The dominant nature of the Y chromosome in eutherian sex 

determination has been shown by the phenotype of individuals with sex chromosome 

aneuploidies. In both man (Jacobs et a i, 1959) and mouse (Russell, 1961) XXY 

individuals are male while an XO genotype results in a female phenotype (Ford et a i, 

1959; Welshons et a i, 1959). In marsupials the Y chromosome also appears to be sex- 

determining as XXY animals possess testes while XO individuals do not (Sharman,

1970). This is consistent with the probable monophyletic origin of the mammalian Y 

chromosome as indicated by the marsupial Y sharing at least two genes with the mouse
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Y chromosome (Foster et al., 1993; Mitchell et al., 1993) and would Indicate that the Y 

chromosome as the dominant male determinant is the basic sex determining mechanism 

in mammals.

The mammalian Y chromosome encodes the genetic information required for male sex 

determination. Sex determination in mammals involves the differentiation of the 

indifferent gonads (or genital ridges) into testes rather than ovaries. The formation of the 

gonads is a complex process and obviously downstream of the primary sex 

determination signal, however, the differentiation of these organs is the first overt sign of 

the sexual pathway and thus the first overt sign of sex determination. All of the 

secondary sexual characteristics in eutherians are the result of the action of hormones or 

factors produced by the developing gonad. In marsupials some sexual characteristics, 

such as the development of pouch or scrotum, may be determined independently of the 

gonad (O ef a/., 1988).

The role of the testes to produce factors that induce male development was 

demonstrated by Jost et a /(1953). Surgical removal of the gonads from a rabbit fetus of 

either chromosomal sex prior to overt sexual development results in subsequent 

formation of female internal and external genitalia. Thus, while the fetal ovaries are not 

required for the differentiation of the female phenotype, the testes are required for the 

development of the male phenotype. Female development can be considered the 

default pathway. The implantation of androgens into castrated male or female fetuses 

stimulated the development of male organs indicating that a major role of the testes in 

male differentiation was the production of testosterone. The failure of androgens to 

suppress the development of the Müllerian ducts implied that the testes must also 

produce a second effector, anti-Müllerian hormone (AMH or MIS) which suppresses the 

development of these organs (Jost, 1953).

The development of the testes is associated with the development of male germ cells, 

Sertoli cells and Leydig cells. The Leydig cells produce testosterone and high levels of 

this hormone cause the differentiation of the Wolffian duct into an epididymis, vas 

deferens and seminal vesicle and stimulates the development of the prostate and male 

external genitalia. The Sertoli cells produce anti-Müllerian hormone (AMH) which causes 

the regression of the Mullerian ducts and thus blocks the development of the oviducts 

and uterus (Josso et al., 1977). Germ cells are not essential for the formation of the 

testes or for secondary sexual development. Mice that lack germ cells, such as the WA/V 

mutants, form testes normally (Mintz et al., 1957). Indeed the sexual development of the 

germ cells is influenced by the surrounding soma (McLaren, 1985).
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The Y chromosome must act to impose the formation of the testis and the male 

determining activity of the Y chromosome has been called the lestis determining factor 

(TDF) in humans and lestis determining Y {Tcfÿ} gene in mice. A positional cloning 

approach was used to isolate the gene SfîY/Sry which has been shown to be equivalent 

to TDF/Tdy (Goodfellow et al., in press).

The identification of XY females who retained only the long arm of the Y chromosome 

narrowed the location of TDFto the short arm of the Y chromosome (Jacobs at al.,

1966). Further cytogenetic sublocalization was difficult due to the small size of the Y 

chromosome and refining the location of TDF relied upon sex-reversed individuals with 

no apparent cytogenetic abnormalities. Particularly important was the discovery that 

approximately 80% of XX males retain Y-specific sequences (Guellaen et a!., 1984). 

These males are usually the result of an abnormal terminal exchange between the sex 

chromosomes extending beyond the pseudoautosomal region and into the Y-specific 

TDF encoding region (Petit eta!., 1987; Page eta!., 1987b; Weissenbach eta!., 1987). 

This abnormal terminal X-Y interchange was first proposed by Ferguson-Smith (1966) to 

account for the loss of the paternal Xg blood group allele in some XX sex-reversed 

males. The amount of Y material transferred in these interchanges varies in different 

males thus enabling the construction of maps of the Y chromosome (Guellaen et a!., 

1984; Vergnaud et a!., 1986; Page, 1986). These interchanges could also generate X-Y 

females due to the toss of TDF encoding sequences (Levilliers et a!., 1989). TDF must 

reside in the smallest Y-specific inten/al consistently present in sex-reversed XX males 

and absent in X-Y females.

Studies on XX males have shown that the 35 kb of Y-specific DNA immediately adjacent 

to the pseudoautosomal region is the critical §ex determining region on the Y 

chromosome (Palmer et a!., 1989; Sinclair et a!., 1990). SRY, a gene isolated from this 

critical region, maps to the Y chromosome of all mammals tested including marsupials 

(Sinclair et a/., 1990; Foster et a!., 1993). Sry also maps to Sxr^, the smallest part of the 

Y chromosome known to be testis determining, and was deleted from the Y chromosome 

of X Y ^ y ^ ^  sex reversed females (Gubbay et a!., 1990; Gubbay et a!., 1992). The 

human and mouse SRY/Sry gene share considerable sequence similarity over a 79 

amino acid region corresponding to a HMG-box type of DNA-binding domain. The HMG- 

box has been found in many proteins with known or suspected DNA binding properties 

including several transcription factors (Ner, 1992), which could imply that SRY/Sry \s a 

transcriptional regulator of other genes in the sex determination pathway.
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The expression pattern of Sry lends further support to the equivalence of SRY/Sry and 

TDF/Tdy (Koopman et al., 1990). Any gene which functions as a primary sex 

determinator should be expressed prior to the overt differentiation of the genital ridge into 

testes. Sry expression in mice coincides with the window in which testis determination is 

expected to occur and appears to be restricted to the genital ridge. In addition, the 

expression of Sry appears to be dependant upon the somatic component of the 

developing gonad as male embryos which lack germ cells ( mutants) express Sry

normally. Sry has the expression pattern, both in timing and localization, expected of 

Tdy (Koopman et a!., 1990).

Evidence thus suggests that SRY/Sry has a role in sex determination. Examination of 

XY females provided evidence that this gene was neœssary for testis formation. Any 

mutation which interferes with the induction of testis formation in the undifferentiated 

gonad of an XY individual is sufficient to cause sex reversal. Thus only a subset of 

mutations would be expected to be associated with any one step in this pathway. 

Approximately 10-15% of sex-reversed humans retaining SRY possess mutations in 

SRY usually within the HMG box region of the gene ( Hawkins et a/., 1992; Goodfellow et 

a/., in press). The majority of these mutations are de novo and therefore occurred in the 

father's germline or in early development. As these variants are de novo and are not 

found in normal males they are thought to be causatively associated with sex reversal.

In addition, these mutations occur at residues known to be conserved in SRY proteins 

from different species which also suggests that these mutations have interfered with SRY 

protein function. Correct SRY functions is thus necessary for testis induction.

The de novo mutations in SRY which cause male to female sex-reversal prove that SRY 

is required for normal male sex determination but are uninformative as to whether SRY is 

the only gene on the Y chromosome, or one of a series of Y-located genes, required for 

male sex determination. Transgenic experiments in mice demonstrate that SRY/Sry is 

the only Y-encoded gene sufficient for testis determination. Sex reversal was produced 

in mice that had a 14 kb genomic fragment which encodes Sry inserted into their genome 

(Koopman et a/., 1990). Sry was the only gene found within this genomic fragment which 

indicates that it is the only gene on the Y chromosome required for testis induction.

The equivalence of SRY/Sry and TDF/Tdy is shown by SRY/Sry being the only 

Y-encoded gene that is both necessary and sufficient to induce testis formation.
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l a  The  p s e u d o a u t o s o m a l  r e g io n

The inheritance of the Y chromosome results in male sex determination. This exclusive 

association of the Y chronx)some and sex requires that the sex determining region of the 

Y chromosome abstain from recombination. However, Koller and Darlington (1934) 

argued 60 years ago that genetic cross-over was a condition of genetic segregation at 

meiosis. Hultén ( l9 7 4 ) subsequently confimried the presence of an obligate chiasma in 

all autosomal bivalents in the human male. The apparent paradox between the 

requirements of meiosis and chromosomal sex determination was resolved by infemng 

two regions on the Y chromosome: a 'differential segment' (which was sex linked) and a 

■pairing segment" in which cross-over occurs (Koller, 1934). In male meiosis the Y 

chromosome pairs with the morphologically distinct X chromosome (Koller, 1934; Chen 

et al., 1971 ; Tres, 1977). Alleles within the 'pairing region' would not exhibit strict sex 

linked inheritance because of the exchange of genetic material but would behave as if 

they were autosomally inherited. This mode of inheritance has been termed 

pseudoautosomal (Burgoyne, 1982). Exchange of genetic material would result in the 

maintenance of a region of homology between the X and Y chromosomes (Bengtsson et 

a/., 1987) referred to as the pseudoautosomal region (PAR). Burgoyne (l9 8 2 ) also 

predicted that there would be only one obligate cross-over due to the small size of the 

X-Y pairing region of most mammals. A single obligate recombination would result in 

alleles at the distal end of the PAR experiencing a 50% recombination rate.

Pseudoautosomal inheritance has been demonstrated for four species: humans, 

chimpanzees and mice and sheep ( Rouyer et a/., 1986; Weber eta!., 1988; Keitges et 

a/., 1987; Nagamine, 1987). Of these species, the PAR is best characterized in humans.

1.3.1 THE HUMAN PSEUDOAUTOSOMAL REGION

In the human there are two pseudoautosomal regions. The major PAR is located at the 

distal end of the X and Y chromosome short arms (Simmler et a/., 1985; Cooke et a/., 

1985) while a second is located at the ends of the long arms (Freijeef a/., 1992).

The major pseudoautosomal region consists of the terminal 2.6 Mb of the short arms of 

the X and Y chromosomes (Petit eta!., 1988; Brown, 1988). Within this region a single 

obligate crossover occurs during male meiosis with no double crossovers observed 

( Rouyer eta!., 1986; Page eta!., 1987a). DXYS14, an anonymous DNA sequence 

defined by the probe 29CI, has been located to within 20 kb of the telomere by Bal3^ 

digestion (Brown, 1988). The recombination of this sequence between the X and Y 

chromosomes at a frequency close to 50% indicates that there is a single obligate
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recombination event in each meiosis. A gradient of sex-linkage between DXYS14 (48%) 

and MIC2 (2.5%) with genetic distances between loci adding up to 50% without distortion 

indicates that recombination can occur over the entire PAR and is not limited to the 

proximal limit of this region (Goodfellow et al., 1986; Weissenbach eta!., 1987). A 

comparison of the physical and genetic maps for this region reveals that in male meoises 

1% recombination (1 cM) is equivalent to 50 kb throughout the PAR ( Petit et a!., 1988). 

Thus the recombination rate for this region is about 20 times the genome average. In 

female meiosis, where recombination can occur throughout the X chromosome, only 4% 

recombination occurs between DXYS14 and M/C2 which is almost 10 fold less than in 

male meiosis. It has been proposed that the increase in recombination frequency in 

male meiosis is due to chiasmata having to be formed within this limited region ( Rouyer 

eta!., 1986). In yeast small chromosomes have higher recombination proficiency than 

larger ones. This proficiency is sequence independent as transferral of regions of small 

chromosomes to larger ones reduces the recombination rate experienced in that region 

(Kaback et a/., 1992). If meiotic recombination frequency is related to the size of the 

region available for homologous pairing, this could explain the elevated rate of 

recombination in the PAR in males. Alternatively there could be male or female specific 

factors interacting differentially with sequences in cis to promote recombination in the 

PAR ( Ellis et a!., 1989b). The ability of the pseudoautosomal region to pair with the X 

chromosome is less successful during female meiosis than during male meiosis ( Hunt et 

a!., 1992). XY females or XY hermaphrodites which produce sperm can be produced by 

placing the Mus domesticus poschiavinus Y chromosome onto a 0576176 background. 

Thus, in XT'*®® individuals, the same sex chromosomes undergoing oogenesis (XY^^s 

females) or spermatogenesis (XY^°s hermaphrodites) can be observed. A high 

incidence of pairing failure was obsen/ed in the sterile XY^o^ females whereas the same 

sex chromosomes paired and segregated normally in male meiosis with some 

hermaphrodites producing normal sperm. Thus the restriction of pairing to the 

pseudoautosomal region does not produce effective pairing during female meiosis 

suggesting that male specific factors must enhance pairing during male meiosis. 

Circumstantial evidence for the existence of male specific factors comes from the 

identification of a male specific protein, XY40, that associates with the axial elements of 

the X and Y chromosomes during pachytene in rat spermatogenesis (Smith eta!., 1992). 

Although there is no direct evidence for the function of the XY40 protein, its restricted 

pattern of expression and its selective association with sex chromosome axial elements 

suggests a specific role for this protein in the behaviour of the X and Y chromosomes 

during male meiosis.
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Several genes have been mapped to the major pseudoautosomal region. These genes 

are MIC2, encoding a cell surface antigen (Goodfellow eta!., 1986), CSF2RA. which 

encodes the alpha subunit of the GM-CSF receptor (Gough et al., 1990; Rappold at al.,

1992), XE7, a gene of unkrx)wn function (Ellison et a i, 1992), ANT3, encoding the 

ADP/ATP translocase (Slim et a i, 1993b; Schiebel et a i, 1993) and H/OMT whose gene 

product catalyses the final reaction in the synthesis of melatonin (Yi et a i, 1992; Slim et 

a i,  1993a). As these genes are present on both the X and Y chromosome dosage 

compensation is presumed unnecessary. Escape from X-inactivation has already been 

demonstrated for (Goodfellow et a i, 1984), XE7(Ellison et a i,  1992) and ANT3 

(Slim et a i, 1993b; Schiebel et a i, 1993). The restricted expression patterns of CSF2RA 

and HIOMT complicate the analysis of transcription from the inactive X chromosome. 

Several other genes have been proposed to be located in the major PAR. A 

pseudoautosomal locus associated with schizophrenia has been suggested due to a 

non-random segregation between the disorder and DXYS14 in affected siblings 

(d'Amato et a i, 1992) and on the basis that sibs with this disorder are more often the 

same sex than would be expected from an autosomal locus although the disorder is 

clearly not sex-linked (Crow, 1988). A gene responsible for short s ta ti^  has been 

suggested to reside within the major PAR as short stature has been associated with 

deletions of this region ( Ballabio et a i, 1989; Henke et a i, 1991; Ogata et a i, 1992a). 

Also a pseudoautosomal locus, XGR, which controls the expression of both Xg® and 

MIC2 in red blood cells has been proposed to reside between MIC2 and the 

pseudoautosomal boundary (Goodfellow et a i, 1987).

The distribution of CpG islands within the major pseudoautosomal region is non-uniform 

(Petit et a i, 1988; Brown, 1988). There are at least seven CpG islands within the PAR 

and these commonly occur in clusters. There is an abundance of sites for infrequently 

cutting enzymes within the 200 kb immediately adjacent to the telomere with a 

particularly large cluster of sites 500 kb from the telomere. The density of CpG restriction 

sites may reflect some structural feature associated with telomeres as several islands 

have been mapped in the telomeric regions of other human chromosomes ( Pohl et a i, 

1988). It has been proposed that the GC rich minisatellites found at the erds of human 

chromosomes function to promote the initiation of synapsis (Chandley, 1989). In vitro, G 

rich motifs self associate at physiological conditions to form four stranded parallel DNA 

complexes (G4-DNA) (Sen et a i,  1988) and G rich loci found along each chromosome 

may promote the initiation of synapsis and the unique size and sequence may constitute 

a "chromosomal finger print" enabling homologue to uniquely identify each other (Sen et 

a i,  1988). Another cluster of CpG islands is associated with the boundary between the 

X and Y chromosomes with a gene, MIC2, corresponding to the most proximal mapped
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island in the pseudoautosomal region (Pritchard et al., 1987). Another gene. ANT3, is 

associated with a CpG island located 1300 kb from the telomere (Slim et a!., 1993b; 

Schiebel et a!.. 1993). This gene lies within 90 kb of CSF2RA (Schiebel et a!., 1993) 

and three genes CSF2RA, ANT3 and HIOMT map less than 750 kb apart (Slim et al., 

1993a).

Further analysis of the major PAR should be aid by the recent construction of two YAC 

contigs of all but the extreme telomeric region of the PAR (Slim et al., 1993b; Foote et 

al., 1992). Both studies had problems with unstable YACs particularly from the central 

region of the PAR where CSF2RA is located and problems with a high rate of YAC 

chimerism (50-60%). The most intensely analysed PAR contig (Slim et ai, 1993a) 

consists of 31 YACs and extends from DXYS60, located 300 kb from the telomere, to the 

pseudoautosomal boundary and has an average resolution of one locus per 50 kb. The 

subtelomeric interspersed repeat (STIR) elements are scattered throughout this contig. 

STIR elements are found in the pseudoautosomal region, more proximally on the X- 

specific portion of Xp22.3, on Yp and also at the tip of many autosomes (Rouyer et a i, 

1986; Petit et a i, 1990; Rouyer et a i, 1990). It has been suggested that these repeat 

elements act as recombination enhancers ( Rouyer et a i, 1990).

A second pseudoautosomal region has been identified near the Xq and Yq telomeres 

(Freije et a i, 1992). In addition to the paired segments of Xp and Yp an association of 

the telomeric regions of Xq and Yq has been observed in approximately half of human 

spermatocytes examined in one study (Chandley et a i, 1984) and in rare cases a short 

synaptonemal complex is present (Speed et a i, 1990). The isolation of sequences 

common to the X and Y chromosomes {DXYS61 and DXYS64) and their localization by 

in situ hybridization to distal Xq and Yq indicated a region of homology near the 

telomeres (Pedicini et a i, 1991). However the X and Y chromosome share several 

regions of homology that do not undergo legitimate recombination during male meiosis. 

Analysis of a YAC contig which includes the telomeric region of Xq has shown that 

DXYS64 maps 350 kb from the terminal repeats and that the XY homology segment is 

relatively small (less than 500 kb). A microsatellite marker {DXYS154), located 100 kb 

from the X specific region, was isolated from the region of XY homology. The inheritance 

of alleles at DXYS154 (Freije et a i, 1992) indicated that genetic exchange occurred 

between the X and Y chromosomes in 2% of male meioses (4 out of 195). This a 

relatively high rate of recombination when it is considered that in female meiosis only a 

single crossover was observed in 238 informative meioses. Assuming that genetic 

exchange between the X and Y chromosomes was due to reciprocal exchange (and not 

gene conversion) then the properties of the pseudoautosomal regions at Xp/Yp and
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Xq/Yq would appear to be different. Given that DXYS154 is located 100 kb from the sex 

chromosome specific region (approximately 20% of the XY homologous region) then a 

locus at a proportional distance in the Xp/Yp PAR would expect to exhibit a 10% 

recombination rate. It has been suggested that Xq/Yq recombination is not an obligatory 

event (Pieretti eta!., 1991).

The existence of the pseudoautosomal and sex specific regions of the X and Y 

chromosome implies the existence of a boundary between them which functions to keep 

these regions distinct. The boundary of the major PAR has been well characterized in 

humans as well as in great apes and old world monkeys (Ellis et al., 1989a; Ellis et a!., 

1990b). In humans and great apes it is defined by the insertion of an Alu repeat element 

on the Y chromosome. Sequences from the PAR adjacent to the boundary are highly 

homologous between the X and Y chromosomes (>99% in the human). The first base 

pair of the Alu repeat is the first base pair to differ between the X and Y chromosomes.

A 225 base pair region of partial homology (77%) is adjacent to this region and is 

followed by sex chromosome specific region with no homology between the X and Y 

chromosomes. On the basis of the above results it was proposed that the ancestral 

primate PAR boundary was located at the proximal end of the region of reduced 

homology and during the course of primate evolution an Alu element inserted 225 bp 

distal to the boundary thus disrupting the homology of the X and Y chromosomes. 

Recombination proximal to the 'new* boundary no longer occurred and sequences 

between the 'old' and 'new' boundaries diverged. The degree of sequence divergence 

indicated that X and Y sequences in this 225 bp region had been separated for 45 Myr 

( Ellis et a!., 1989a). However, sequence analysis of old world monkeys indicated that, 

although the Alu element was absent, the region of reduced homology was still present 

on the X and Y chromosomes of these species. This indicated that the Alu element had 

inserted into, and not created, the existing pseudoautosomal boundary. It has been 

suggested that the region of reduced homology is the result of accumulated mutations 

which eventually reached a level prohibiting homologous recombination between the X 

and Y chromosomes and shifted the boundary to its present position (Ellis et a!., 1990b).

Sequences distal to the pseudoautosomal boundary recombine between the X and Y 

chromosomes. As a consequence of this recombination sequences in the PAR are not 

expected to show any genetic variation with the exception of loci which very rarely 

recombine between the sex chromosomes (Bengtsson et a!., 1987). The exclusive 

presence of the Alu element on the Y chromosome would indicate that the 

pseudoautosomal boundary is at or distal to the Alu insertion site. The region distal to 

the Alu insertion site is highly homologous between the X and Y chromosomes.
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Population studies indicate a shared polymorphism between the X and Y chromosome 

274 bp distal to the Alu insertion site which indicates that recombination has occurred 

proximal to this point. Only at 41 and 45 bp distal to the Alu insertion site is there 

divergence between the X and Y chromosomes. Thus the boundary between the sex 

specific and pseudoautosomal regions of the X and Y chromosomes is at the Alu 

insertion site or very close to it ( Ellis et al., 1990a). Recombination must occur up to or 

close to the point of sequence non-identity and the pseudoautosomal boundary may not 

require any special genetic structure.

1.3.2 THE PSEUDOAUTOSOMAL REGION OF THE MOUSE

The first genetic evidence for exchange between the X and Y chromosomes came from 

the analysis of the Sxr mutation in mice (Evans et a!., 1982). This sex reversing 

mutation, which resulted in XX individuals developing a male phenotype, had an 

apparent autosomal mode of inheritance but which could not be mapped to an 

autosome. These sex reversed (Sxr or Sxr^ mutant mice resulted from the transposition 

of all or part of the short arm of the Y chromosome (including Tdy) distal to the 

pseudoautosomal region on the long arm of the Y chromosome (Roberts eta!., 1988). 

The Sxr region is then transferred to the X chromosome by cross-over during male 

meiosis and X/X^^'' mice develop as sterile males ( Evans et a/., 1982; Roberts et a!., 

1988).

Evidence for recombination between normal sex chromosomes came studies of the 

enzyme steroid sulfatase in the mouse (Keitges et a/., 1985). Sts activity appeared to 

be autosomally inherited, however the segregation pattern in offspring from crosses 

between Sts deficient C3H/An male mice and normal XO females demonstrated the 

linkage of Sts to the X chromosome. In order to explain the apparent autosomal 

inheritance patterns found in other mouse crosses the existence of a functional Y-linked 

Sts gene that underwent obligatory recombination with its X-linked allele was postulated 

( Keitges et a!., 1985). Evidence for this Y allele was provided by two studies in which 

Sts was linked to Sxr (Keitges et a!., 1987; Nagamine, 1987). These studies also 

provided evidence that recombination in the PAR is obligatory as there was 50% 

recombination frequency between sex chromosome specific markers and Sts/Sxr. 

Recombination between Sts and Sxr was observed in both studies although the 

frequency with which this occurred differed. A major difference between these studies 

was an apparent double recombination in one study (Keitges et a!., 1987) between sex 

chromosome specific markers, Sts and Sxr. As only one animal in 51 exhibited a double 

recombination event the authors also considered the possibility of a gene conversion 

event.
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The transgenic mouse strain. Mov-15, contains a single Moloney leukemic virus genome 

which has been integrated into the PAR. The provirus is exchanged in from the Y 

chromosome to the X chromosome and back from the X chrorrx)some to the Y 

chromosome in 10-20% of male meiosis. This shows that reciprocal exchange can occur 

in the mouse pseudoautosomal region and locates the proviral insertion to the proximal 

part of the PAR. In 7% of male meioses copies of the provirus were gained or lost 

perhaps by unequal exchange (Harbers et a/., 1986). A gradient of sex linkage in the 

mouse PAR was demonstrated by a three point cross between Tdy, Mov-15 and Sts 

(Soriano et al., 1987). Tdy can be considered in this analysis to be the 

pseudoautosomal boundary of the Y chromosome (PABY) as DNA sequences proximal 

to PABY do not recombine with the X chromosome. The recombination frequency 

between Sts and Mov-15 was 27% in male meiosis while in female meiosis 

recombination between these two markers was approximately seven fold lower (4%). 

Within the PAR 3 double recombinants between Sts, Mov-15 and Tdy were detected 

amongst the 127 offspring scored (Soriano eta!., 1987). The recombination frequency 

between Sxr, Sts and Mov-15 in female meioses cannot be analysed as XX Sxr mice are 

sterile males. Recombination frequencies between markers would suggest the order of 

loci in this region is telomere-Sxr (50%)-Sfs (42%)-Mov-15-(10%)-sex chromosome 

specific segment (Ellis eta!., 1989b).

Telomere-related markers for the pseudoautosomal region of the mouse have been 

identified (Eicher et a!., 1992). The oligonucleotide (TTAGGG)©, which recognizes the 

mammalian telomere consensus sequence, hybridizes to two C57BL/6 specific Ddel 

fragments (Te/XgYq-7 and TelXqYq-2) which exhibit autosomal inheritance yet are linked 

to the distal end of the X chromosome and are thus located in the C57BL/6 PAR. If it is 

assumed that these polynwrphic restriction fragments are located at the distal end of the 

PAR then the genetic distance between the strictly X-linked locus Amg and the telomere 

of the PAR is 3cM±3cM.

In both mice and humans a gradient of recombination, as well as a marked enhancement 

of recombination in males as compared to females, exists in the PAR. However while a 

single obligate crossover occurs in the PAR in human male meiosis, double crossovers 

can occur in the murine PAR.

1.3.3 THE PSEUDOAUTOSOMAL REGION IN OTHER SPECIES

Pseudoautosomal inheritance has also been demonstrated in the chimpanzee (Weber et 

ai., 1988). Conserved human pseudoautosomal probes were localized by in situ 

hybridization to Xp22-Xpter and to Yq12.2-Yqter on the chimpanzee sex chromosomes.
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These regions corresponds to the early replicating segments (ERS) of the sex 

chromosomes (Weber et al., 1986) and also to the site of hybridization of the human 

pseudoautosomal repeat DXYZ2 or STIR element (Weber etal., 1987). The conserved 

human PAR probes were also used to demonstrate that recombination between the X 

and Y chronrwsome occurs during male meiosis in the chimpanzee (Weber eta!., 1988).
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Although direct evidence for a PAR in other primates is lacking indirect evidence 

supports the existence of a pseudoautosomal region in a wide variety of primates. An 

early replicating segment is found on the X and V chronrwsomes in man, great apes, 

including chimpanzee, gorilla and orangutang ( Weber etal., 1986), in Old World 

Monkeys including the rhesus monkey, the marmoset and the squirrel monkey 

(Schempp etal., 1989) and even in tree shrews (Toder etal., 1993). This ERS is also 

the site of hybridization for the STIR repeat probe ( Schempp et al., 1989; Weber et al., 

1986; Toder et al., 1993). The homology of sequences at the pseudoautosomal 

boundary in man between man and the great apes and comparable homology between 

man and some old world monkeys is also strong evidence of a pseudoautosomal region 

in these species ( Ellis et al., 1990b). In primates, the location of STS relative to the 

PAR would appear to vary (Yen et al., 1988). STS maps to the short arm of the X 

chromosome (Xp22.3) in humans and an unprocessed pseudogene is located on the 

long arm of the Y chromosome. In great apes and old world monkeys Y-unique STS 

restriction fragments can be detected. In new world monkeys unique Y-linked STS 

restriction fragments cannot be identified however a dosage difference between XX and 

XY individuals indicates that STS is probably not located in the PAR. However, in 

prosimians there is no evidence for Y-unique STS restriction fragments or for dosage 

differences between XX and XY individuals indicating that STS may be located in the 

PAR.

Pseudoautosomal inheritance has also been shown in sheep (Swarbrick et al., 1992). A 

randomly selected microsatellite (MAF45) which was heterozygous in males also 

exhibited partial sex-linked inheritance. This locus may also be located In the autosomal 

region of other ruminants as MAF45, which amplifies from both cattle and goat DMA, is 

heterozygous in bulls and yet amplifies from the X chromosome in a somatic cell hybrid 

panel.

Monotremes, which diverged from the marsupial and eutherians lineage approximately 

150-170 million years ago, have sex chromosomes with long arms that are largely 

G-band homologous and which pair during meiosis (Watson etal., 1990). However, in 

marsupials the X and Y chromosomes associate at one or both ends but they do not pair
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along their axes and no synaptonemal complex has been found between the X and the Y 

chromosomes (Sharp, 1982). A synaptonemal complex is thought to be a prerequisite 

for cross-over to occur (von Wettstein et al., 1984). However synaptonemal complexes 

are also rarely observed for the minor pseudoautosomal region at the end of Xq/Yq 

where cross-over does occur (Speed et a!., 1990; Freije et a!., 1992). Although 

synaptonemal complexes have not been observed in marsupials this does not 

necessarily exclude genetic cross-over.

There is debate that a homologous pairing segment that is shared by the X and Y 

chromosome is not a feature of all mammalian sex chromosomes. Sex chromosomes 

that are asynaptic during male meiosis have been described in several species including 

rodents (Carnero et a/., 1991). End to end associations between and within the sex 

chromosomes have been described but these observations were not consistent and 

were considered non-specific (Jimenez et a!., 1991). As a counterforce opposed to that 

of the meiotic spindle is believed to be required for normal disjunction (Nicklas, 1968) 

some alternative mechanism would be required to replace chiasmata. Alternative 

mechanisms to chiasmata formation have been proposed including the joining of the sex 

chromosomes to the nuclear membrane, joining of sex chromosomes via fibrillar 

structures and cohesiveness of the sex chromosomes due to sex vesicle formation 

(Camero et a/., 1991 ). It is interesting to note that, in species as evolutionarily diverged 

from mammals as birds, pairing between the Z and W chromosomes in oocytes has been 

observed. A single recombination nodule is present at the point where the synaptonemal 

complex attaches to the nuclear envelopes suggesting that a true homologous pairing 

site exists and that it is located in a small telomeric region in both species (Solari, 1992).

1.3.4 THE PSEUDOAUTOSOMAL REGION DURING MEIOSIS

Circumstantial evidence has indicated that in man the X and Y pseudoautosomal regions 

are required for the correct pairing and segregation of the sex chromosomes during male 

meiosis. In two males a translocation between Yq and Xp resulted in at least 97% of the 

X PAR sequences being lost. The X and Y chromosomes failed to pair and 

spermatogenesis broke down resulting in the sterility of these males. This effect would 

appear to be confined to male meiosis as in one family the proband inherited the 

abnormal X chromosome from his mother and his sister (a carrier female) was also fertile 

(Gabriel-Robez et a/., 1990). In another study a male with a larger deletion of the 

terminal region of the short arm of the X chromosome, but without a Yq translocation, 

was also sterile. The absence of the Yq heterochromatin enabled the evaluation of the 

role of distal Xp on XY pairing in the absence of possible inhibitory effects of the Yq 

region. This patient also showed failure of XY pairing and spermatogenic arrest occurred
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between Ml and Mil (Mohandas et al., 1992). The analysis of XXY males indicates that 

recombination in the PAR is required for correct segregation of the sex chromosomes. 

Most XXY males appear to result from me loses in which the X and Y chromosomes did 

not recombine resulting in a disruption of segregation (Hassold etal., 1991).

XY pairing failure and spermatogenic arrest has also been observed in the mouse. A 

high frequency of XY dissociation is found at the first meiotic metaphase (Ml) in 

spermatocytes of interspecific hybrids between laboratory mice and the wild mouse 

M. spretus. The high XY breakdown was associated with spermatogenic breakdown 

after Ml resulting in sterility (Matsuda etal., 1991). FI females from these crosses are 

fertile although smaller litter sizes and ovarian degeneration suggests that fertility is 

reduced (Hale et al., 1993). The fertility of the male offspring of these FI females 

(backcrossed to either parental species) was correlated with the frequency of XY 

dissociation and the parental origins of loci in the terminal regions of the X and Y 

chromosomes. Genetic divergence in the terminal region resulted in sterility whereas 

mice with the same parental origins for this region were fertile (Matsuda et al., 1991 ; Hale 

etal., 1993). Thus genetic divergence in the X-Y pairing region produces XY 

dissociation and sterility in the interspecific hybrid males. The high incidence of XY 

dissociation at pachytene indicates that genetic heterozygosity within the 

pseudoautosomal region disrupts the pairing process (Matsuda et al., 1992; Hale et al.,

1993). However a higher incidence of XY dissociation at diakinesis/metaphase indicates 

that premature separation of the paired X and Y chromosomes also contributes to the 

formation of sex chromosome univalents (Hale et al., 1993). The authors concluded that 

this increased rate of dissociation was due to a failure to recombine. Further evidence 

for an obligate recombination between the X and Y chromosomes comes from studies of 

male mice carrying the Y* chromosome (Hale et al., 1991). The Y* chromosome is a 

rearranged chromosome with the pseudoautosomal region adjacent to a non-Y active 

centromere and Y specific DMA sequences distal to the PAR (Eicher et al., 1991). 

Crossover between the X and the Y* chromosome produces two abnormally sized 

products: an X chromosome attached to the majority of the Y chromosome and a non-Y 

centromere with the PAR. Thus recombinant offspring are XX*^ males or XY*^ females. 

Equal numbers of recombinant and non-recombinant offspring from XY* males supports 

the hypothesis that recombination between the X and Y chromosome is necessary in 

male meiosis (Eicher et al., 1991). In addition, only recombinant X or Y* chromosomes 

were observed at metaphase II indicating that successful meiosis requires recombination 

(Hale etal., 1991).
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Elegant studies by Burgoyne et al. (1992) have demonstrated the effect of the murine 

PAR in overcoming spermatogenic block. In XSxr®/0 males an almost complete block 

occurs during the first meiotic metaphase. This block is overcome in XSxr^/Y'X males 

and all stages of spermatogenisis are present including mature sperm. These sperm 

had abrx>rmal head morphology indicating that information on the Y chromosome outside 

the Sxr4/Y*X region is required for normal sperm development. The Y*^ chromosome 

comprises most of the pseudoautosomal region attached to a non-Y centromere and the 

mode of generating this chromosome preclude)it from carrying any Y-specific DMA. As 

the Y*X chromosome overcomes the meiotic block observed in XSxr®/0 mice it can be 

concluded that the meiotic block in these mice is due to the absence of the 

pseudoautosomal region (Burgoyne etal., 1992).

Although the requirement for a PAR on both the X and Y of mouse and human 

chromosomes is well accepted the function of the PAR in male meiosis is more 

controversial. Miklos ( 1974) proposed that unpaired sex chromosomes during meiotic 

prophase were a cause of spermatogenic failure. In this proposal there are meiotic 

pairing sites' which must be 'saturated' by homologous pairing during pachytene. In 

unpaired regions these sites are 'activated' and this activation results in a process which 

leads to the destruction of the nucleus. The speed and effectiveness of the process is 

related to the number of unpaired sites. As this proposal was based on events in 

Drosophila males in which recombination does not occur the effect of crossover did not 

need to be considered. Burgoyne and Baker (1984) proposed that there was a general 

meiotic quality control mechanism that acted to eliminate oocytes and spemriatocytes in 

which any chromosomes failed to pair (thus including aneuploidies of chromosomes 

other than the sex chromosomes). This hypothesis must allow for a differential in the 

speed and efficiency with which impaired cells are eliminated as XSxr/O males are sterile 

whereas XO mice are fertile although this fertility is reduced relative to XX females. 

Burgoyne at al. (1992) presume that the ability of the Y*^ chromosome to overcome 

spermatogenic failure results from the restoration of pairing and that cross-over failure is 

a necessary consequence of failure to pair. However, as Burgoyne (1982) has also 

hypothesized that segregation of the X and Y chromosomes requires an obligate 

crossover, this model must include both pairing and crossover for correct 

spermatogenesis.

Other researchers come to the conclusion that spermatogenic failure is due to the 

absence of crossover between the PARs of the X and Y chromosome. Cattonach et al. 

(1990) proposed that special structures or pairing sites were not required and that 

homology alone was adequate for pairing and cross-over. In this study the meiotic
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events in XSxr/Y males was observed. In these males there are two regions of 

homology: the Sxr region is homologous to the short arm of the Y chromosome and there 

is homology between the PARs of the X and Y chromosomes. Progeny studies indicate 

that these males produce fewer recombinants than expected if an obligate recombination 

in the PAR is assumed. In addition, cytobgical studies indicate that the majority of XY 

bivalents show illegitimate pairing between the short arms of the Y chromosome and the 

Sxr region located at the distal end of the X chromosome and suggest that crossover 

occurs in this region of homology. With normal diakinesis and obligatory crossover, all 

metaphase II cells should possess either an X or Y with only one chromatid carrying a 

Sxr body at its distal end. However, cells with an X bearing Sxr on both chromatids or 

cells with a Y lacking the Sxr on either chromatid were detected at relatively high 

frequency indicating a lack of crossover in the PAR. Illegitimate pairing and crossover 

between the Sxr region and the short arm of the Y chromosome would explain the 

apparent skew in the ratio of non-recombinants and recombinant offspring. Burgoyne et 

al. (1992) criticised this model and argued that it does not allow for the possibility of 

pseudoautosomal pairing without cross over. They argue that both SxrTY short arm and 

the PARs are paired in the same cell, that pairing of the PARs is the meiotic quality 

control mechanism and that crossover can then occur in either pairing region.

1.4 EVOLUTION OF THE MAMMALIAN SEX CHROMOSOMES

The mammalian XX female/ XY male system is one of a great variety of sex determining 

mechanisms (Bull, 1983). While environmental factors such as temperature determine 

sex in a range of animals including reptiles the majority of species exhibit a genetic form 

of sex determination. Male and female heterogamety occur in a wide spectra of 

invertebrates and vertebrates. The great variety between and even within groups 

suggests that sex chromosomes have evolved independently many times.

1.4.1 THE EVOLUTION OF THE Y CHROMOSOME

It is generally accepted that the morphologically distinct mammalian X and Y 

chromosomes evolved from a homologous pair of chromosomes (Ohno, 1967). In the 

ancestral sex chromosomes, sex was determined by a single gene with two alleles: 

homozygosity determined the development of one sex and heterozygosity lead to the 

development of the opposite sex (Bull, 1983; Ohno, 1967). The evolution of the 

differential Y chromosome is thought to due to suppression of crossover between the X 

and Y chromosome followed by the loss of gene function and degeneration of the Y 

chromosome. Differences between the X and Y chromosome can only exist if crossover 

between these chromosomes is virtually eliminated thus the suppression of crossover
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must have preceded or coincided with the evolution of XY heteronrwrphism. The genetic 

isolation of the X and Y chromosome is proposed to have occurred by the linkage of a 

mutant gene which has an advantage in the heterogametic sex, but a disadvantage in 

the homogametic sex, to the sex determining region of the Y chromosome. Suppression 

of recombination between the sex determining gene on the Y chromosome and the male- 

advantageous gene would be selected for as tight linkage between these genes would 

enable the spread of the mutant gene in males and prevent its elimination in females. A 

central element to this argument that genes with different effects in males and females 

exist and that their evolution is influenced by sex linkage has recently receive support by 

studies in Drosophila melanogaster ( Rice, 1992). In these fruit flies, loci near the 

centromeres (where crossover is reduced) of chromosomes 2 (pr) and 3 (sO were forced 

to act as surrogate sex determining genes. Sex-determining surrogacy was achieved by 

selecting a recessive gene a with a wild type allele A and forcing all females to be aA 

and all males to be aa by the manual elimination of all other combinations. Any alleles 

which improve the fitness in females at the expense of a reduction in males should 

accumulate of the chromosome bearing the A allele. In these experiments pr/pr*-:st/st^ 

was the female genotype and pr/pr.st/st v/as the male genotype. After 30 generations of 

the above breeding scheme the proportion of pr/pr*:st/st* males fell by 9% relative to 

controls suggesting that the viability of these pr/pr*’:st/st*‘ males had declined relative to 

females indicating that the pr^ and s t  chromosomes had accumulated alleles that 

showed sex specific effects (Rice, 1992).

It has been suggested that the suppression of recombination could have been due to a 

conformational or structural alteration in the sex chromosomes ( Jabtonka et a/., 1990) or 

due to the selection of genes that are capable of reducing crossover in the sex- 

determining region (Bull, 1983). Regardless of the mechanism leading to suppression 

of recombination, the genetically isolated proto-Y chromosome then underwent functional 

degeneration. The first explanation of the degeneration of the Y chromosome came from 

Muller (refs 2 and 3 in (Charlesworth, 1978)) who proposed that a chromosome kept in a 

permanently heterozygous state without being able to crossover will tend to accumulate 

mutations. These recessive mutations are effectively neutral and accumulate as they 

can never become homozygous and thus be eliminated. Over a sufficiently large period 

of time mutation leads to the Y chromosome becoming fixed for recessive 

k)ss-of-function alleles at most of its loci. However this theory was criticised by Fisher 

(ref 4 in (Charlesworth, 1978). The X chromosome would be susceptible to deleterious 

mutations at a similar frequency to the Y chromosome. Consequently there would be 

selection against mutations on the Y chromosome when an individual carried a 

corresponding allelic mutation on the X chromosome. In addition deleterious mutations
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are usually not completely recessive and will often result in a significant and selectable 

reduction in viability in a heterozygote. Charlesworth (1978) also criticised Muller's 

theory as if the genetic inertness of the Y chromosome is due to the accumulation of 

recessive loss-of-function alleles then there would be no selective advantage in dosage 

compensation as one gene dosage is assumed to be as fit as two.

Alternative, non-mutually exclusive explanations have been proposed for the degeneracy 

of the Y chromosome (Charlesworth, 1978; Rice, 1987). One invokes the stochastic 

process known as Muller's ratchet (Charlesworth, 1978). If a chromosome contains a 

large number of loci susceptible to deleterious mutation then selection will keep the 

mutant allele frequency at any one locus low. An equilibrium between mutation and 

elimination of carriers will be set up. If there is no recombination then the class of wild 

type chromosomes (those with no mutations) may become sufficiently small to be lost by 

random drift. The loss of this chromosome is irreversible as, in the absence of 

recombination, it cannot be regenerated by crossovers between chromosomes carrying 

wild type (as well as different mutant) alleles. The next class of chromosome carrying 

only one mutation then also becomes vulnerable to chance loss. In the long term this 

results in a continual and irreversible increase in the mean number of mutant loci per 

chromosome in the population. A second mechanism has been described as genetic 

hitchhiking ( Rice, 1987). In this model the selection of an advantageous allele on the Y 

chromosome will result in the simultaneous selection of linked deleterious alleles. 

Obviously this requires that the benefit of the advantageous allele is greater than the 

detrimental effects of the deleterious alleles. In order for the genetic hitchhiking 

mechanism to continually accumulate mildly deleterious mutations on the Y 

chromosome, recurrent episodes of selection must occur for Y-linked genes. This is 

necessary to repeatedly cause the fixation of additional Y-linked mutations.

The combination of Muller's ratchet and genetic hitchhiking would result in the 

accumulation and fixation of loss-of-function mutations resulting in a functionally inert Y 

chromosome. Once a genetically inert Y chromosome has been evolved by this 

pathway, selection will be ineffective against the loss of the fragments of the Y 

chromosome. There could even be a selective advantage in the loss of functionless 

regions as the energy costs associated with replication could be reduced (Jabtonka et 

a i, 1990). In addition to the structural degeneration of the Y chromosome, transposable 

elements are expected to accumulate on the Y chromosome (Charlesworth, 1991). The 

insertion of transposable elements may be equivalent to mutation and the Muller’s 

ratchet mechanism may cause transposable elements to accumulate on the Y 

chromosome. Recombination between similar elements at different chromosomal sites
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which would generate deleterious chromosome arrangements and result in the 

elimination of the chromosome (and thus also the transposable elements) would not 

occur in the Y chrorrx)some due to the abserKe of recombination. Also, once the genetic 

activity of the Y chromosome has been reduced, there will be fewer deleterious effects of 

insertions into the Y chromosome and an increase in transposable element abundance 

will not be opposed by selection (Charlesworth, 1991).

Thus the genetic isolation of the Y chromosome would lead to structural degeneracy, 

size variation and the accumulation of transposable elements.

1.4.2 EVOLUTION OF THE X CHROMOSOME

In eutherian mammals the X chromosome, which comprises of approximately 5% of the 

genome, is extremely well conserved as a synteny group. All strictly X-linked genes in 

one species are also on the X chromosome in all others (Davisson et al., 1991 ; O'Brien 

et ai., 1991 ). This conservation was originally predicted by Ohno (1967) on the basis 

that rearrangements between the X chromosome and autosomes would be selected 

against due to inappropriate dosage compensation effects. Reciprocal exchange 

between the X chromosome and an autosome would result in inactivation of only the 

chromosome retaining the X inactivation center. Thus one portion of the X chromosome 

would not be able to be X inactivated and one portion of the autosome would be 

inappropriately inactivated. Females homozygous for this translocation product would 

have functional disomy for part of the X chromosome and functional monosomy for part 

of the autosome. In female mice, functional disomy for the X chromosome has been 

shown to have detrimental effects upon early development (Takagi et a/., 1990).

However Ohno (1967) hypothesized that a reciprocal exchange between an X 

chromosome and an autosome at the terminal ends would be compatible with successful 

spéciation. Exchange would produce a large chromosome composed of nearly one 

whole X and one whole autosome. The reciprocal product would consist of mostly 

centromeric and telomeric DNA and its loss would not produce unbalanced gametes. If 

the autosomal segment was insensitive to X inactivation (or dosage of these genes was 

tolerated) then the XY1Y2 (male)/ XX (female) system of sex determination would arise in 

which Y2 is the original autosome. This system of sex determination has been observed 

in a variety of species (Bull, 1983). The translocation of the originally autosomal region 

on the new X chromosome to the Y chromosome would generate a simple XY/XX 

system of sex determination and subject to newly acquired material to the degenerative 

processes that the Y chromosome experiences.
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The mammalian sex chromosomes are considered to have evolved from homomorphic 

chromosome pair in a common ancestor to the mammals and reptiles which diverged 

about 200 Myr BP (Graves ef a/., 1991). Recently additional evidence for a common 

origin for the mammalian sex chrorrosomes has been the finding that the marsupial Y 

chromosome shares at least two genes in common with the mouse implying that 

mammalian Y chromosomes all have a common origin (Mitchell et al., 1993; Foster et ai., 

1993). Monotremes diverged from the eutheriaiVmarsupial lineage approximately 

150-170 Myr BP while eutherians and marsupials diverged 120-150 Myr BP (Graves,

1991). Thus monotremes and marsupials diverged from the eutherian lineage early in the 

200 Myr history of mammals. Comparison of the human X chromosome and the 

marsupial (metatheria) and monotreme (prototheria) X chromosomes indicates that 

autosomal material has been added to the ancestral X chromosome (Graves et a!., 1992).

Cytologically the marsupial X chromosome is smaller than the eutherian X chromosome 

and comprises only 3% of the marsupial genome. The monotreme X chromosome is 

larger than the eutherian X chromosome and is homologous to a large Y chromosome 

over a considerable pairing region. Mapping human X linked genes in marsupials 

(Spencer etal., 1991b) and morwtremes (Watson etal., 1990) has identified a region of 

the human X chromosome that is conserved on the X chromosome in all mammals and 

therefore must have been on the X chromosome for at least 170 Myr (Graves et al.,

1991). This region is equivalent to the long arm and proximal short arm of the human X 

chromosome. Genes on the short arm of the human X chromosome map to two 

autosome clusters in all marsupial (Spencer etal., 1991a) and monotremes (Watson et 

al., 1991) thus this region must have been originally autosomal and added to the 

eutherian X chromosome after marsupial divergence (Graves et al., 1991).

The evolutionary breakpoint on the eutherian X chromosome has recently been defined 

(Mitchell et al., 1993). The homologues of UBEI, located at Xpl 1.23 on the human X 

chromosome, also map to the X chromosome in both mice and marsupials (see Figure 1.1). 

The homologue of Syn1, which is closely linked to UBE1/Ube1 in humans and mice, is 

autosomal in marsupials. Thus an evolutionary breakpoint between the eutherian and 

marsupial X chromosome is located between UBEI and SYN1 on the eutherian X 

chromosome. Although Maoa has not been mapped directly relative to Ubelx  it can be 

inferred that it is located near Ubelx  (Brown et al., 1993). As the homologue of MAOA is 

autosomal in marsupials (Spencer et al., 1991a) MAOA is probably located between UBE1 

and SYN1 on the human and mouse X chromosome and the evolutionary breakpoint on the 

eutherian X chromosome could be refined to being located between UBEI and MAOA.
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As several genes on the human Xp are also on the Y chromosome the X autosomal 

region' must have originally been added to the Y chromosome as well as the X 

chromosome presumably by the addition of the autosomal material to the PAR of one 

sex chromosome arxJ transfer to the other by recombination. The addition of autosomal 

material to a paired and non-ir^actrvated pseudoautosomal region would be expected to 

have been relatively non-disruptive to sex chromosome function. The transfer between 

sex chromosomes would then subject this newly acquired material to the deleterious 

effects experienced by the Y chromosome and presumably genes were rx>t originally 

subject to X inactivation but were slowly recruited as alleles were lost from the Y 

chromosome. In this nrxxJel the human pseudoautosomal region is not a remnant of the 

original ar)cestral X chromosome but is a relic of the autosomal region added to the 

eutherian X chromosome (Graves et al., 1992).

Within eutherians the X chromosome is still undergoing evolutionary divergence. While 

all strictly X linked humans are also X-linked in mice, the pseudoautosomal region of 

these species does not appear to be conserved. Recently the murine homologue of 

CSF2RA, a gene located in the PAR in humans, was found to be located on an 

autosome (Disteche at a!., 1992). This non-conservât bn  of the PAR between species 

was predicted by Burgoyne (1982) as interchange between autosomes and the 

pseudoautosomal regbn would not upset dosage relationships. It is possible that the 

entire human PAR is autosomally located in the mouse (or the genb functbns are 

performed by other related sequences). In the human STS is located 8 Mb (Petit et a!.,

1990) from the X chromosome tebmere and is thus well outside the PAR. However in 

the mouse Sfs is boated within the PAR and is presumed to map cbse to the tebmere 

based on its mode of inheritance after male mebsis. Estimates have placed Sts as close 

as 100-200 kb from the tebmere (Nagamine, 1987). Thus it would appear that genes 

mapping distal to STS in the human are not boated on the X chromosome in the mouse. 

The lack of sequence conservation of human genes makes it drffbutt to test this 

hypothesis. However the mapping of genes in mouse chromosome 19D, where Csf2ra 

is boated, may be informative.

In the absence of mapping data from other eutherian species it is diffbult to know 

whether CSF2RA/Csf2ra was part of the ancestral eutherian X chromosome and has 

been translocated to an autosome in the mouse or whether it was located on an 

ancestral autosome and transbcated to the human X chromosome. Circumstantial 

evbence suggest that it was bst from the mouse X chromosome. The human Xp genes 

(occurring in a single group) that are found in two autosomal clusters in marsupials 

(Spencer etal., 1991a; Watson etal., 1992) and monotremes (Watson etal., 1991;
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Watson et al., 1992) are located in three well separated regions in the mouse X 

chromosome: centromeric, central and telomeric (Brown et al., 1993). This is in 

accordance with the view that the conserved genome of humans, cattle and felids 

probably represents the ancestral eutherian genome (O’Brien et al., 1988). The mouse 

genome appears to be rearranged three to four fold more extensively relative to the 

linkage organization and G-band homology that is found in the human, cat and cattle 

genomes (O'Brien, 1991). Of course this generalization does not preclude a specific 

case in which the mouse genome represents the ancestral genome. Comparative 

mapping in other eutherians may resolve this question however the branching order of 

eutherian lineages is highly controversial with a prevailing view that eutherian evolution 

has been a bush-like radiation'. Recent data suggests that Rodentia diverged from the 

Primate/Artiodactyla/Camivora lineage about 80-100 Myr BP, that Lagomorpha (rabbits) 

diverged after Rodentia and that the Primate and ArtkxJactyla lineages diverged 65-80 

Myr BP (Li et al., 1990). Although this lineage order does not help jn determining an 

ancestral X chromosome for humans and mice, it does indicate that mapping 

pseudoautosomal genes in rabbits may be informative in determining the relationship 

t>etween the human X chromosome and the ancestral X chromosome.

1.4.3 THE EVOLUTION OF DOSAGE COMPENSATION

A model for the evolution of dosage compensation based on the accumulation of 

loss-of-function alleles on the Y chromosome has been proposed (Charlesworth, 1978; 

Charlesworth, 1991). This model suggests that once the majority of Y chromosomes in a 

population carry several loci with impaired function, there will be a selective advantage in 

increasing the rate of transcription from the X chromosome relative to the Y chromosome 

in males. The number of mutant loci on an average Y chromosome must be sufficiently 

large to outweigh any disadvantage due to the increased expression of loci on the X 

chromosome. Selection would then favour mechanisms that reduced transcription from 

the Y chromosome in order to restore the proper balance of gene activity. Reducing 

transcription from the Y chromosome while increasing transcription from the X 

chromosome in the heterogametic sex would cause a Drosophila me/anpgasfer type of 

dosage compensation. If the increase in transcription from the X chromosome was not 

limited to the heterogametic sex then a system similar to that proposed to exist in birds 

and Lepidoptera (butterflies) would be produced in which the homogametic sex does not 

undergo dosage compensation.

The mammalian system of X inactivation could have evolved if the increased expression 

from the X chromosome was not sex-limited and there was a selective advantage in 

reducing the activity of the X in the homogametic sex. The inactivation of one of the X
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1
chromosomes would restore the level of expression from the X chromosome in female 

cells to its original level. Inactivation of the paternal X chromosome in female cells 

occurs in marsupials and may have evolved by exploiting the inactivation of the X 

chromosomes in male germ cells. However the disadvantage of the marsupial system is 

that females will be hemizygous for any mutant maternal X alleles. In addition, the 

paternal X chromosome should contain fewer deleterious mutations having been 

selected for in a hemizygous state in the previous generation. Thus there may have 

been a considerable selective advantage in the evolution of a random X inactivation 

system in eutherians.

An alternative model was proposed by Lyon (1974a; 1974b). In this model a small 

region of the Y chromosome containing the genes involved in testis determination 

became genetically isolated from the X chromosome. Following this a large part of the 

ancestral Y was translocated to the X chromosome thus resulting in a dosage difference 

between males and females. It was proposed that this translocation occurred after the 

evolution of inactivation of sex chromosomes in male gametogenesis and that somatic 

X-inactivation was derived from this process. Lucchesi (1978) suggested that this model 

be modified by multiple rounds of translocations or duplications on a gene by gene basis 

and that dosage compensation would gradually incorporate more and more genes and 

that at the same time the Y chromosome became gradually heterochromatized.

Models which involve an evolutionary connection between inactivation of the X 

chromosome in the male germ cell and the development of somatic cell X-inactivation 

have been criticized on the basis that it would appear that there is a maternal imprint to 

resist inactivation rather than a paternal imprint to promote inactivation (Lyon et al.,

1984). In aberrant situations where there are supernumerary X chromosomes all but one 

of the X chromosomes becomes inactivated suggesting that one X chromosome has 

become 'resistant' to X inactivation. In addition any imprint must persist through early 

development of the embryo when both X chromosomes are active. An imprint of the 

maternal X chromosome which blocks it from inactivation is conceptually simpler than a 

paternal imprint which results in the preferential inactivation of the paternal X 

chromosome but which must persist through a period of activity first.

It has been suggested that, rather than being the consequence of repression of 

recombination, genetic inactivation may have preceded genetic isolation of the Y 

chromosome (Graves at a/., 1992). Graves at al. reasoned that, while there are genes 

on the Y chromosome required for fertility these genes are not clustered on the Y 

chromosome, nor is their function dependant upon their location on the Y chromosome
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and indeed there seems to be differences between mouse arxJ man in the presence or 

absence of genes on the Y chromosome. Thus there seemed little evidence for a 

clustering of sex-determining genes on the present day Y. They assumed that there was 

thus no necessity for such a cluster in the earfy evolution of the Y chromosome. An 

alternative to the evolution of the Y chromosome due to the suppression of clustered sex 

determining genes is that sex determination was originally determined by gene dosage 

differences. The loss of genes from the Y chromosome is then selected for to 

compensate for the spread of inactivation along the X chromosome. The suppression of 

recombination is assumed to be due to the genetic inactivation of the Y chromosome as 

there is a relationship between transcriptional activity and recombination rates. 

Subsequent to the evolution of the heteromorphic sex chromosomes there was a 

transition from dosage mediated sex determination to a dominant male determiner 

(SRY). The control of mammary gland/scrotum development in marsupials could be a 

remnant of this dosage dependant sex determining system. The development of these 

organs begins prior to gonadal differentiation and is dependant upon X chromosomal 

constitution (O et al., 1988). Presumably the gene(s) regulating the development of 

these organs is located on the X chromosome and escapes X inactivation. In eutherians 

this gene(s) would come under the control of testicular hormones. Duplications of the X 

chromosome that have an effect upon sex have been observed in humans (Ogata etal., 

1992b; Coles et al., 1992). However the duplicated regions have been on the short arm 

of the X chromosome, therefore presumably not part of the ancestral X chromosome.

X CHROMOSOME INACTIVATION

7
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The mammalian sex determining system results in an apparent genetic imbalance as 

females receive two X chromosomes whereas males only receive one. As genetic 

imbalance of the autosomes is deleterious and usually lethal a mechanism for restoring 

the gene dosage from the X chromosomes would be expected in either males or 

females. Two hypotheses are made for requiring equal gene dosage: (1) there are key 

genes that must have equal dosage; (2) there is the balance of many genes that require 

equal dosage. The two hypotheses are not mutually exclusive. Specific genes may be 

under strong selection for equal dosage, but there may also be a critical mass of genes 

where imbalances lead to deleterious effects (Ellis et al., 1989b). In humans most 

regions of the X chromosome can be present in two functional copies without lethal 

consequences (Schmidt et al., 1991 ). Most of these duplications were inherited by 

males from carrier mothers, in whom the cells carrying the duplicated X chromosome as 

active were virtually absent which indicates that such cells are at strong biological 

disadvantage. Duplications of the pericentromeric (Xpl 1.1 -Xql 1 ) and Xq25-q26 have 

not been found which suggests that duplications of these regions may be inviable.
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Pencentromenc duplications would not be expected as the resulting dicentric 

chromosome would be unstable. In the mouse partial functional disomy X in which one 

whole normal X and an additional proximal mouse X chromosome (including region 

homologous to Xq25-26) which corresponds to 63% of the entire X, are active results in 

detrimental effects in early mouse development (Takagi et a/., 1990). The functional 

duplication includes the region which is a conserved linkage group for Xq25-26 in 

humans. Thus these regions may contain sequences which must be inactivated for 

viability of the cell. Alternatively partial duplication of small regions of the X chromosome 

may not significantly affect total gene dosage.

X chromosome inactivation occurs in female mammals in early development to 

transcriptionally silence one of the two X chromosomes and results in dosage 

compensation between XX females and XY males for X-linked genes The inactivated X 

Is stably inherited In daughter cells and in eutherians the random nature of paternal and 

maternal X inactivation results in an adult female that is a mosaic (Lyon, 1961). The X 

inactivation process is a c/s-limited regulatory event that affects nearly an entire 

chromosome (150 Mb) and is thought to involve a localized switching element or ^  

Inactivation Renter {XlC/Xic). This process of X inactivation involves three stages: 

initiation, spreading and maintenance which result in the inactive X becoming 

heterochromatic, late replicating and genetically silent.

Dosage compensation occurs by the inactivation of supernumerary X chromosomes: in 

diploid cells one X chrorrx)some remains active and all other X chromosome become 

genetically inert suggesting that a single X is marked to remain active by rendering it 

unresponsive to the X inactivation signal. Although in marsupials the paternal X 

chromosome is preferentially inactivated (matemal X chromosome preferentially not 

inactivated) (Sharman, 1971) in eutherians in the embryo proper the choice of X 

chromosome to be inactivated is usually random (Lyon, 1961). In mice different alleles 

of the ^  chromosome controlling clement (Xce) locus can also bias the randomness of X 

inactivation. As the Xce also maps to the Xic region it has been proposed to be 

equivalent to the Xic (Rastan et al., 1990).

1.5.1 MAPPING THE X INACTIVATION CENTER

The mapping of the X inactivation center has been greatly aided by the c/s4imited 

regulation of X inactivation. In translocations between the X chromosome and 

autosomes only one part of the X chromosome (presumed to be in physical continuity 

with XlC/Xic) becomes inactivated (Rastan, 1983). In humans, patients with deletions 

and translocations involving the X chromosome have shown that a region located in
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Xq13 in the proximal long arm of the X chromosome is essential for the onset of X 

inactivation in humans The XIC has been located distal to PHKA1 and proximal to 

PGKI (Brown et a!., 1991 b). This region has recently been narrowed to a 1.0-1.2 Mb 

region (Leppig at al., 1993). In the mouse is Xic defined as being distal to the 

T(X;16)16H breakpoint and proximal to the HD3 breakpoint and is thus located in XD 

(Rastan et al., 1990). This region encompass both Zfx and Pgk1 and was further refined 

by a deletion (which included Æ-and Ta) that did not include Xic (Cattanach et al.,

1991). Comparison of the genetic maps of the human and mouse indicate that the X 

inactivation center in both species lies in a conserved segment containing Arand Pgk1. 

As the region between Arand Zfx'm the mouse defines an evolutionary breakpoint 

between mice and humans this breakpoint is presumed to be the proximal limit to the Xic 

region. The distal limit is less well defined in the mouse however comparative mapping 

(between humans and mice would indicate that the XlC/Xic critical region is between 

Phka 1 ar)6 Pgk1.

XIST/Xist, a gene cloned from this X/C/X/c critical region, has the unique property of 

being expressed from the inactive X and not being expressed from the active X 

chromosome (Brown et al., 1991a; Borsani et al., 1991 ; Brockdorff et al., 1991). This 

gene has been implicated in the X inactivation process.

1.5.2 develo pm ental  REGULATION OF X INACTIVATION

The inactivation of the X chromosome in females is developmentally regulated. Both X 

chroroosomes are active in early cleavage stages in mouse embryos Non-random 

inactivation of the paternal X chromosome occurs in the extra-embryonic tissues at 

3.5-4.5 days post coitum (dpc) followed by random inactivation in the embryo proper at

5.5 dpc. In situ studies of the X inactivation of a lacZ transgene have indicated that 

inactivation does not occur simultaneously in the embryo but proceeds in gradually in cell 

sut>populations (Tan etal., 1993). Random X inactivation is complete in most tissues by

9.5 dpc with the exception of heart mesoderm and cranial mesenchyme. Delayed 

inactivation was also observed in the gut endoderm and the notochord. By 11.5 dpc X- 

inactivation appeared complete in all tissues. In somatic cells this inactivation is 

maintained for the life of the individual. Primordial germ cells also urrdergo X inactivation 

as initially determined by the presence sex-chromatin positive migrating germ cells in 

human embryos and confirmed by a variety of biochemical and cytological observations 

(Gartler et al., 1983). The inactivated X chromosome is reactivated in female germ cells 

prior to the onset of meiosis in the fetal ovary (Grant et al., 1988). In males (in which X 

inactivation does not occur in the soma) the single X chromosome is sequestered into 

the sex vesicle and becomes inactivated during spermatogenesis at, or just prior to the
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onset of meiosis (Singer-Sam et al., 1990b). The inactive paternal X chromosome must 

reactivate at or before the 8 cell stage in female embryos (Grant et a!., 1988).

It has been suggested that the chromatin configuration adopted by the X chromosome 

during gametogenesis is intimately related to the different pairing and recombination 

behaviour of the sex chromosomes in males and females. Handel and Hunt (1992) 

proposed that chromosome pairing arrd recombination requires an open chromatin 

configuration for access of appropriate enzymes and that double stranded breaks are 

required for synaptonemal complex formation arxJ effective pairing. The t>wo X 

chromosomes in female meiosis are in an open chromatin configuration in order to pair 

and undergo crossover thus ensuring their correct segregation. For the heteromorphic 

sex chromosomes in the male, pairing and recombination outside the pseudoautosomal 

region is undesirable and it is assumed that a condensed inactive chromatin 

configuration is incompatible with the access of the recombination enzyme machinery. 

Alternatively X inactivation in male germ cells could be to inactivate pairing sites that if 

left 'unsaturated' could lead to gametogenic failure (Burgoyne et ai., 1984). In both these 

models chromatin conformation is established for recombination rather than metabolic 

needs and the metabolic requirements of male germ cells have been met by the 

stabilization of X chronx>some gene products or the utilization of autosomal counterparts 

that are activated only during spermatogenesis In addition to the effects of pairing on 

male germs cells, there may also be an X chromosome dosage effect (Lyon, 1992). All 

germ cells die at the spermatogonial stage in XX Sxr mice whereas in XO Sxr mice 

spermatogenesis proceeds past this stage.

The expression pattern of Xist is developmentally regulated with a pattern that is 

consistent with a causal involvement in X inactivation. Xist RNA is not present in 2 cell 

embryos, where both X chromosomes are active, but can be detected by the 8-cell stage 

(Kay et a!., 1993). This is well before the appearance of any other sign of X inactivation 

such as asynchronous replication of the X chromosome in the trophoectoderm in the late 

blastocyst. In addition the first Xist expression is exclusively from the paternal X 

chromosome and subsequently from both paternal arxj maternal alleles. This is 

consistent with the change from paternal X inactivation in the extra-embryonic tissues to 

random X inactivation in the embryo proper. The expression in fetal oogonia is above 

basal level at 12.5 dpc but X/sf transcripts are absent in oocytes at either 13.5 or 18.5 

dpc when the inactive X chronwsome has reactivated (McCarrey et a!., 1992). X/sf is 

expressed only in the testis in males, however, whether this expression occurs in the 

somatic component or in the germline of the testis is controversial. Three groups 

concluded that Xist is active in the germ cells of the testis which Xist activity correlating
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with spermatogenesis (Richler etal., 1992; Salido etal., 1992b; McCarrey etal., 1992).

In one of these studies germ cells from the adult testis were separated into separate 

fractions and Xist RNA was not detected in prospermatogonia whereas a transcript was 

detected in primitive type A spermatogonia, primary spermatocytes and at a reduced 

level in post meiotic spermatids (McCarrey et al., 1992). However one group detected 

Xist expression in the testes of mice which have no germ cells (Kay et al., 1993).

1.5.3 DNA METHYLATION AND X INACTIVATION

Méthylation of the X chromosome is thought to play a role in the stabilization of X 

inactivation. In eutherians the active and inactive X chromosomes exhibit differences in 

méthylation patterns with the cytosines of CpG islands associated with the S' promoter 

regions of genes being heavily methylated in on the inactive X chromosome. However 

the human pseudoautosomal gene MIC2, which escapes X inactivation, has a CpG 

island in the promoter region which is unmethylated on the Y chromosome and on both 

the active and inactive X chromosomes (Goodfeilow et al., 1988). Evidence against 

méthylation playing a role in the initiation or spreading of X inactivation came from 

several sources. Differential méthylation in the first intron of the Hprtgene in the mouse 

does rx>t occur in mouse embryos until several days after X inactivation occurs and the 

induction of inactivation in cultured EC cells is not immediately accompanied by 

méthylation (Lock etal., 1987). In addition, differential méthylation in the promoter 

region was not obsen/ed in a marsupial X linked gene (Kaslow et al., 1987). Méthylation 

was also reduced in the extraembryonic tissues of mice (Lock et al., 1987). In both 

marsupials and the extraembryonic tissues of the mouse the X chromosome undergoes 

preferential paternal X inactivation which appears to be less stable than the random type 

of X-inactivation. Thus méthylation is tfwught to play a part in the stabilization of X 

inactivation after spreading has occurred.

It has been suggested that there is a hierarchy of méthylation sites in promoter regions 

and that primary sites become methylated as pari of the inactivation process (Singer- 

Sam et al., 1990a). Méthylation of a single CpG site (H7) in the mouse Pgkl promoter 

was shown to occur at a similar time as X inactivation. As this CpG site is not methylated 

on the inactive X chromosome in female primordial germ cells X-inactivation can occur in 

the absence of méthylation. In addition, although méthylation of this Pgkl CpG is 

coincident with X-inactivation, a CpG site in G6pd which is always methylated on the 

inactive X chromosome in later development is unmethylated. As G6pd is located further 

from the X/cthan Pgk1 it is possible that the early méthylation of Pgkl is due to the 

proximity of Pgk1 to the Xic (Grant etal., 1992). Studies in marsupials, where extensive 

méthylation does not occur, have indicated that there is a correlation of X inactivation
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with unmethylation and activity with méthylation of particular CpG sites in the HPRT gene 

(Piper et al., 1993). This association does not establish a causative role of méthylation in 

X inactivation in marsupials.

1.5.4 HOMOLOGOUS GENES ON THE X AND Y CHROMOSOMES

Genes that are located in the pseudoautosomal region would not be expected to urxfergo 

X inactivation as they are present on both the X and Y chromosome and thus at equal 

dosage in both XX females and XY males. In the human several genes have been 

mapped to the major pseudoautosomal region. These genes are MIC2, encoding a cell 

surface antigen (Goodfeilow etal., 1986), CSF2RA, which encodes the alpha subunit of 

the GM-CSF receptor (Gough etal., 1990; Rappold etal., 1992), XE7, a gene of 

unknown function (Ellison et al., 1992), ANT3, encoding the ADP/ATP translocase (Slim 

et al., 1993b; Schiebel et al., 1993) and HIOMTwhose gene product catalyses the final 

reaction in the synthesis of melatonin (Yi et al., 1992; Slim ef al., 1993a). Escape from 

X-inactivation has already been demonstrated for M/C2 (Goodfeilow ef al., 1984), XE7 

(Ellison ef al., 1992) and ANT3 (Slim et al., 1993b; Schiebel ef al., 1993) The restricted 

expression patterns of CSF2RA and HIOMT complicate the analysis of transcription from 

the inactive X chromosome. In the mouse Sts has functional X and Y linked alleles and 

is located in the pseudoautosomal region (Keitges ef al., 1985; Keitges ef al., 1987). Sts 

has been shown to escape (Keitges ef al., 1985) or partially escape (Jones ef al., 1988) 

X-inactivation.

In view of the proposed common origins of the X and Y chromosomes, it would be 

expected that some similarities would exist between these chromosomes. Several 

genes outside the PAR have common homologues on both the X and Y chromosomes. 

ZFX/Zfx is the only gene identified that has homologues on both the X and Y 

chromosome in both humans and mice. ZFY \s located close to the pseudoautosomal 

region in the human and is proximal to SRY (Page ef a/., 1987). The X-homologue, ZFK 

is located at Xp21.3-p22.1, has a similar structure to ZFY, however the X-Y nucleotide 

similarity is restricted to the coding sequences and does not extend into introns or 

flanking sequences (Schneider-Gadicke ef al., 1989). Homologues of ZFY have been 

found on the X and Y chromosomes of a wide range of placental mammals (Page ef al., 

1987). In contrast to other eutherians, the mouse has 2 homologues of ZFY on its Y 

chromosome (Mardon etal., 1989). Both Zfy1 and Zfy2are located in the centromeric 

region of the Y chromosome and thus map far from the pseudoautosomal region. As 

both these genes map to sex determining region, Sxr^, they are located close to Sry. Zfx 

has been located to the central region of the mouse X chromosome (XD/E) near Xic 

(Mitchell etal., 1989; Page etal., 1990).
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RPS4Y, which encodes the ribosomal protein S4, has been isolated from the region 

between SRY and ZFY (Fisher etal., 1990). A homologous gene. RPS4X, was isolated 

from the X chromosome and maps to Xq13.1 near to the X inactivation center. The 

murine homologue, Rps4, also maps close to the X inactivation center however, unlike 

the human, there is no Y-encoded homologue of this X-linked gene.

Several genes from the Xp22.3 region have homologous sequences on the Y 

chromosome. Both STS and the Kallmann syndrome gene KAL have related 

nonprocessed pseudogenes located in the proximal region of the long arm of the human 

Y chromosome (Yen et a!., 1988; Legouis et a!., 1991; Franco el al., 1991; Foote et al.,

1992). Another gene of unknown function, GS1, also detects homologous sequences on 

the Y chromosome although the sub chromosomal location or functional status of this 

related gene is unknown (Yen et al., 1992). STS, KAL and GS1 have all been shown to 

escape X-inactivation (Shapiro etal., 1979; Franco etal., 1991; Yen etal., 1992). 

Homologous sequences to these genes have not been detected in the mouse genome 

although KAL and GS1 related sequences are detected in other evolutionary distant 

species (Legouis etal., 1991; Yen etal., 1992).

Genes encoding the enamel matrix protein, amelogenin, have also been located on the 

human X and Y chromosomes (Lau etal., 1989; Nakahori etal., 1991b). The X-linked 

copy of this gene maps to Xp22.1-22.3 while the Y-linked copy has been localized to 

Ypl 1.2 by in situ hybridization (Salido et al., 1992a) and to the proximal short arm using 

a YAC contig of the euchromatic portion of the Y chromosome (Foote et al., 1992). Both 

genes are expressed in the male developing tooth bud although AMGL is transcribed at 

approximately 10% the level of AMG (Salido etal., 1992a). It has not been established 

whether AMG is subject to X inactivation. A Y-specific band for AMG has been detected 

in some Old World monkeys (but not others) and also in cattle (Nakahori et al., 1991a). 

The amelogenin genes on the bovine X and Y chromosomes are both expressed 

(Gibson et al., 1990). In contrast, amelogenin is only found on the X chromosome in 

mice (Lau etal., 1989).

Although the ubiquitin-activating enzyme El {UBEI) is strictly X-linked in the human, two 

homologues of Ubelx are present on the Y chromosome in the mouse (Kay et al., 1991 ; 

Mitchell et al., 1991 ). In common with Zfyl and Zfy2, both Y-linked homologues of 

Ubelx  map to the Sxr region and is thus close to Sry.
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In the human several genes outside the pseudoautosomal region have been shown to 

escape X inactivation. These include STS (Shapiro et al., 1979) Z fX  (Schneider- 

Gadicke etal., 1989), UBEI (Brown etal., 1989a), RSP4X{fisher etal., 1990) and GS1 

(Yen et a i, 1992). These genes are not all clustered near the pseudoautosomal region 

but are located across the short arm of the human X chromosome and into the proximal 

region of the long arm. STS, ZFX, GS1 and RSP4X all have homologues on the V 

chromosome, however while ZFYand RSP4Yare active genes the Y homologue of STS 

is an inactive pseudogene (Yen et al., 1988). Homologues of some of these genes, Zfx, 

Ubelx and Rsp4x undergo X inactivation in the mouse (Ashworth et al., 1991 ; Kay et al.,

1991) and it has been suggested that the difference in X-inactivation could account for 

the difference in phenotype for XO individuals between the mouse and humans 

(Ashworth etal., 1991). Both Zbrand Ubelx have Y linked homologues however the 

expression of these genes is limited to the testis (Koopman et al., 1989; Kay et a/., 1991 ; 

Mitchell etal., 1991). Thus dosage compensation is achieved differently in humans and 

mice: in humans the expression of a Y linked homologue means that XX females and XY 

males have equivalent gene dosage whereas in mice both males and females have only 

one X chromosome equivalent expressed with expression of Y homologues restricted to 

the testis.

1 .6 COMPARATIVE MAPPING OF THE X CHROMOSOME

The X chromosome is unique as all strictly X-linked loci have been maintained as a 

single syntenic group in all eutherian mammals tested ( Davisson etal., 1991; O'Brien et 

al., 1991). This conservation is believed to be a result of the constraints imposed on 

X-autosome translocations by X-inactivation (Ohno, 1967). /nfrachromosomal 

rearrangements of the X chromosome would not be constrained by X-inactivation and 

compared to the human the mouse X chromosome is rearranged with a minimum of 7 

breakage events separating the mouse and human X chromosomes (see Figure 1.2). 

Regions of the X chromosome which do not undergo X inactivation, such as the 

pseudoautosomal region, would be exempt from the constraints imposed on the rest of 

the X chromosome and loci within this region would not necessarily be located on the X 

chromosome.

DNA sequences homologous to human genes located in or near the pseudoautosomal 

region have not been found in the mouse by cross hybridization of human probes to 

mouse DNA. These genes include MIC2, STS, ANT3, KAL, HOIMT, GS1 and CSF2RA. 

This lack of sequence conservation may be specific to rodents as the human CSF2RA 

cDNA probe cross hybridizes with marsupial DNA (personal communication from Dr. J. 

Graves) and the human KAL cDNA exhibits extensive sequence homology with the
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chicken and quail homologues (Legouis etal., 1993). However, the human STScDNA 

does not cross hybridize to either the mouse or marsupial genome and the mapping of 

the STS homologues has relied upon expression studies (Keitges et a!., 1985; Dawson 

etal., 1986). The mouse homologue of CSF2RAf)as been isolated by direct expression 

studies and is therefore the functional equivalent of this gene (Park et a!., 1992) 

although the protein and DNA sequence of human CSF2RA and mouse Csf2ra show 

little conservation (35% amino acid homology). While CSF2RA is located in the human 

PAR (Gough et a!., 1990), Csf2ra is located at the distal end of chromosome 19 in the 

mouse (Disteche et a!., 1992) thus conclusively demonstrating dissimilarity between the 

human and mouse pseudoautosomal regions. The location of STS/Sts relative to the 

pseudoautosomal boundary indicates further dissimilarity between the human and 

mouse PARs. STS is located 8 Mb from the telomere in the sex chromosome specific 

region of the human X chromosome ( Petit et ai., 1990) however, Sts is located in the 

pseudoautosomal region in the mouse and has functional alleles on the X and Y 

chromosomes (Keitges etal., 1985; Keitges etal., 1987; Jones etal., 1988). The 

pseudoautosomal boundary has also been shown to evolve in old world monkeys and 

great apes (Ellis etal., 1990b).

Other sequences found in the human or mouse PARs are also not conserved between 

these species. STIR elements are found in the human pseudoautosomal region, more 

proximally on the X-specific portion of Xp22.3, on Yp and also at the tip of many 

autosomes (Rouyer etal., 1986; Petit etal., 1990; Rouyer etal., 1990). These repeat 

elements are also found in the telomeric regions of the sex chromosomes in primates 

and are even conserved in the cattle genome (Simmler et al., 1985). STIR sequences 

have been identified in the bovine pineal hydroxyindiole Omethyltransferase gene 

(BTHIOMT) (Rouyer et al., 1990). As the human homologue of this gene is located in 

the pseudoautosomal region (Yi et al., 1992; Slim et al., 1993a) it is tempting to 

speculated that the bovine HIOMT gene may also be located in or near the bovine PAR. 

STIR related elements have not been detected in the murine genome (Simmler et al.,

1985). As genes from the Xp22.3 region of the human X chromosome do not cross 

hybridize with mouse DNA it is not surprising that a repeat family is not conserved 

between these species. Indeed a repeat family isolated from the mouse PAR (which is 

identified by the probe pi 5-4) does not cross hybridize with DNA from the Chinese 

hamster which is also a member of the Rodentia order.

The lack of sequence conservation of genes in the human and mouse PARs appears to 

be a feature particular to this region of the X chromosome. Genes, such as AMG (Lau et 

al., 1989; Salido etal., 1992a), POHAf (Brown etal., 1990; Fitzgerald etal., 1992) and
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GLRA2 (Derry et al., 1991 ). located proximal to the PAR and thus in the X-specific 

region of the X chromosome in both species do exhibit cross-species hybridization and 

sequence conservation.

I Z  r e a s o n s  fo r  s tu d yin g  the  m o u s e  ps eu d o a u to s o m a l

BESION

The pseudoautosomal region is of interest for a variety of reasons. One reason for 

investigating this region is that it appears to be required for the production of functional 

germ cells. The absence of the PAR in humans is associated with complete maturation 

arrest of germ cells (Gabriel-Robez etal., 1990; Mohandas et al., 1992). In mice the 

spermatogenic arrest that occurs in X Sxr males, with only one PAR, can be overcome by 

the presence of another PAR. Comparison of the mouse and human PAR may enable 

features that are essential for the function of the PAR to be elucidated. Potentially only 

sequence homology may be required however specific 'structures' such as pairing sites 

have also been hypothesized. There are also differences between the mouse and 

human PARs that need to be explained. The presence of double crossovers in the 

mouse but not in the human PAR indicates that the genetic structure of this region differs 

between these species. One possible explanation is that the mouse PAR is larger than 

that of the human and that differences in recombination are due to some form of steric 

interference. However the mouse PAR has been examined with markers that involve 

structural abnormality (Sxr) or viral integration sites and may not reflect the normal 

behaviour of the mouse PAR. The isolation of polymorphic markers from a normal 

mouse PAR may aid in the understanding of this region.

Examination of the mouse PAR may also be useful in understanding the evolution of the 

sex chromosomes. Although the region corresponding to the long arm and proximal 

short of the human X chromosome is conserved as an X-linked group in mammals the 

region corresponding to the short arm does not exhibit this conservation. Genes on the 

short arm of the human X chromosome are located on autosomes in marsupials and 

monotremes. While the majority of genes on the short arm of the human X chromosome 

are also found on the mouse X chromosome the presence of the gene Csf2ra on an 

autosome in the mouse indicates that eutherian X chromosomes have also continued to 

diverge. A comparison of genes in the terminal region of the mouse and human X 

chromosomes may aid in the understanding of the evolutionary forces and constraints 

that act upon the X chromosome.

The mouse pseudoautosomal region may also be useful in understanding the processes

involved in X-inactivation. Unlike the human, X chromosome genes on the sex specific
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part of the mouse X chromosome do not escape X inactivation. As genes in the PAR are 

expected to remain active on both the active and inactive X chromosomes a comparison 

of genes from these two regions may aid in understanding the differential behaviour 

between these two regions.

A comparison of the human and mouse pseudoautosomal region should be informative 

on factors which influence the movement of the boundary between the sex specific 

regions of the X and Y chromosome and the shared pseudoautosomal region. In the 

human homology between the X and Y chromosomes appears to define the region in 

which exchange occurs however the presence of exchange is also expected to produce 

this homology. As SAY is located just proximal to the PAR on the Y chromosome this 

would prevent the spreading of the pseudoautosomal region into rrx)re proximal parts of 

the sex chromosomes. In the mouse Sry is located on the short arm of the Y 

chromosome and thus far from the PAR. It would be interesting to examine the region 

around the pseudoautosomal region on the Y chromosome to see If any sex-lethal genes 

reside in this region. The distal movement of the boundary may be limited by the 

necessity to form a chiasmata and it would thus be interesting to compare the mouse 

and human PARs to see if factors such as size of the region are a factor in this process. 

As recombination occurs in a limited region examination of the PAR may also be 

informative on the process of homologous recombination.

Examination of the mouse pseudoautosomal region could advance our understanding of 

the biology of the sex chromosomes in many different areas. The main aim of the work 

presented in this thesis was to isolate sequences from the mouse pseudoautosomal 

region.

47



Figure 1.1

Genetic Maps of the Mouse and Human X chromosomes
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The genetic map of the mouse X chromosome is derived from the consensus Mouse X 
chromosome map established by the Committee for the Mouse X Chromosome (Brown 
etal. 1993). Human assignments are according to the data reported by the Committee 
on the Genetic Constitution of the X Chromosome (Davies etal. 1991)



Figure 12

Comparative Map of the Mouse and Human X Chromosomes
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The comparative map of the human and mouse X chromosomes. Chromosome regions 
containing homologous loci have the same shading and key loci in the homologous 
segments are given to the right of each chromosome. The data used to generate these 
syntenic groups are from Brown et al. 1993. The length of each block does not represent 
the physical length of the chromosomal segment. The boundaries of many syntenic groups 
are poorly defined and the juxtapositioning of homology groups is for simplicity. The 
nomenclature of the conserved linkage groups is described in Brown eta l. 1993.
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CHAPTER 2

MATERIALS AND METHODS



M ater ia ls  AND M ethods

2.1 Cell lines

HYBX (Cak B3A5XT6 I 2OBI) is a mouse-Chinese hamster hybrid cell line retaining the 

mouse X chromosome as its sole mouse contribution (Disteche et al., 1982). This cell 

line, isolated by Dr. R. Farber, contains an intact mouse X chromosome in at least 60% 

of mitoses and was kindly made available by Dr. C. Disteche.

The hybrids N15, El 1 and B20c12, which retain the nrx)use X chrorrx3some with terminal 

deletions (Avner et a!., 1987a), were obtained from Dr. Philip Avner. Other 

chromosomes are also present

N15 (T6RI) retains Pip but is deleted for DXPasl. The cytological breakpoints are at 

XF1 and 7B3

El 1 (T14R1 ) retains DXPas2 but is deleted for Ags and Pip. The cytological 

breakpoints are at XF and 2C

B20c12 (T16H) retains DXSmh120biA is deleted for Zfx. The cytological breakpoints 

are at XD and 16B5

The hybrid R5D9B1 was obtained from Dr T. Glaser and retains the mouse X 

chromosome with a terminal deletion distal to DXPasl8 (Brown et a!., 1991 ). R5D9B1 

was produced by the fusion of cells from mice with the X/autosome translocation T5RI 

and a hamster cell line.

The hybrids 118.8 and 118.12 retain the Y chromosome but do not retain the X 

chromosome. Autosomes are also present. Details of these hybrids are given in (Lau et 

a/., 1989).

2.2 CELL CULTURE

Mammalian cell lines were grown in complete DM EM media (DMEM media 

supplemented with 10% fetal calf serum, streptomycin and penicillin) at 37®C in 8% CO2 

under standard conditions. The hybrids HYBX, R5D9B1, N15, El 1 and B20c12 were 

grown under HAT (10'^ M hypoxanthine, 1.6x10'® M thymidine, 10 ® M methothrexate) 

selection for maintenance of the X chronwsome. A23, a thymidine kinase (T/^ deficient 

hamster cell line (Westerveld et a/., 197l), was grown in complete DMEM with 3 mg/ml 

bromodeoxyuridine to prevent the growth of Tk* revertants.
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2.3 EQUIPMENT

PFGE was performed using a CHEF-DR II Megabase DNA pulsed field electrophoresis 

system purchased from Bio-Rad.

Sequencing gels were run on a Sequi-Gen Nucleic acid sequencing system purchased 

from Bio-Rad using 0.25-0.53mm wedge spacers and a sharks-tooth comb.

PCR reactions were performed using a Perkin Elmer Cetus programmable thermocycling 

driblock.

Cassettes for autoradiography were equipped with DuPont Cronex lightning-plus 

intensifying screens.

Spin-X cellulose acetate columns were purchased from Costar.

All other experiments used standard laboratory equipment.

2.4 REAGENTS

2.4.1 Enzymes.

Restriction enzymes were purchased from Gibco BRL, Boehringer Mannheim, New 

England Biolabs Inc. and Northumbria Biochemicals Limited and used with the 

manufacturers supplied buffer under the manufacturers recommended conditions.

Taq Polymerase was purchased from Cetus Perkin Elmer (Amplitaq), from Promega or 

from Applied Biosystems.

DNA Polymerase 1 Klenow fragment was purchased from Pharmacia.

T4 DNA Ligase (lU/pl, 5U/pl), calf intestinal alkaline phosphatase, T4 Polynucleotide 

kinase (9U/pl) and Proteinase K (solid) were purchased from Boehringer Mannheim. 

Agarase from Sigma or United States Biochemical Corporation 

Novozyme (solid) was purchased from Novo Biolabs.

RNaseA was purchased from Boehringer Mannheim. A 20 mg/ml solution was made 

and boiled for 15 minutes to inactivate any contaminating DNase.

2.4.2 Molecular weight Standards

Predigested X/H/nDIII (23-0.56 kb) and <t>X174/Haelll (1.35-0.07 kb) molecular weight 

markers were purchased from Gibco BRL.

A.-concatemer and Sacchromyces cerevisiae YNN295 chromosome markers for pulsed 

field gel electrophoresis were purchased from Bio-Rad.
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2.4.3 Chemicals

Ultrapure 100 mM solutions of dNTPs were purchased as a 100 mM solution from 

Pharmacia.

Random (dN)e hexamers for 5x OLB were purchased from Pharmacia.

Glass distilled grade water-saturated phenol was purchased from Rathburn Chemicals 

Ltd.

Seakem and Seaplaque agarose was purchased from PMC Bioproducts.

Radioisotopes [a^^PjdCTP, ["p^PjdATP and [ct^^SJdATP were purchased from 

Amersham.

Nylon membranes Hybond N and Hybond N+ were purchased from Amersham. 

Nitrocellulose filters and NA45 paper were purchased from Schleicher and Schuell.

Light mineral oil for PCR reactions was purchased from Sigma.

IPTG (isopropyl-p-IIMhiogalactopyranoside)(BM724 815) was purchased from 

Boehringer Mannheim.

Xgal (5-Bromo-4-chloro-3-indolyl-p-D-galactopyranoside) (BM745 740) was 

purchased from Boehringer Mannheim.

All other chemicals were published from Sigma chemical company, Fissons or BDH and 

were of analytical grade.

2.4.4 Commercial vectors and kits

pBluescriptSKII(-) was purchased from Stratagene

X-DASH/BamHI (LD220-B) and Gigapack Gold II Packaging kit were purchased from 

Stratagene.

Sequenase Version 2.0 sequencing kit was purchased from United States Biochemical 

Corporation.

fmol™ DNA sequencing system was purchased from Promega

2.4.5 Oligonucleotides

All oligonucleotides (with the exceptions listed below) were synthesized on an Applied 

Biosystems Ltd. by Dr I. Goldsmith, Imperial Cancer Research Fund, Clare Hall 

Laboratories.

The oligonucleotides for the loci DXMit12, DXMit15 and DXMit21 were obtained from 

Research Genetics

A complete list of the oligonucleotides used is presented in the Appendix.
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2.4.6 ÜBRARIES

The ICRF mouse YAC library ( Larin et al., 1991 ) was constructed from male C3H 

genomic DNA partially digested with EcoRI, cloned into the EcoRI site of pYAC4 and 

transformed into the AB1380 yeast strain. This library represents three genome 

equivalents and has an average insert size of 700kb.

The St. Mary's mouse YAC library (Chartier eta!., 1992) was constructed from female 

C57BL/10 genomic DNA partially digested with EcoRI, cloned into the EcoRI site of 

pYAC4 and transformed into the recombination deficient strain of yeast {rad52 strain 3a). 

This library represents three genome equivalents and has an average insert size of 240 

kb.

The mouse genomic phage library was constructed by Drs. T. Grinfeld and B. Herrmann 

and was kindly provided by Dr. A-M. Frischauf. Mbo\ partially digested DNA (from 

female 129Sv mice with the chromosome 17 variant t^^^) was cloned into the BamHI 

site of EMBL3. Six independent fractions had been amplified once.

2.4.7 INTERSPECIES BACKCROSS PANEL

The interspecies backcross panel used was constructed between B6CBARI and 

SPE/Pas (Amar eta!., 1985; Amar eta!., 1988). B6CBARI is a recombinant inbred 

strain and has been established from C57B/6 and CBA progenitors. SPE/Pas is a Mus 

spretus inbred strain. The subset of the backcross mice used in this analysis were 

chosen for the absence of detectable recombination or for the presence of recombination 

in the terminal region of the X chromosome.

2.4.8 Bacterial Strains

DH5a recA- E.coii strain for transformation.

XL-1 Blue recA- E.coii strain for transformation

SURE™ homologouse recombination deficient E.coii strain from Stratagene

LE392 non-restrictive host strain for X-DASHII and EMBL3.

P2392 P2 lysogen of LE392, restrictive host for À-DASHII.
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23. COMPOSITION OF m ed ia

Luna Broth (LB).

NZ Media.

Plating Agar.

Plating Agarose.

YPD

Selective YAC Media

Selective Agar

lOx amino acid supplement

per litre: lOg Bacto-tryptone, 5g Bacto-yeast extract, 

Sg.NaCI. pH adjusted to 7.5 with NaOH. 

per litre: 10g NZ amine, 5g NaCI, 5g Bacto-yeast extract, 

1g Casamino acids, 2g MgS04 :7h 20 . pH adjusted to

7.5 with NaOH.

Media plus 1.5% agar.

Media plus 0.7% agarose, 0.2% maltose. Add 10mm 

MgS04 to LB.

1% yeast extract, 2% bactopeptone, 2% dextrose 

0.67% yeast nitrogen base, 2% dextrose, Ixamino acid 

supplement

Add 2% agar to YAC Media,

225 ng/ml adenine, arginine, isoleucine, histidine, 

lysine(omit for -U-L), methionine, tryptophan (omit for 

-U-T), 600 pg/ml leucine, 525 pg/ml phenylalanine, 1.6 

mg/ml valine, 300 pg/ml tyrosine

23. COMPOSITION OF BUFFERS

Adphage. 

Denature. 

Denhardts(50x). 

DNase (lOx). 

ESP.

Hybridisation. 

Loading (lOx). 

Loading (3x).

Lysis DNA. 

Kinase (lOx).

Neutralise.

OLB (5x).

PCR (lOx).

10mm MgS04 : 10mm CaCl2.

1.5m NaCI; 0.5m NaOH.

1% Ficoll 400; 1% polyvinlypyrolidine; 1% BSA (pentax fraction V).

1.0 M NaOAc; 50mM MgS04 .

0.5 M EDTA; 1% Sarcosyl 2 mg/ml Proteinase K (pH9.5)

7% SDS; 0.5 M NaHP04 ; ImM EDTA (Church etal., 1984).

20% Ficoll400; 0.5% Orange G; 100mm EDTA (Agarose).

95% formamide; 20mmEDTA; 0.05% bromophenol blue;

0.05% xylene cyanol FF (Sequencing).

0.32m sucrose; 1% Triton X I00; 10mm Tris.HCI(pHB.O); 5mm MgCl2 . 

0.5 M Tris.HCI(pH7.5); 0.1 M MgCl2; 50 mM dithiothreltol;

1 mM spermidine.

1.5 M NaCI; 0.5 M Tris.HCI(pHB.O).

1.0 M HEPES(pH6 .6); 250 mM Tris.HCI(pHB.O); 25 mM MgCl2

50 mM b-mercaptoethanol; 0.1 mM each dATP, dGTP, dTTP; 15U/ml 

(dN)6-
500 mM KCI; 100 mM Tris.HCI(pHB.3); 15 mM MgCl2 ; 1 mg/ml 

gelatin.

55



SE. 75 mM NaCI; 25 mM EDTA (pHB.O)

SCE. 1.0 M sorbitol; 100 mM sodium citrate(pH5.8); 10 mM EDTA.

Sequenase (5x). 250 mM NaCI; 200 mM Tris.HCI(pH7.5); 100 mM MgCl2 :

SM. 100 mM NaCI; 50 mM Tris.HCI(pH7.4); 8 mM MgSO^; 0.01% gelatin.

SSC. 150 mM NaCI; 15 mM NaCitrate.

TAE.(50x) 2.0 M Tris.acetate; 50 mM EDTA (pH8.0).

TBE (1 Ox). 0.045 M Tris.borate; 1 mM EDTA (pH8.0).

TE. 10 mM Tris.HCI(pH8.0); 1 mM EDTA.

TENS. 0.1 M NaOH; 0.5% SDS;10 mM Tris.HCI(pH8.0); 1 mM EDTA.

2.7 ISOLATION OF NUCLEIC ACIDS

2.7.1 ISOLATION OF PLASMID DNA

A rapid miniprep protocol was used for small scale plasmid isolation (Jones et al., 1990). 

Bacteria from 1.5 ml of an overnight culture was collected by brief centrifugation and 

resuspended in 50-1 OOpI of Luria broth. 300pl of TENS buffer was added, briefly 

vortexed, followed by 150 pi of 3 M NaOAc (pH5.2) and vortexing. Precipitated material 

was collected by 5 minute centrifugation and the supernatant transferred to a clean tube. 

DNA was precipitated with 1.0 ml of cold 95% ethanol, pelleted by centrifugation and 

washed with 70% ethanol. Pellets were dried and resuspended in 30 pi TE containing 10 

pg/ml RNase. For sequencing, the RNase was omitted.

2.7.2 ISOLATION OF DNA FRAGMENTS

DNA fragments were fractionated on an agarose gel, excised with a scalpel, relocated to 

an unused part of the gel and transferred onto pretreated NA45 membrane by brief 

electrophoresis (Sambrook et al 1989). DNA was eluted from the membrane by a 20 

minute incubation in 400 pi of 1 M NaCI at 65®C and precipitated with 1.0 ml cold 95% 

ethanol. Alternatively, gel slices containing DNA fragments were frozen at -20®C for 15 

minutes and centrifuged for 10 minutes through a Costar SpinX column. DNA was 

precipitated by addition of 0.1 volumes of 3 M NaOAc (pH5.2) and 2.5 volumes cold 95%

ethanol. Pelleted DNA fragments were air-dried, resuspended in 5-20 pi sterile H2O and

quantified by comparison of fluorescence with known standards on an ethidium bromide 

stained agarose gel.
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2.7.3 ISOLATION OF PHAGE DNA

Competent bacteria for phage work were prepared by growing a culture to an 

absorbance of 0.3-0.4 at 600nm in NZ broth containing 0.2% maltose (Grossberger, 

1987). Bacteria were harvested by centrifugation at 3 OOOrpm for 10 minutes and 

resuspended in 0.2 volumes of ice-cold 10mm MgS04 . Phage competent bacteria were 

stored at 4°C for up to four weeks.

Phage DNA minipreps were prepared from 10 ml overnight cultures. Cell debris was 

removed by centrifugation at 3 000 rpm for 10 minutes and phage particles pelleted from 

the supernatant by centrifugation at 35 000 rpm for 40 minutes in a SW41 rotor. The 

pellet was resuspended and incubated for 2 hours at 37°C in 400 pi of SM buffer 

containing 500 pg/ml Proteinase K, 100 pg/ml RNaseA and 0.2% SDS. DNA was 

extracted twice with a phenohchloroform mix (1:1) and twice with a chloroform:isoamyl 

alcohol mix (24:1) before precipitation with 0.1 volumes of 3 M NaOAc (pH5.2) and 2.5 

volumes of 95% ethanol. DNA was resuspended in 25-50 pi IE  containing 10 pg/ml 

RNaseA.

Alternatively 10 ml phage cultures were centrifuged at 3000 rpm to remove cell debris 

and the supernatant digested with 10 pi DNase (10 mg/ml) and 10 pi RNaseA (20 mg/ml) 

for 60 min at room temperature. After this digestion 1 ml of 1 M Tris.HCI pH 7.6,1 ml of 

0.5 M EDTA , 0.75 ml 4 M NaCI and 60 pi 20 mg/ml Proteinase K was added and 

digestion continued at 50°C for 2 hours. The DNA was precipitated with 0.8 vol (10 ml) 

of isopropanol and a 10 min incubation on ice. After centrifugation at 8000 rpm for 20 

min the pellet was resuspended in 0.5 ml TE then treated with phenol/chloroform, a 

chloroform:isoamyl alcohol mix (24:1) before precipitation with 0.1 volumes of 3 M 

NaOAc(pH5.2) and 2.5 volumes of 95% ethanol. DNA was resuspended in 25-50 pi TE 

containing 10 pg/ml RNaseA.

2.7.4 ISOLATION OF GENOMIC DNA

Cultured cells were collected by centrifugation at 1 000 rpm for 10 minutes, rinsed twice 

in PBSA and resuspended in 9.7 ml of 50 mM Tris.HCI pH 8.0, 150 mM NaCI, 100 mM 

EDTA. 100 pi of 20 mg/ml RNaseA was added followed by 200 pi of 10% SDS while 

gently swirling. After incubation at 37®C for 30 minutes, 1.5 ml 10% SDS was added and 

incubated at 65°C to fully denature proteins. DNA was extracted with 2.5 ml of fresh 5 M 

sodium perchlorate and 12.5 ml chloroform:isoamyl alcohol (24:1) by gently inverting for 

30 minutes (Johns et al., 1989). The aqueous phase was separated by centrifugation at 

4 000 rpm for 10 minutes and transferred to a fresh tube. DNA was precipitated with 2
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volumes of cold 95% ethanol, transferred into 10 ml TE with a sterile loop and dissolved 

overnight at 4®C. The following day, DNA was reprecipitated with 0.1 volumes 3 M 

NaOAc (pH5.2) and 2 volumes cold 95% ethanol and dissolved in 1 ml TE. DNA was 

quantitated by measuring absorbance at 260nm and the quality checked on an agarose 

gel.

2.7.5 ISOLATION OF DNA FROM YACS

Cultures of YAC clones were grown at 30®C for 2-3 days in selective media and 

harvested by centrifugation at 3 000 rpm for 5 minutes. After rinsing twice in SCE, cells 

were resuspended in 0.04 volumes of SCE. This was mixed with an equal volume of 

1.5% low melting point agarose (NMC Seaplaque) made with SCE and containing 

8 mg/ml Novozyme and set in 100 pi block formers. After setting, blocks were incubated 

for 2 hours at 37°C in SCE with 10 mM dithiothreitol. Blocks were transferred into 0.4 M 

EDTA; 1% Sarcosyl containing 2 mg/ml Proteinase K and incubated overnight at 50°C. 

The following day, blocks were extensively rinsed in TE and then stored at 4°C.

For DNA preparation, blocks were extensively rinsed in TE and equilibrated with 100 mM 

NaCI; 10 mM MgC|2 for 30 minutes at 37°C. Blocks were melted at 65®C for 10 minutes, 

digested with 10 U agarase at 37®C for 2 hours and then extracted twice with 

TE-equilibrated phenohchloroform (1:1) and once with chtoroformiisoamy alcohol (24:1). 

DNA was precipitated with 0.1 volumes 3 M NaOAc (pH5.2) and 2.5 volumes cold 95% 

ethanol and resuspended in TE.

2.7.6 VECTORETTE LIBRARY CONSTRUCTION

YAC blocks were digested with a variety of restriction enzymes such as Bgl I, BsfYI, 

HinD\\\, Bcli. Blocks were equilibrated in 1x restriction buffer then digested with 50 U 

enzyme. After digestion these blocks were equilibrated in 1x ligation buffer (5 ml 50 mM 

Tris.HCI (pH 7.5), 10 mM MgCIa, 1 mM DTT) for 1 hour at 4°C. The buffer was removed, 

100 pi of ligation buffer and 1 pg of the appropriate vectorette cassette added. The block 

was heated at 65®C for 15 min then 37®C for 5 min. ATP was added to a final 

concentration of 2 mM followed by 40 U of T4 DNA ligase (Boehringer Mannheim). After 

ligation at 37®C for 1 hr the reaction was terminated by the addition of 200 pi TE. 

Vectorette libraries were stored at -20®C.
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2.7.7 VECTORETTE LIBRARY AMPLIFICATION

Sequences adjacent to the YAC vector arms containing the Trp (left) and Ura (right) 

selectable markers were amplified by using the universal vectorette primer (primer 224) 

with primers complementary to either the left YAC arm (primer 1089) or the right YAC 

arm (primer 1091). A 5 pi aliquot of the vectorette library was amplified in a total volume 

of either 50 pi or 100 pi containing 10 mM Tris.HCI (pH 8.3), 50 mM KCI, 1.5 mM MgCl2, 

0.1% gelatin, 200 pM of dATP, dCTP, dGTP and dTTP, 0.25 pM of each primer and 

either 1.25 or 2.5 U Taq DNA Polymerase (Perkin-Elmer Cetus). After an initial 

dénaturation step at 94°C for 5 min , 35 amplification cycles consisting of 93®C 

dénaturation step for 1 min, a 65®C annealing step for 1 min and a 72®C extension step 

for 3 min were performed followed by a final extension step at 72®C for 10 min. An 

aliquot of the PCR product was digested with EcoRI and digested and non-digested DNA 

electrophoresed on a 2% agarose gel. Amplification products from the left and right end 

of YACs produce a diagnostic 280 and 170 bp EcoRI fragment respectively.

2.7.8 RESCUE OF END FRAGMENTS BY RETROFITTING OF YAC ARMS

End fragments of yeast artificial chromosomes were rescued by a modification of a 

"retrofitting" procedure described by Hermanson et al. (1991). YAC clones were grown 

overnight in 50 ml medium to a final concentration of OD6oo=1 2 . The cells were 

pelleted by centrifuging at 3 000 rpm for 10 min, then washed twice with 50 ml ice-cold 

water and once with 1 M sorbitol. The final pellet was resuspended in 200 pi sorbitol. 

The pICL and pLUS vectors had been designed for the rescue of the CEN/TRP/Left and 

URA/Right YAC end fragments respectively. These plasmids were linearized within a 

region of homology shared between the plasmid and YAC arms. 1 pg of linearized 

plasmid was incubated on ice with 80 pi of yeast cells for 5 min, the mixture transferred 

to a cold 0.2 ml pulse cuvette and the cells pulsed a 1.5 kV, 200 Cl and 25 pF using a 

BioRad Gene Puiser electroporation apparatus. The electroporated cells were 

resuspended in 1 ml of 1 M sorbitol, centrifuged at 1000 rpm for 5 min, then spread on 

-U-L selective plates containing 1 M sorbitol. Colonies were visible after 2-4 days at 

30®C. DNA from these clones was digested with a variety of enzymes, circularized at 

low DNA concentration, transformed into XLI-Blue competent cells.

59



2.8 Analysis  of Nucleic Ac id s .

2.8.1 Southern Blohing

10 ng genomic DNA was digested overnight with a three fold excess of restriction 

enzymes under the manufacturers recommended conditions. For double digestions, the 

appropriate salt adjustments were made for the second digestion. DNA was fractionated 

by electrophoresis overnight through a 0.8% agarose TBE gel and photographed. The 

gel was soaked in 0.1 M HCI for 15 minutes then twice for 30 minutes in denaturing 

buffer and the DNA transferred onto Hybond-N+ with denaturing buffer.

Filters were hybridised overnight with 2 ng/ml ^^P-labelled DNA fragments at 65®C in 

Church and Gilbert hybridization buffer. The following day filters were washed for 10 

minutes in 2x SSC; 0.2% SDS at room temperature and then usually twice for 15 

minutes in 0.5x SSC; 0.1% SDS. Filters were autoradiographed at -70®C with Kodak 

XAR film using DuPont Cronex Lightning Plus intensifying screens overnight or longer if 

necessary. Hybridised probe was removed for reuse by placing filters into boiling 0.5% 

SDS.

2.8.2 PULSED FIELD GEL ELECTROPHORESIS

Agarose plugs containing YAC DNA were equilibrated with the recommended digestion 

buffer for 1 hour at 37°C and digested overnight with 4-10 U of restriction enzyme. DNA 

was fractionated on a Bio-Rad CHEF-DR pulsed field electrophoresis unit in a 0.5xTBE 

1% agarose gel with 0.5xTBE at 14®C. Gels were run for 24 hours at 200 volts with 

ramped pulse times from 4-40 seconds. Gels were stained for 10 minutes in 1 pg/ml 

ethidium bromide. Acid depurination, transfer and hybridization is as described for 

conventional Southern blots.

2.8.3 DNA SEQUENCING

Double stranded sequencing was performed on 5 pi of plasmid miniprep using the 

Sequenase 2.0 kit. 1 pi 1 M NaOH and 1 pi of oligonucleotide primer at 2.5 pg/ml was 

added to 5 pi of minipreped plasmid DNA and incubated at 37°C for 10 minutes and then 

neutralised with 1 pi 1 M HCI and 2 pi 5x Sequenase buffer. Labelling and termination 

reactions were as described in the manufacturers protocol using 1 pi [a^^S]-dATP and 

1 ;5 dilutions of labelling mix and sequenase enzyme. Reactions were terminated by 

addition of 3.5 pi of sequencing loading dye and boiled for 2 minutes immediately before 

loading on a sequencing gel.
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Phage DNA was sequenced using the fmol™ DNA sequencing kit and following the 

manufacturers instructions. 10 pmol of primer was end labelled with -y^^PdATP in 10pI 

final volume. A pre-mix of 1.5 pi primer, 4.25 pi sequencing buffer and 4 fmol template in 

a final volume of 16 pi was made. 4 pi of this pre-mix was added to 4 tubes each 

containing 1 pi d/ddNTP with a different ddNTP (ddATP, ddCTP, ddGTP, ddTTP) in each 

tube. 1 pi of sequencing grade Taq DNA polymerase was added to each tube and 

cycling conditions appropriate to the particular primer used performed. After linear 

amplification 3 pi of STOP buffer was added and 3 pi of the sample loaded onto a 

sequencing gel.

Products from sequencing reactions were fractionated on a 6% acrylamide wedge gel 

containing 7.5 M urea cast in a Biorad sequencing apparatus and run with 1x TBE using 

a sharks-tooth comb. Gels were typically run at 40 watts for 3 hours and then fixed in 

10% actetic acid; 10% methanol for 20 minutes before drying onto Whatman 3MM paper 

with a heated vacuum gel drier. Dried gels were autoradiographed at room temperature 

with Kodak XAR film overnight. DNA sequences were stored and manipulated using the 

Intelligenetics suite of programs on a VAX/VMS cluster.

2.8.4 POLYMERASE CHAIN REACTION

A typical 50 pi PCR reactions contained 100 ng of genomic DNA or 1 ng of plasmid DNA, 

1x PCR buffer, 0.25 pM of each primer, 200 pM of each dNTP and 0.25 U Taq DNA 

polymerase. Reactions were covered with light mineral oil and cycled in a Perkin Elmer 

programmable dry block. Conditions for each primer pair varied slightly and were 

determined by trial. Typical conditions were an initial 5 min denaturing step at 94°C 

followed by 35 cycles of 94®C for 30 sec, 55®C for 30 sec, 72®C for 1 minute and a final 

10 minute extension step at 72®C. Mineral oil was removed by extraction with chloroform 

and the upper aqueous phase either run on an agarose gel or used for cloning.

2.8.5 RANDOM-HEXAMER PRIMER RADIOLABELLING OF DNA FRAGMENTS

DNA fragments were labelled by the random-hexamer priming protocol (Feinberg et al., 

1983). 50-100 ng of a purified DNA fragment was incubated at 37°C for 2 hours in a 

25 pi reaction containing 1x OLB, 100 pg/ml BSA, 2.5 pi [o?^P]-dCTP and 1 U DNA 

polymerase Klenow fragment. Unincorporated nucleotides were removed by passage 

through a TE equilibrated G-50 packed spun column. Incorporation was monitored with 

a hand held geiger counter.
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2.8.6 PCR RADIOLABELUNG of DNA FRAGMENTS

PCR labelled probes were labelled using a modification of the method of Schowalter and 

Sommer ( 1989). This method is particularly useful for generating probes from small 

DNA inserts. 1 pi minipreped plasmid DNA (diluted 1:1000) was added to 2 pi 10x PCR 

buffer (1 M KCI, 0.2 M Tris.HCI (pH 8.3), 0.2% gelatin), 1 pi 20x nucleotide mix (1 mM 

each dATP,dGTP, dTTP),1 pi of the M13 universal forward and reverse sequencing 

primers (1 pg/pl), 0.2 pi Taq Polymerase (Cetus) and 13 pi (a-^^P) dCTP (3000 

Ci/mmol): 3.3 pM dCTP). After 5 min at 94®C, 35 cycles of PCR were performed (1 min 

dénaturation at 93®C, 1 min annealing at 45®C, 1 min elongation at 72®C) followed by a 

final elongation step of 10 min at TO. The labelled probe was isolated by 

chromatography through a G50 sephadex spun column.

2.8.7 PREASSOCIATION OF PROBES WITH TOTAL MOUSE DNA

Repeat sequences were removed from labelled probes by competition with unlabelled 

total mouse DNA (Searly et al., 1985). 50 pi of probe was heated to 100®C for 5 min in 

the presence of 1 mg/ml sheared mouse DNA in 5xSSC, then annealed at 65®C for 60- 

120 min.

2.8.8 RADIOLABELUNG SYNTHETIC OUGONUCLEOTIDES

10 pmol synthetic oligonucleotide was incubated at room temperature for 1 hour in a 

10 pi reaction containing 1x Kinase buffer, 3 pi ["y^^P]-dATP and 1U T4 polynucleotide 

kinase. Unincorporated nucleotides were removed by passage through a Biogel G4 

spun column.

2.9 CLONING OF NUCLEIC a c id s .

2.9.1 Subcloning Into Pu sm id  Vectors

pBluescriptSKII(-) vector was prepared by digestion with the appropriate restriction 

enzymes for 1 hour followed by a 30 minute incubation with 1 pi calf intestinal alkaline 

phosphatase (CIP). Linearized vectors were isolated from agarose gels using either 

NA45 membrane or SpinX columns as described for fragment isolation and resuspended 

at 100 ng/pl sterile TE.

Restriction fragments for cloning were isolated from agarose gels as described. Where 

necessary, fragments were first endfilled in a 25 pi reaction containing 1x NTB, 0.1 mM of
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each dNTP, 100 ng/ml BSA and 1 U DNA polymerase Klenow fragment which was 

incubated at room temperature for 1 hour. Ligations were performed in a 25pl reaction 

containing 50ng of both insert and vector, 1x Ligase buffer, 15 U T4 DNA ligase and were 

incubated at room temperature for 2 hours or at 4®C overnight.

For transformation into £  coli strain DHSa or SURE™ cells, ligation reactions were 

incubated with 200 pi frozen competent cells for 30 minutes on ice. Cells were heat- 

shocked for 45 seconds at 42°C, incubated at 37°C in 1.0 ml Luria broth for 30 minutes 

and then collected by centrifugation at 1000 rpm for 5 min. Pelleted cells were 

resuspended in 100 pi of Luria broth and plated into LB-agar plates containing 100 pg/ml 

ampicillin, 20 pg/ml IPTG and 20 pg/ml X-gal and incubated overnight at 37®C. The 

following day, colonies containing recombinant plasmids were recognised by their white 

colouration and were screened by analysis of plasmid minipreps.

2.9.2 Cloning PCR products

PCR amplification products were subcloned into the Smal site of pBluescriptSKII(-) using 

the following protocol. 7 pi of PCR product was incubated at 25®C with 0.5 U Klenow 

fragment in 50 mM Tris.HCI pH 7.5,10 mM MgCl2, 5 mM DTT and 200 pM of dATP, 

dCTP, dGTP and dTTP in a total volume of 10 pi for 5 min to ensure that the product was 

blunt ended. DTT and ATP were added to a final concentration of 15 mM and 2 mM 

respectively and 4 U of T4 polynucleotide kinase added. The kinase reaction was 

allowed to proceed at 37®C for 30 min then terminated by incubating at 65®C for 15 min. 

The PCR product was then cloned into the Smal site of pBluescriptSKII(-) by adding 5 pi 

of lOxligase buffer (Boehringer), 100 ng Smal treated pBluescriptSKII(-) (also treated 

with CIP) and 2.5 U T4 DNA ligase (Boehringer) in a total volume of 50 pi ovemight at 

4®C. 20 pi of the cloning mixture was transformed into either SURE™ (Stratagene) or 

DH5a competent cells.

2.9.3 Preparation o f  Competent C e lls  fo r  Plasmid Transform ation

Frozen competent cells were prepared by growing a single colony picked from a minimal 

media plate overnight. This was used to seed a 20 ml culture which was grown to an 

ODeoo of 0.2 and used to seed a 500 ml culture which was then grown to an ODeoo of 

0.6. Cells were chilled on ice for 10 minutes then collected by centrifugation at 5 000 

rpm for 10 minutes at 4®C. Cell pellets were resuspended in 250 ml ice-cold 

transformation buffer and incubated on ice for 20 minutes. Cells were collected by 

centifugation as above, gently resuspended in 25 ml of transformation buffer and 

aliquoted into eppendorf tubes on dry ice for storage at -70°C.
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An alternative method for preparing competent cells was a modification of Chung and 

Miller (l9 8 8 ). Bacterial cells were grown to early log phase (OD6oo=0.3-0.6), 

centrifuged at 1000 rpm for 10 min at 4®C, resuspended in TSB, incubated on Ice for 10 

min then aliquoted into eppendorf tubes on dry ice for storage at •70°C. For 

transformation 0.1 ml of cells was incubated with plasmid DNA on ice for 5 min then 

plated onto selective plates.

2.9.4 Construction of Phage libraries

Libraries containing overlapping DNA fragments were generated by Sau3A-partial 

digestion of genomic DNA. Digestion conditions which result in a significant fraction of 

DNA being a suitable size for cloning were established by serial dilution of enzyme with a 

fixed quantity of DNA for a set time. The products of such a titration were analysed by 

electrophoresis and the chosen conditions directly scaled up to prepare insert DNA for 

library construction. Although conditions need to be established for each DNA 

preparation and batch of enzyme, dilutions of approximately 0.005 U SaUSA per pg DNA 

produced suitably sized fragments. After digestion, the enzyme was inactivated a by 10 

minute incubation at 65®C. Digested DNA was then incubated for 30 minutes at 37°C 

with 1 pi calf intestinal alkaline phosphatase, extracted with twice phenohchloroform 

(1:1), twice with chloroform:isoamyl alcohol (24:1) and precipitated.

Insert DNA prepared as described above was ligated to predigested commercially 

prepared phage vectors. Sau3A-partialled DNA was ligated into BamHI digested 

X-DASH. Ligation reactions of 5 pi contained 1x Ligation buffer, 1 pg insert DNA, 1 pg 

vector DNA, 4U T4 DNA Ligase were incubated ovemight or longer at 4®C. Ligated DNA 

was packaged into phage particles using a Stratgene Gigapack Gold II kit and the titre 

determined by plating out dilutions of the packaged library.

2.9.5 PLATING AND SCREENING OF LIBRARIES

Phage libraries were plated out in 20 x 20cm dishes containing 200 ml NZ-agar with 

40 ml of NZ-agarose containing 0.2% maltose. 1.0-1.5x10^ pfu were plated on each 

dish and incubated overnight at 37®C. Duplicate lifts onto Hybond N Plus membrane 

were taken of each plate, denatured for 7 minutes and neutralised twice for 3 minutes by 

placing DNA-side up on Whatman 3mm paper soaked in the appropriate solution.

Filters were rinsed briefly in 2xSSC and DNA fixed to the membrane with 0.4 M NaOH for 

20 min.
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Filters were hybridized overnight at 65®C with 2 ng/ml ^^P-labelled DNA fragments in 

Church hybridization buffer. The following day, filters were washed twice for 15 minutes 

in 2x SSC; 0.2% SDS and then three times for 20 minutes in 0.2x SSC; 0.2% SDS or for 

longer if the background still seemed high. Filters were autoradiographed at -70®C with 

Kodak XAR film and DuPont Cronex Lightning plus intensifying screens for overnight or 

longer if necessary. Positive clones were identified by signals on duplicate filters after 

alignment with orientation markers.

0.5 mm plugs corresponding to positive signals were taken from the library plate and 

soaked for 1 hour at 37°C in 1.0 ml SM buffer. Serial tenfold dilutions were plated out in 

90 mm petri dishes and incubated ovemight at 37°C. Duplicate lifts of subconfluent 

plates were taken onto nitrocellulose discs, denatured, neutralised and screened as 

described above. This procedure was repeated until single plaques corresponding to 

positive signals could be identified. Stocks of purified phage were maintained as phage 

lysates with 5% chloroform at 4®C or 7% DMSO at -70®C.

2.9.6 PCR Screening of Plasmid Transformants

Single colonies were picked and resuspended in 30 pi of sterile water. 2pl of this was 

gridded out onto a back-up LB plate containing 100 pg/ml ampicillin. The remaining 

10 pi was lysed by boiling for 5 minutes and then mixed with 10 pi of a 2x mix containing 

4 pmol of M l3 forward and reverse oligonucleotides, 0.4 mM of each dNTP, 2x PCR 

buffer and 0.8 U Taq DNA polymerase. The reaction was overlaid with light mineral oil 

and then amplified on a programmable dry-block using the following cycling conditions: 

30 sec at 56®C, 1 minute at 72®C and 30 sec at 94®C with a final extension of 5 minutes 

at 72®C. The mineral oil was extracted with 25 pi of chloroform and the reaction run out 

on an agarose gel.

2.10 IRRADIATION AND FUSION GENE TRANSFER HYBRIDS

2.10.1 Generation of if g t  Hybrids

HYBX cells (5x10®) were exposed to 10 K rads irradiation at room temperature using an 

industrial X-ray unit (HF320 SR Pantak) at a rate of 1000 rads/min. Following irradiation 

the HYBX cells were added to a suspension of 5x10® A23 cells, centrifuged at 1000 rpm 

for 5 min, washed in PBSA and recentrifuged. The cells were fused by the addition of 1 

ml polyethylene glycol (50% PEG 4000 in PBSA) and incubation at 37®C for 1 min. After 

fusion, 10 ml of PBSA and 10 ml of complete DMEM was added to the cells and they 

were then plated out in 90 mm petri dishes. HAT selection was applied 24 h later. No
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colonies grew when irradiated HYBX cells were plated indicating that the 10 K rad 

treatment was a lethal dose of irradiation for the cells. Similarly, no colonies were 

observed when the A23 cells were grown in HAT medium indicating that only the fusion 

products of the two cell lines were viable under the selective media conditions used.

2.10.2 DOT BLOT Assay

Genomic DNA (10 pg) of each hybrid was blotted onto Amersham Hybond N Plus using 

a dot blot apparatus then probed with the end labelled oligomer 

5'GCATTTGAAATGTAAATGAGG3'. This primer is mouse specific since, although 

derived from the 82 repeat which has homology with hamster DNA (Krayev et al., 1982), 

it is from a region of the repeat which contains a 9 base pair insertion in the hamster 

sequence that is absent in the mouse. The dot blot was hybridized at 42°C in Church 

hybridization buffer then washed to O.SxSSC, 0.1% SDS at 42®C.
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CHAPTER 3

MAPPING LOCI IN THE TERMINAL REGION OF THE 

MOUSE X CHROMOSOME



M a ppin g  Loci in th e  T erm inal  Region  o f  th e  M o u se  X  
C hr o m o so m e

3.1 INTRODUCTION

The terminal region of the mouse X chromosome (defined for this study as the 

cytological band XF) includes a consen/ed syntenic group {Amg-Sts) between mouse 

and human X chronrx>somes (Brown etal., 1991) and it includes the functionally 

equivalent pseudoautosomal region at the termini of the chromosomes. Although 

functionally equivalent, no conserved sequences within these PARs have been found 

and indeed the first exception to the evolutionary conservation of the X chromosome 

between mouse and man was located in the human PAR (Disteche etal., 1992). A 

refined map of the distal region of the mouse X chrorrvDsome may be useful in 

understanding the functional and evolutionary constraints on the X chromosome.

The mouse X chromosome has been extensively mapped with nearly 120 loci assigned 

to the DNA probe map (Brown et al., 1991). This consensus X chromosome map is 

primarily constructed from the amalgamation of data from various interspecies backcross 

panels and is therefore predominantly a recombination based map. The distribution of X 

chromosome markers is uneven with a relative paucity of markers assigned to the distal 

region. Some of the markers in this region have only been regionally assigned and their 

order relative to each other is unknown.

Interspecies backcross panels are an extremely powerful resource in mapping the 

mouse genome (Avner et al., 1988). Panels are frequently constructed between inbred 

strains of mice and the wild mouse M. spretus as there is a high degree of allelic 

variation between these mouse species. In general a restriction fragment length 

polymorphism (RFLP) can be detected between these species for most DNA probes 

using only a small number of restriction enzymes (Amar etal., 1985). The Fi female 

progeny from a cross between M. spretus and laboratory mice are mated to either 

parental strain and the progeny constitute the interspecies backcross panel. The panel 

is typed for a series of known markers producing a haplotype for each backcross animal 

which then defines the recombinational breakpoints that have occurred on each 

chromosome in the single meiotic event that the chromosome has undergone. Additional 

loci can then be mapped in the backcross panel locating the unmapped locus relative to 

the known markers such that the minimal number of recombinations would have needed 

to occur (Avner et al., 1988). A limitation of backcross panels constructed between 

inbred laboratory strains and M. spretus is that Fi males are infertile thus recombination
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in male meiosis cannot be examined. This is a major drawback in this study as the 

pseudoautosomal region is defined by recombination between the X and Y 

chromosomes during male meiosis. Fortunately F-| males which are fertile or subfertile 

can be produced from mouse subspecies or inbred strains in which allelic variation, 

frequently in the form of microsatellites, between parental strains can also be found. 

Microsatellites are tandem repeats of simple sequences and are about 50% variable 

between laboratory inbred strains and 90% variable between inbred strains and the wild 

mice Mus spretus or Mus castaneus ( Hearne et al., 1992). Microsatellites appear evenly 

distributed throughout the mouse genome occurring on average every 18 kb. Thus DNA 

thought to be cloned from the PAR could be screened for microsatellites which could 

then be used to establish pseudoautosomal inheritance.

The interspecies backcross panel used in this study had been characterized for a 

number of loci from Otc, at the centromeric end, to DXPasl near the telomeric end of 

the X chromosome (Amar et a!., 1988). A subset of this backcross panel were chosen 

either for the absence of detectable recombination with all markers or for the presence of 

recombination distal to Pip. This subset was chosen as it should include all mice with 

recombination events in the distal region of the mouse X chromosome including 

previously undetected recombination events. The mapping of loci in this region required 

the development of new markers. Where possible markers which could be assayed in a 

PCR format were generated as this is an easy assay procedure and minimizes the 

amount of DNA needed to be used from a valuable but limited resource. Several loci 

from the terminal region belonged to gene families. The cross hybridization of cDNA 

clones usually complicates the analysis of loci from gene families and to simplify the 

mapping of these loci probes were generated from the introns of the cognate locus. 

Introns are the least conserved part of a gene from a gene family and in some instances 

may be completely absent in other family members.

One approach to cloning sequences from the PAR was to walk along the X chromosome 

from strictly X-linked loci towards the telomere and the PAR (see Chapter 6). By 

determining the order of loci in the distal region of the mouse X chromosome this walk 

would be initiated from the most distal locus on the X chromosome.
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3.2 MAPPING AMG

Amg (amelogenin) has been mapped to the distal end of the mouse X chromosome 

(Chapman et al., 1991 ) and is used as reference marker in this region of the mouse X 

chromosome ( Brown et a!., 1991 ). Polymorphism for the Amg locus was detected in this 

study in two ways. Initially the /tmpcDNA probe. pMa5-5. was hybridized to EcoRI 

digested genomic DNA from the interspecies backcross panel (see Figure 3.1 A). As 

expected pMa5-5 detected a 6.2 kb B6CBARI and a 3.1 kb M. spretus band in these 

digests.

An alternative PCR based method of identifying polymorphism for the Amg locus was 

developed. The Amg cDNA probe pMa5-5 was used to isolate the YAC yA2 from the 

ICRF mouse YAC library (see Chapter 6). Clones from a phage library of yA2 positive 

for pMa5-5 were isolated and screened for (CA)n or (GA)n repeats. A (CA) repeat, with a 

repeat copy number of 20 in C3H mice, was identified and flanking primers designed 

(AMGCAPi and AMGCAP3 see Appendix). Although these primers amplified C57BL/6 

DNA they failed to amplify DNA from M. spretus and alternative methods of identifying 

polymorphisms between these species were then investigated. A possible form of 

polymorphism would be a variation in intron size between these species. To identify 

introns within the Amg gene several primers were designed from the mouse cDNA 

(Snead et a!., 1985) and used in conjunction with the vectorette primer 224 (see 

Appendix) to amplify a variety of vectorette libraries of yA2. The primer MAMG1 (see 

Appendix) when used in conjunction with the vectorette primer 224 amplified a 500 bp 

PCR product from a Bgl\\ vectorette library of yA2. The PCR product was cloned into the 

Smal site of pBluescriptSKII(-) and the clone pAMGB was then sequenced (see 

Appendix). This clone contains 413 bp of exonic sequence followed by a consensus 

splice donor site (GTGAGT) (Senapathy et a!., 1990) and 116 bp of intron. Primers 

MAMG3 and MAMG4 were designed from the sequence of the mouse cDNA to span this 

intron and when used the amplify genomic DNA produce a 1500 bp PCR product in both 

C57BL/6 and M. spretus DNA. Although no size variation was detected in intron size 

between these species was detected variation in intronic sequence could produce a 

restriction enzyme site polymorphism in the PCR product. The intronic PCR product 

was digested with a variety of restriction enzymes and digestion of the C57BL/6 PCR 

product with Ps/I resulted in the production of a 1300 bp and 400 bp fragments whereas 

no size alteration was observed in the Ps/I digested PCR product from M. spretus. The 

backcross subpanel was typed for the allelic status of this locus (see Figure 3.1) and the 

haplotype of these mice is given in Figure 3.8. Analysis of this mapping panel confirmed 

that Amg was distal to Pip with 20 of the 83 mice having a recombination between Pip 

and Amg (see Figure 3.9).

70



Figure 3.1
Mapping Amelogenin in the Interspecies Backcross Panel

P anel  A  R FLV D etected  using  S o uthern  B lot  A nalysis

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

B6CBARI— H  ^  ^  ^  ^

Autoradiogram of a Southern blot containing EcoRI-digested genomic DNA from a C57BL/6 
mouse (Lane 1), a /W. spretus mouse (Lane 2) and mice from the interspecies backcross 
panel (Lanes 3-19) after hybridization with the Amg cDNA probe pMa5-5. The Southern blot 
was washed to 0.2xSSC, 0.1% SDS at 65°C and autoradiographed for 4 days at -70°C.

P a n e l B

M.spretus —  

B6CBARI —

RFLV D etec ted  A f t e r  D igestion o f  PCR P ro d u c t  

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was 
from a C57BL/6 control (Lane 2), a M. spretus control (Lane 4) and DNA from the 
interspecies backcross panel mice (Lanes 3-14). The PCR product was digested with Ps/1. 
<) X I74 Haelll-digested DNA was used as a molecular weight standard (Lanel)
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3.3 MAPPING PXPAS18

Previous work had indicated that DXPasl8 mapped close to DXPasl. This analysis 

was based on a TaqI RFLP between B6CBARI and M. spretus for both DXPasl (p45) 

and DXPasl8 (pL9). In this study a PCR based method for analysing this locus on the 

interspecies backcross panel was developed. The probe pL9, which defines 

Xf\eDXPas18 locus, was partially sequenced and primers designed (primers PL9P1 and 

PL9P2 see Appendix). Although the PCR product produced with these primers did not 

show size variation between C57BL/6 and M. spretus. subsequent digestion of the PCR 

product with Tacfi produced a 180 bp fragment common to both species, 400 and 900 bp 

C57BL/6 specific bands and a 1300 bp spretus specific band (see Figure 3.2). This 

analysis was performed on the backcross subpanel and the haplotype of these animals 

is shown in Figure 3.8. Of the 83 mice tested, 16 had a recombination event between 

Pip and DXPasl8 and 4 had a recombination between DXPasl8 and Amg (see Figure 

3.9). None of the animals tested showed recombination between DXPasl and 

DXPasl 8.

U ______ MAPPING MEMBERS OF GENE FAMILIES

3.4.1 Mapping the Pyruvate Dehydrogenase E ia  Subunit Gene

The pyruvate dehydrogenase complex (PDH) catalyses the conversion of pyruvate to 

acetyl-CoA in the mitochondrion and is thus central to aerobic energy metabolism. Two 

mouse genes {Pdha1 and Pdha2) encode the E ia  subunit of pyruvate dehydrogenase. 

These genes exhibit different expression patterns with Pdha1 being expressed in 

somatic tissues whereas the expression of Pdha2 is restricted to the testis. Pdha1 has 

been localized by in situ hybridization to the F3-F4 region of the mouse X chromosome 

(Brown et a/., 1990). In situ hybridization and analysis of somatic cell hybrids maps the 

human equivalent PDHA1 to Xp22.1-22.2 (Brown etal., 1989b) . This locates PDHA1 

relatively close to ZFX which is located in the region Xp22.1 (Page et al., 1990). As the 

Zfx locus has been located to the central region of the mouse X chromosome (XD/E) 

(Mitchell etal., 1989; Page etal., 1990) and Pdha1 is located in the F3-F4 region, the 

interval between PDHA1 and ZFX in the human defines an evolutionary breakpoint 

between the mouse and human X chromosomes. Thus Pdha1 potentially defines the 

proximal limit of the Amp’Sts conserved syntenic group located in the terminal region of 

both the mouse X chromosome and the short arm of the human X chromosome.
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F igure 3.2

Mapping the DXPasl 8 locus in the Interspecies Backcross Panel

l "  2 3 4 5 6 7 8 9 10 11 12 13 14 15

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified 
was from a C57BL/6 control (Lanes 2 and 3), a A/f. spretus control (Lanes 4 and 5) 
and DNA from the interspecies backcross panel mice (Lanes 6-15). The PCR product 
in lanes 2,4,6, 8,10,12 and 14 was not digested while the PCR product in lanes 3,
5,7,9,11,13, and 15 was digested with Taq\. ({> X I74 Haelll-digested DNA was used 
as a molecular weight standard (Lanel)
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Initially the human PDHA1 cDNA clone, PDH 1c, was used to map the mouse equivalent 

Pdha1. This probe also detects autosomal sequences and data obtained by using this 

probe was not easy to interpret particularly as the intensity of X-linked band was weaker 

than several of the autosomal bands. Therefore an alternative Pd/?a t-specific probe was 

developed. As the related gene Pdha2 (located on chromosome 19B ( Fitzgerald et al., 

1992; Brown etal., 1990)) does not contain introns, primers from the Pdhalgene which 

spanned a small intron would amplify DNA sequences specific to the Pdhat gene. 

Although the genomic structure of the mouse gene Pdhal was not published the 

genomic structure of the human equivalent PDHA1 was available and was potentially 

similar to that of the mouse. Primers PDHA1P4 and PDHA1P5 (see Appendix) were 

designed from the mouse Pdhal cDNA (Fitzgerald et al., 1992) to span a potential 

intron based on the human genomic organization (Maragos et al., 1989). These primers 

are divergent from the equivalent Pdha2 sequence (25% nucleotides differ) and so 

potentially would only amplify the Pdhal locus. The primers PDHA1P4 and PDHA1P5 

were used to amplify female genomic DNA and the 250 bp PCR product radioactively 

labelled and hybridized to a panel of C57BL/6 and M. spretus DNA digested with a 

variety of restriction enzymes. This probe detects a 2.8 kb B6CBARI and a 2.1 kb 

M. spretusband in Tagi digested genomic DNA (see Figure 3.3 ). A total of 83 mice 

were analysed in this study. Of these, there were 14 mice with recombination occurring 

between Pip and Pdhal ar\d only 2 with recombination between Pdhal and DXPasl8 

(see Figure 3.8) indicating that Pdhal is located closer to DXPasl8 than to Pip. The 

backcross panel thus located this gene between Pip and DXPasl8 (see Figure 3.9).

3.4.2 Mapping the Phosphoribosylpyrophosphate Synthetase 2 Gene

Phosphoribosylpyrophosphate synthetase catalyses a crucial step required for the 

biosynthesis of purine, pyrimidine and pyridine nucleotides and is an indispensable 

housekeeping enzyme. Two distinct cDNAs, encoded by different genes {PRPS1 and 

PRPS2), have been cloned in both the rat (Taira etal., 1987; Ishijima etal., 1989b; 

Ishijima etal., 1989a) and human (Becker etal., 1990; lizasa etal., 1989; Roessleref 

a/., 1989). These two genes are highly homologous in the coding region with only 13 

amino acid substitutions in the predicted rat protein (317 residues total) (Taira et al., 

1987). In the human the two genes PRPS1 and PRPS2 are located in distinct X 

chromosomal locations (see Figure 1.1). PRPS1 has been localized to Xq22-q23 by in 

situ hybridization and to Xq22-q26 (between GLA and HPRT) using somatic cell hybrid 

analysis (Becker et al., 1990). PRPS2had been mapped to the short arm of the X 

chromosome at Xp22.2-22.3 by in s/fuhybridization (Becker etal., 1990) and had been 

located distal to ZFX and proximal to STS in somatic cell hybrids (Wang et al., 1992; 

Becker etal., 1990). This located PRPS2\n the vicinity of AMG (Wang etal., 1992).
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Figure 33
Mapping the Pyruvate Dehydrogenase E1 a  Subunit Gene

l i t ?  B 9 10 11 12 13 14 15 16 17 18 19

B6CBARI -  ^  ^  V #

HispfBtUS — ^

Autoradiogram of a Southern blot containing EcoRI-digested genomic DNA from a C57BL/6 
mouse (Lane 1), a M spretus mouse (Lane 2) and mice from the interspecies backcross panel 
(Lanes 3-19) after hybridization with the Pd/iaf PCR product. The Southern blot was washed 
to O.SxSSC, 0.1% SDS at 65°C and autoradiographed for 3 days at -70°C.
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The location of PRPS2 close to AMG would predict that the mouse equivalent, Prps2, 

would be located in the conserved syntenic group Amg-Sts. Prps2 had been reported to 

map to the distal end of the mouse X chromosome just proximal to Amg (Brown et al., 

1991) however the supporting data had not been published. In order to establish where 

Prps2 was located on the mouse X chromosome it was mapped in this study.

A rat cDNA probe for Prps2 (pPRSII-54) was obtained from Dr. M. Taira. This probe had 

been subcloned into the EcoRI site of pGEMi from A.PRPSII-54 (Taira eta!., 1987).

This clone was digested with a number of restriction enzymes and the digest pattern 

compared published pattems to confirm the identity of the clone. A 1.5 kb BsiEW/Hindi 

fragment from this clone was used to isolate phage clones from an EMBL3 mouse 

genomic library. Two classes of phage clones were isolated: those clones which 

hybridized strongly and those which hybridized weakly. Presumably the strongly 

hybridizing clones hybridized to the homologous mouse Prps2 gene locus while those 

clones hybridizing weakly hybridized to Prpsl. Primers were designed from the rat 

PRPSII cDNA (see Appendix) and were used to sequence XPS ( a strongly hybridizing 

clone) using Promega's fmor” DNA sequencing system. The sequence of XP8 showed 

a 69 bp region of strong homology to the rat PRPS2 cDNA with only one nucleotide 

substitution (see Appendix). This was preceded by a putative intron/exon boundary 

which contained a consensus acceptor site in the region were the mouse genomic 

sequence lost homology with the rat cDNA sequence (see Appendix). The 69 bp region 

of XP8 that was homologous to the rat PRPS2 cDNA was also compared with the rat 

PRPS1 cDNA in order to confirm that XP8 was a Prps2 (and not a Prpsl) clone. While 

there are 12 nucleotide substitutions between XPQ and the rat PRPSI cDNA in this 

region this results in only one amino acid change. However, as there are only 13 amino 

acid differences in the predicted amino acid sequence between the rat PRPSI and 

PRPS2, it is probable that A.P8 represents the mouse genomic sequences for Prps2.

A probe specific for the Prps2 locus was generated by amplifying a Pstl vectorette library 

of kP8 with the primers PRPSI Pi and the vectorette primer 224 (see Appendix). The 

800 bp PCR product, which was predominantly intronic DNA, was radioactively labelled 

using the random primer method and hybridized to EcoRI digests of genomic DNA from 

the interspecies backcross panel. This probe detects a 5.8 kb and 4.2 kb EcoRI band 

common to both C57BLy6 and M. spretus and a 3.1 kb M  spretus specific EccRI band 

(see Figure 3.4A). Analysis of the segregation pattern of Prps2 in the interspecies 

backcross panel (see Figure 3.8) indicated that this locus lies distal to DXPasIS with four 

recombinant animals between these loci in the backcross subpanel (see Figure 3.9). 

There were no recombinant animals between Prp$2 and Amg. The probe pA2RB2,
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which defines the distal end of the Amg YAC contig (see Chapter 6), enables the order of 

Prps2 and Amg to be determined. There is one recombinant animal between 

Amg/Prps2 and the locus DXPas32 (detected by pA2RB2) which indicates that both 

Amg and Prps2 are located proximal to DXPas32 (see Figure 3.9). Thus either Prps2 is 

located within the Amg YAC contig or it is located proximal to Amg. The PCR 

amplification with the exonic primer PRPS2P2 and the intronic primer PRPS2P4 (see 

Appendix) did not produce an amplification product in the YACs y104N, y78, yA2, yA1 N, 

ySTPI, y5118 or yWl (see Figure 3.4B) which constitutes the entire Amg YAC contig.

As a PCR amplification product was not produced in yA2 (which contains both Amg and 

pA2RB2) Prps2 must be located proximally to Amg.

3.4.3 Mapping the Glycine Receptor o2-Subunit Gene

The glycine receptor (GLR) mediates the inhibitory effects that the amino acid glycine 

has on neurotransmission. The purified mammalian GLR consists of two types of 

subunit: the a subunit which consists of the agonist and antagonist binding sites and a p 

subunit which is believed to have a structural role. G!ra2 (glycine receptor o2-subunit) 

had been mapped to the terminal region of the mouse X chromosome. Initial studies 

indicated that this gene was located distal to DXPasI (Derry ef a/., 1991 ). Subsequently 

the same group reported that reassessment of their mapping data meant that Glra2 was 

inseparable from DXPasI. The human o2 subunit gene {GLRA2) had been mapped by 

somatic cell hybrids to Xp21 2-p22.1 (Grenningloh et al., 1990) and thus mapped close 

to the evolutionary breakpoint located between PDHA1 and ZFXon the human X 

chromosome. To determine whether Glra2 or Pdhal was the more proximal locus in the 

Amg-Sts conserved linkage group, Glra2 was mapped using the interspecies backcross 

subpanel.

Two cDNA probes for Glra2 were obtained from Dr. J. Derry. These probes were derived 

from the least consen/ed regions in the glycine receptor gene family and are specific for 

the G/ra2 locus. The mouse probe Glya2.1, derived from the 5' untranslated region of 

Glra2 (Derry eta!., 1991 ), detects a 19.0 kb B6CBARI band and a 12.3 kb M. spretus 

band in Taqfl digests of genomic DNA. This probe was hybridized to the interspecies 

backcross subpanel (see Figure 3.5A). The haplotype of the animals tested is given in 

Figure 3.8 which indicates that the Glra2 locus resides between DXPasI8 and Prps2 as 

there are three recombinant animals between DXPasI8 and Glra2 and one between 

Glra2 and Prps2 (see Figure 3.9).
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Figure 34
Mapping the Phosophorlbosylpyrophosphate Synthetase 2 Gene

Panel A Mapping Prps2 in the Interspeoes Backcross Panel

' 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

BGCBAM -  

UspBtJS —

Autoradiogram of a Southern blot containing EcoRI-digested genomic DNA from a C57BL/6 
mouse (lane 1), a M. spmtus mouse (Lane 2) and mice from the interspecies backcross panel 
(Lanes 3-19) after hybridization with the Prps2 PCR product. The Southern blot was washed 
to O.SxSSC, 0.1% SDS at 65°C and autoradiographed for 2 days at -70°C.

Mapping Prps2 with the Somatic C e l l  Hybrid Panel 
AND Amg Yac Contig

Panel B

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was from 
Balb/C male mouse (Lane 2), Balb/C female mouse (Lane 3), HYBX (Lane 4), A23 (Lane 5), 
R5D9B1 (Lane 6), N15 (Lane 7), B20c12 (Lane 8), 118.8 (Lane 9), 118.12 (Lane 10), y78 (Lane 
11), y104 (Lane 12), yA2 (Lane 13), yAlN (Lane 14), ySTPI (Lane 15), y5118 (Lane 16), yWI 
(Lane 17). Lane 18 is a water control. <()X174 Haelll-digested DNA was used as a molecular 
weight standard (Lane 1).
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Figure 3.5
Mapping Glycine Receptor Family Members

Panel A Mapping G lra2 in the Interspecies Backcross Panel

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

B6CBARI 
81. spretus

Autoradiogram of a Southern blot containing Tagi-digested genomic DNA from a C57BL/6 
mouse (Lane 1), a M  spretus mouse (Lane 2) and mice from the interspecies backcross panel 
(Lanes 3-19) after hybridization with the human G/ra2 cDNA probe Glya2.1. The Southern blot 
was washed to 2xSSC, 0.1% SDS at 65°C and autoradiographed for 4 days at -70°C.

Panel B Mapping G lra 4  in the Somatic C e l l  Hybrids

1 2 3 4 5 6 7 8 9 10

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was from 
Balb/C male mouse (Lane 2), Balb/C female mouse (Lane 3), HYBX (Lane 4), A23 (Lane 5), 
R5D9B1 (Lane 6), N15 (Lane 7), B20c12 (Lane 8), 118.8 (Lane 9). Lane 10 is a water control. 
(f>X174 Haelll-digested DNA was used as a molecular weight standard (Lane 1).
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3.4.4 Mapping the Glycine Receptor a4-SueuNiT Gene

At the time of this study the location of either Glra4 or GLRA4 was not known. As there 

are numerous examples of both tight and loose clusters for homologous genes (Lundin, 

1993), it was decided to map Glra4 with particular emphasis on its location relative to 

G/ra2and Amg. The Glra4 (glycine receptor alpha 4 subunit gene) genomic sequence 

was provided by Dr. H. Betz. Primers GLRA4P1 and GLRA4P2 were designed from the 

intron between exons 3 and 4 (see Appendix) and PCR amplification of mouse genomic 

DNA generated the expected 614 bp amplification product. Glra4 was initially mapped 

using a set of somatic cell hybrids with deletions of the terminal region of the mouse X 

chromosome (see Chapter 4). The hybrids HYBX, R5D9B1 and N15, but not B20c12 

(see Figure 3.5B) amplified the Glra4 locus indicating that this locus is located between 

Dmdand Pdhal. As Glra2\s located distal to DXPasI8, this indicates that the glycine 

receptor genes are not clustered.

A probe for the Glra4 locus was generated by amplifying female genomic DNA with the 

primers GLRA4P1 and GLRA4P2. The PCR product was radioactively labelled using the 

random primer method and hybridized C57BL/6 and M. spretus DNA digested with a 

variety of restriction enzymes. The Glra4 probe detects a size polymorphism between 

B6CBARI and M. spretus in Taqrt digests of genomic DNA. The Glra4 gene was mapped 

in the interspecies backcross panel in Dr Phillip Avner*s laboratory using the PCR 

amplification product from a female mouse as a probe. Analysis of the haplotype of the 

mice in that study indicated that Glra4 was located close to Pip as there were no mice 

with recombination between these two loci (Matzenbach et a!., in press).

3.5 Mapping  M icrosatellite  Markers  in the ter m ina l  region

The microsatellite markers DXMit12, DXMitlS and DXMit21 had been assigned to the 

terminal region of the X chromosome distal to Amg (GBASE, The Jackson Laboratory, 

October 1992) thus would be potential new starting points for a chromosomal walk 

towards the telomere. As the data for this localization was not available, the 

chromosomal location of these microsatellite markers was reassessed with particular 

emphasis on their position relative to Amg.

Primer pairs from the loci DXMit12, DXMitlS and DXMit21 were used to amplify 

genomic DNA from the somatic cell hybrid panel (see Chapter 4). DXMitlS and DXMit21 

primers amplified a 90 bp and 170 bp PCR product (approximately) respectively. These 

PCR products were produced in HYBX and R5D9B1 but not in N15 or B20c12 (see 

Figure 3.6A and B) indicating that both of these loci are located between Pip and Amg.
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The DXMH12 primer pairs amplified a 150 bp PCR product in the hybrid HYBX but not in 

the hybrids R5D9B1, N15 or B20c12 (see Figure 3.7A) indicating that this locus was 

distal to DXPas18. As this locus also exhibited a size polymorphism between C57BU6 

and M. spretus (150 bp and 166 bp respectively) with this primer pair, the location of 

DXMit12 relative to other distal markers including Amg was analysed using the 

interspecies backcross panel (see Figure 3.7B). The haplotype of these animals is 

shown in Figure 3.8 and a summary of this mapping data is shown in Figure 3.9. None 

of the animals in the backcross subpanel showed recombination between DXMit12and 

Glra2.
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F igure 3.6
Mapping the Microsatellite Markers DXMitlS and DXMit21

Panel A Mapping D X M itIS  with the Somatic C e ll  Hybrid Panel 

1 ,2  3 4 5 6 7 8 9 10 11

Panel B Mapping DXMit21 with the Somatic C e l l  Hybrid Panel 

1 2 3 4 5 6 7 8 9 10 11

Ethidium bromide stained agarose gel of PCR products. The genomic DNA ampiified was 
from BaitVC male mouse (Lane 2), Balb/C female mouse (Lane 3), HYBX (Lane 4), A23 
(Lane 5), R5D9B1 (Lane 6), N15 (Lane 7), B20c12 (Lane 8), 118.8 (Lane 9), 118.12 (Lane
10). Lane 11 is a water control. ((>X174 Haelii-digested DNA was used as a molecular 
weight standard (Lane 1). Amplification products from the DXMH15 and DXMit21 loci are 
shown in Panels A and B respectively.
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Figure 3.7

Mapping the Microsatellite DNA Marker DXMit12

P anel A Mapping DXM it12 with the S omatic C ell Hybrid P anel 

1 2 3 4 5 6 7 8 9 10 11

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was from 
Balb/C male mouse (Lane 2), Balb/C female mouse (Lane 3), HYBX (Lane 4), A23 (Lane 5), 
R5D9B1 (Lane 6). N15 (Lane 7), B20c12 (Lane 8), 118.8 (Lane 9), 118.12 (Lane 10). Lane 11 is 
a water control. ^  X I74 Haelll-digested DNA was used as a molecular weight standard (Lane 1 ).

P anel B Mapping DXM it I  2 in the Interspecies Backcross P anel

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

M. spretus _  
B6CBARI —

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was 
from a C57BL/6 mouse (Lane 2), a M spretus mouse (Lane 3) and mice from the interspecies 
backcross panel (Lanes 4-17). (|) X174 Haelll-digested DNA was used as a molecular weight 
standard (Lane 1).
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F igure 3.8

Haplotype of the Mice in the Interspecies Backcross Panel

F M F F F F F F F M M F F M M M F F F F F
2 3 7 8 10 11 13 15 17 20 22 23 25 26 28 30 32 34 38 99 42 43

OXPmig - B B S B B S s B S S S S S S S s s S S § - B
DXPa»2 S 8 B S B B S s B S S S S - S S s s S S S B
Pip S B B S B B s s B S s S S S S S s s S S s B
Pdhal* s B B S B B s s S S B S S s S S s s B S s B
DXPaa1B*/DXPaa1 s B B S B B s B S S B S S s S S s s B S s B
Glra2*/DXMH12* s B B S B B s B S S B S s s S S s s B S s B
Prpa2* s B B S B B s B S S B S s s S S s s B S s B
DXPaa33* s B B S B B s - S S B S s s s s s s B s s B
Amg* s B B S B B s B S S B S s s s s s s B s s B
DXPaa32* s B B S B B s - S S B S s s s s s s B s s B

F F F F F F F M M F F F F F F F M F M F M F
45 46 47 50 51 54 56 58 64 66 68 69 70 72 73 77 80 81 85 86 88 89

DXPaalQ S B S S B S S B S B S B B B B S B B S B B S
DXPaa2 S B S S B S S B S B S B B B B S B B S B B S
Pip S B S S B S S B S B S B B B B S B B S B B S
Pdhal* S B S S B S S B S S S B B B S S B B S S B B
DXPaa18*/DXPaa1 S B S S B S S B s S S B B B S S B B S S B B
Glra2*/DXMIt12* S B S S B S S B s S S B B B S S S B S S B B
Prpa2* S B S S B S S B s S S B B B S S S B B S - B
0XPaa33* S B S S B S S B s S S B B B S s S B B S B -

Amg* S B S S - S S 6 s S S B B B S s S B B S B B
DXPaa32* S B S S B s s B s S S B B B S s S B B S B -



F M M F F F F F F F F F F F ■■ M F I T " F  “1 /1 F F F
90 92 93 95 96 99 100 101 102 105 108 110 111 112 113 116 118 119 120 122 123 126

DXPms19 S S S S 8 8 8 8 S 8 8 S s 8 8 8 S 8 8
DXPas2 S S S S 8 8 8 8 S 8 8 S s 8 8 8 S 8 8
Pip S s S s 8 B 8 B S 8 B s s B B B S 8 B
PdhaV S B S s 8 8 8 B S B S s s S 8 B 8 S 8 B B B
DXPa9l8‘/DXPas1 S 8 S s 8 8 8 8 S 8 S s s S 8 8 8 S 8 8 8 8
Glra2*/DXMIt12* S B S s 8 8 8 8 S 8 S s s S 8 8 8 S S 8 8 8
Prpa2* s 8 S s 8 8 8 8 S 8 S s s S 8 8 8 S S 8 8 8
DXPaa33* s - S 8 8 8 8 8 s 8 S s s S 8 8 8 S S 8 8 8
Amg* s 8 S S 8 8 8 8 s 8 S s s S 8 8 8 S S 8 8 8
DXPaa32* s 8 S 8? 8 8 8 8 s 8 S s s S S 8 8 S S 8 8 B

s
F F M F F F F F M F F M M M M M

129 130 132 133 134 136 137 138 140 141 146 147 149 151 153 154 155
DXPasIS S S S S 8 8 8 S 8 8 8 8 8 S S
DXPam2 S S S S 8 8 8 S 8 - 8 8 8 S S
PIp S S S S 8 8 8 - 8 8 8 8 8 S S
Pdhal* S 8 S S S S S 8 8 S 8 8 8 8 8 8 S
DXPaa18*/DXPaa1 S B S S S S S 8 S - 8 8 8 8 8 B S
Glra2*/DXHmi2* S 8 S S S S S S S - 8 8 8 8 8 8 S
Prpm2* S 8 S S S S S S S s 8 8 - - 8 8 S
DXPaa33* S 8 S S S S S S S - 8 8 8 8 8 8 S
Amg* S 8 S S S S S S S s 8 8 8 8 8 8 S
DXPaa32* S 8 S S S S S S S • 8 8 8 8 8 8 S

The segregation of alleles for each mouse in the Interspedes t)ackcross panel. The mice were scored for the presence or absence of the spr&tus 
allele with the absence of the spreft/s allele being scored as a B6CBARI allele. The alleles are denoted ais follows; S=M. spætus, B=B6CBARI, -=not 
scored. The mouse number and Its sex (M=male, F=female) are given at the top of the table with the lod analysed given in the first column 
asterix denotes lod mapped In this study



Figure 3.9
Recombinant Chromosomes in the Interspecies Backcross Subpanei

DXPas19 IP  ' '
............

DXPas2 II :
Pip :
Pdhal*
DXPasI 8*/DXPas1

iiiinim V s-

Glra2*/DXMit12*

—
______Prps2*/DXPas33*/Amg* :

DXPas32*
—

Subtotal 8 6 1 1 3 1 1
Total 14 2 3 1 1

I I SPE/Pas 

B6CBARI

A total of 83 mice were analysed in this study. Of these 34 chromosomes exhibited only 

M. spretus alleles and 28 exhibited only B6CBARI alleles with all markers including 

previously tested markers. The remaining 21 recombinant chromosomes are presented 

in the above Table. Loci mapped in this study are denoted with an asterix.

85



3 .6  D is c u s s io n

The order of loci in the terminal region of the mouse X chromosome was refined in this 

study (see Figure 3.10). Glra2 was shown to map distal to Pdhal but proximal to both 

Prps2 and Amg. It also mapped distal to the anonymous DNA markers 

DXPasI/DXPasI 8 and co-seg regated with DXMH12. Another member of the glycine 

receptor family, Glra4, was also mapped to determine whether this family was clustered 

or dispersed. Close linkage of gene families may reflect functional constraints as shown 

for the beta gbbin and Hox gene families. However Glra4 was shown to map to the 

vicinity of Pip and thus outside the Amg-Sts syntenic group. Comparative mapping 

would predict that the human homologue, GLRA4, would map to the long arm of the X 

chromosome in the vicinity of PLP. In the human another member of this family, GLRA1, 

was shown to map to an autosome (Grenningloh et a!., 1990) indicating that the 

members of this gene family are widely dispersed. Prps2 cosegregated in this backcross 

with Amg and must therefore be located very close to this gene. Both Prps2 and Amg 

were proximal to DXPas32, an anonymous DNA segment located at the end of a YAC 

contig centered on Amg. As Prps2 was not present in this YAC contig it follows that it 

must be located close, but proximal to, Amg. Amg has been defined as being proximal 

to Sts due to the strictly X-linked location of Amg whereas Sts has been located in the 

PAR. Thus the order of loci in the terminal region of the mouse X chromosome is 

Pdhal-DXPas1/DXPas18-Glra2/DXMit12-Prps2-DXPas33-Amg-DXPas32-Sts. As this 

region defines a conserved linkage group between the human and mouse X 

chromosomes it can be predicted that an order of PDHA1-GLRA2-PRPS2-AMG-STS 

would be found in the human X chromosome. This agrees with the overall general order 

found on the human X chromosome {PDHA1/GLRA2-PRPS2/AMG-STS) but enables the 

order of loci previously unordered such as PRPS2 and AMG to be predicted.

The terminal region of the mouse X chromosome may provide further insights into the 

constraints and forces acting upon the sex chromosomes. This region retains 

sequences that belong to a conserved linkage group with the terminal region of the short 

arm of the human X chromosome (Amg-Sts) (Brown et a!., 1991) but lacks homologues 

to genes found in the human PAR (CSF2RA) (Disteche eta!., 1992) and may therefore 

be useful in further defining the mechanism which maintains the majority of the X 

chromosome as a conserved linkage group. The proximal limit of the conserved linkage 

group has been redefined. In the human both GLRA2 and PDHA1 map close to ZFX 

(Brown eta!., 1989b; Grenningloh eta!., 1990; Page eta!., 1990). As the rrouse 

equivalent Zbf (Mitchell eta!., 1989; Page ef a/., 1990) is located in the central region and 

as both G/ra2(Derry eta!., 1991) and Pdhal (Brown eta!., 1990) are located in the 

terminal region of the mouse X chromosome the interval between GLRA2/PDHA1 and
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ZFX in the human defines an evolutionary breakpoint between the mouse and human X 

chromosomes. In this study Pdhal was determined to be the most proximal marker of 

this conserved linkage group mapping proximal to DXPasI8. This defines the terminal 

conserved linkage group as being between Pdha 1 and Sts. Recently, Laval et al. (1993) 

have mapped the locus DXS674h between Pip and Pdha 1. As the human equivalent 

DXS674 is located in Xp11.2-11.21 (Laval et al., 1993) an evolutionary breakpoint must 

be located between Pdhal and DXS674h. This also juxtapositions loci located in the 

terminal region and pericentromeric region in the human and may be useful in defining 

effects of chromosome position. Chromosome position effects have previously been 

observed for the recombination rates of homologous loci {Hprt_Cf-9 and Cf-8‘ G6pd) 

located a the distal end of the long arm of the human X chromosome and the center of 

the mouse X chromosome which indicated that similar physical distances may have very 

different genetic distances depending upon their location in the chromosome (Disteche et 

al., 1989).

In this Chapter the region between Pdhal and Amg was examined. This region has 

been shown to be conserved both in general order of loci and at the sequence level of 

genes between the human and mouse genomes. Sequences distal to AMG/Amg appear 

to be less conserved between these species. DNA sequences located in or close to the 

pseudoautosomal region including MIC2, CSF2RA (colony stimulating factor receptor a 

subunit),STS (steroid sulfatase) and KAL (Kallmann syndrome) genes have not been 

found in the mouse by the cross hybridization of human DNA probes to mouse DNA.

The ANT3 (ADP/ATP translocase) gene shows cross hybridization to mouse and 

hamster DNA however none of the bands detected by the ANT3 probe could be mapped 

to either the X or Y mouse chromosome indicating that the mouse AA/T3-related 

sequences are autosomal (Slim etal., 1993b). As these loci have not been isolated their 

relationship to the cognate ANT3 gene cannot be determined. It is possible that the 

sequences corresponding to the mouse Ant3 gene have diverged to the extent that they 

do not cross hybridize to the human probe, thus this gene cannot be conclusively 

mapped to an autosome. However the mouse homologue to the human CSF2RA gene 

was isolated by direct expression and is thus the functional equivalent to this gene(Park 

etal., 1992; Disteche etal., 1992). The mouse homologue Csf2ra, has been mapped to 

the distal end of chromosome 19 (Disteche etal., 1992) thus conclusively demonstrating 

dissimilarity between the human and mouse pseudoautosomal regions. The potential for 

this dissimilarity was predicted by Burgoyne (1982) as interchange between autosomes 

and the pseudoautosomal region could occur without upsetting dosage relationships.

The objective in subsequent Chapters of this Thesis was to isolate and characterize 

sequences from the mouse pseudoautosomal region.
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Figure 3.10

Term inal Region o f the  Mouse X Chromosome

Hybrid

Breakpoints

B20c12

N15

R5D9B1 c

L^  I ^Centromere 

Dmd

33
34

96

68

72.

—  DXSrnhm
—  Zfx

—  Pip Glra4

Pdhal

—  DXPasW

-  DX^MovIS

Gira2/DXMIt12
Prps2

L- Teixy

This genetic map has been constructed from data obtained in this study and from the 
consensus mouse X chromosome map established by the Committee for the Mouse X 
Chromosome. The hatched area represents the PAR. The location of loci with genetic 
distances in centimorgans (cM) from the centromere and the loci within the PAR are taken 
from (Brown etal., 1993).
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CHAPTER 4

IRRADIATION AND FUSION GENE TRANSFER AND 

SOMATIC CELL HYBRIDS



IRRADATION AND FUSION G eNE TRANSFER AND 
S om atic C e l l  H ybrids

4.1 INTRODUCTION

Somatic cell hybrids, particularly those with defined subchromosomal regions, have been 

a valuable resource for the physical mapping of the human genome. Human somatic cell 

hybrids have also been used in the isolation of new probes from a particular area of 

interest thereby increasing the density of markers and thus the resolution of the genetic 

map in that region. Relatively few somatic cell hybrids are available in the mouse. This 

is in part because the power of meiotic mapping has led to less emphasis being placed 

on the isolation of hybrids. In addition, the segregation of mouse chromosomes in such 

hybrids tends to be laborious and fewer chrorrx)somal variants have been characterized 

in the mouse than in man. Somatic cell hybrids have been generated from mouse stocks 

carrying translocations of the X chromosome (Avner et al., 1987a; Brown et a!., 1991). 

Hybrids generated from mouse stocks carrying translocations around the Xp 

region,where the PAR is located, tend to be deleted for this region thus, while useful as a 

mapping reagent, they cannot be used to clone sequences from the terminal region of 

the X chromosome (Avner et a!., 1987a). Somatic cell hybrids retaining small fragments 

of the distal region of the X chromosome could be extremely useful as a resource for 

cloning sequences from the mouse pseudoautosomal region.

One strategy for isolating small subchromosomal fragments is the use of the irradiation 

and fusion gene transfer technique (IFGT) (Goss et a!., 1975). This procedure involves 

the use of a lethal dose of irradiation to break chromosomes into small but intact 

fragments. These fragments can be rescued by fusion of the donor cell line with a 

recipient hamster cell line. In original experiments, selection was applied to produce 

hybrids which retained the region of interest. This procedure has been used to generate 

hybrids from a particular selectable region of the genome (Goss et a!., 1975; Cirrullo et 

a/., 1983; G raw etal., 1988; Glaser ef a/., 1990; Gerhard etal., 1992) but is of limited 

use for isolating hybrids retaining chromosomal regions which do not retain a selectable 

marker. An alternative approach which enables hybrids retaining chromosomal regions 

which do not retain a selectable marker has been developed (Cox et a!., 1989). This 

procedure involves the use of a lethal dose of irradiation to fragment chromosomes, 

rescue of the chromosomal fragments via fusion to a non-irradiated hamster cell line and 

selection for cells resulting from the fusion of the parental cell lines. This method had 

been used to generate IFGT hybrids retaining nonselected human chromosomal 

fragments at high frequency (Cox et al., 1989; Benham et al., 1989; Cox et al., 1990).
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The chromosomal fragments within IFGT hybrids do not contain a high proportion of 

detectable rearrangements and are thus, presumably, contiguous fragments of the 

chromosome (Pritchard etal., 1989; Benham etal., 1989). While these hybrids 

frequently retain more than one chromosomal fragment they are still a greatly enriched 

cloning resource (Pritchard etal., 1990).

Isolation of chromosome specific DNA sequences from monochromosomal or IFGT 

hybrids is complicated by the presence of the heterologous rodent background. One 

method for rapidly isolating sequences from the chromosome of interest in somatic cell 

hybrids is the interspersed repetitive sequence polymerase chain reaction (IRS-PCR 

(Nelson etal., 1989; Ledbetter etal., 1990; Cotter etal., 1990; Simmler etal., 1991 )). 

IRS-PCR enables rapid isolation of species specific DNA in a heterologous somatic cell 

hybrid by exploiting the divergence of repeat sequences between species. Species 

specific primers for interspersed repetitive sequences (1RS) are use to amplify the 

intervening DNA. A PCR product is produced when two repetitive elements are 

sufficiently close and in the right orientation to enable PCR amplification. The product 

thus contains repetitive element sequence flanking a variable amount of (potentially) 

unique sequence. The efficacy of IRS-PCR is dependant upon the extent of /n/raspecies 

divergence of repeat consensus sequences and on the number of repeat elements in the 

genome. The two most common repeat families in the mouse are the B1 and B2 SINE 

repeat families (Hastie, 1989). The B1 sequence is between 130-150 bp in length, is the 

most common repeat (130 000-180 000 copies/genome) (Hastie, 1989) and is highly 

homologous to the hamster equivalent. Primers that specifically amplify mouse DNA in a 

hamster background could not be designed from the B1 repeat family (Simmler etal.,

1991). The second most common repeat family, the B2 SINE is approximately 190 bp in 

length, repeated 80 000-100 000 times in the mouse genome (Hastie, 1989) and is also 

highly homologous to its hamster equivalent (Krayev et al., 1982). However the B2 

repeat contains a 9 base pair insertion in the Chinese hamster repeat (relative to the 

mouse repeat) that enables primers that are mouse specific to be designed. The major 

mouse LINE (Limd) is a complex repeat family of variable length (370-6800 bp). This 

length variation is due to the majority of members being variably truncated and missing 

the S' end of this element (Voliva etal., 1983). The 3' end of this repeat family occurs 

between 70 000 and 100 000 times in the mouse genome (Hastie, 1989). These murine 

repeat sequences belonging to both the short interspersed element family (SINE family) 

and long interspersed family (the LINE family) are sufficiently divergent from the 

corresponding hamster repeat families to enable murine specific primers to amplify 

mouse genomic sequences from somatic cell hybrids with a Chinese hamster 

background using IRS-PCR (Simmler etal., 199l).
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As IFGT hybrids have been successfully used to clone human DNA probes from specific 

regions of the genome a panel of IFGT hybrids generated from the mouse X 

chromosome was generated in this study as a cloning resource for isolating probes from 

the distal region of the mouse X chromosome. In addition, a somatic cell hybrid panel for 

mapping loci in the terminal region of the mouse X chromosome was characterized.

4.2 IRRADIATION AND FUSION GENE TRANSFER HYBRIDS

4.2.1 Characterization  of HYBX

HYBX is reported to be a monochromosomal mouse-Chinese hamster hybrid 

retaining the mouse X chromosome as its sole mouse derived material (Disteche et 

al., 1982). As HYBX was to be used as a cloning resource in the irradiation and 

fusion gene transfer (IFGT) experiments it would be useful to establish if other 

contaminating chromosomes were present using a sensitive method of detection.

The chromosome content of HYBX was characterized using PCR. The presence or 

absence of a particular chromosome was determined by scoring for the presence of 

a locus known to reside on that chromosome (see Figure 4.1). The sequences of 

the primers used and the conditions for PCR amplification are provided in the 

Appendix. None of the markers tested produced an amplification product (see 

Table 4.1) indicating that the X chromosome was the only mouse derived material 

in this hybrid.

The somatic cell hybrid HYBX has been characterized both cytogenetically 

( Disteche etal., 1982) and by PCR of loci on non-X chromosomes. In both 

methods neither autosomes or the Y chromosome are detected.

4.2.2 RETENTION OF MOUSE DNA BY IFGT HYBRIDS

Cells of the monochromosomal hybrid HYBX were subject to a lethal dose of 10 K rad 

irradiation. In a concurrent study (Sefton et al., 1992), HYBX cells were subject to 50 K 

rad irradiation and then treated similarly to the 10 K rad hybrids. The resulting inviable 

cells containing fragmented chromosomes could be rescued by fusion with the thymidine 

kinase (Tik) deficient A23 cell line. Selection was base on the presence of the functional, 

HYBX derived, thymidine kinase gene in the fused cells which enabled them to grow in 

the HAT medium. Sixty-four hybrid clones were picked, expanded under selective 

conditions and their DNA extracted.
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Figure 4.1

Characterization of the Autosome Content in the Hybrids

Panel A P resence of C hromosome 4 in the Hybrids 

1 2 3 4 5 6 7 8 9 10 11 12

Panel B Presence of C hromosome 7  in the Hybrids 

1 2 3 4 5 6 7 8 9 10 11 12

Panel C P resence of C hromosome 14 in the Hybrids 

1 2 3 4 5 6 7 8 9 10 11 12

E th id iu m  b r o m id e  s ta in e d  a g a r o s e  g e l o f  P C R  p r o d u c ts .  T h e  g e n o m ic  D N A  

a m p l i f ie d  w a s  f r o m  B a lb /C  m a le  m o u s e  ( L a n e  2 ) ,  B a lb /C  fe m a le  m o u s e  ( L a n e  3 ) , 

H Y B X  ( L a n e  4 ) .  A 2 3  ( L a n e  5 ) ,  R 5 D 9 B 1  ( L a n e  6 ) .  N 1 5  ( L a n e  7 ) .  E l  1 ( L a n e  8 ) .  

B 2 0 c 1 2  ( L a n e  9 ) ,  1 1 8 .8  ( L a n e  1 0 )  a n d  1 1 8 .1 2  ( L a n e  11 ). L a n e  1 2  is  a  w a te r

c o n t r o l .  0 X 1 7 4  H a e / I I - d ig e s te d  D N A  w a s  u s e d  a s  a  m o le c u la r  w e ig h t  s ta n d a r d  

( L a n e  1 ). T h e  e x a m p le s  o f  a u t o s o m e  c o n t e n t  in  th e  s o m a t ic  c e l l  h y b r id  p a n e l  

s h o w n  h e r e  a r e  f o r  c h r o m o s o m e  4  {Mup), c h r o m o s o m e  7  ( T y r )  a n d  1 4  {Ctla1).
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Table4.1

Analysis of the Autosomal Content of the Somatic Cell Hybrid Panel

S&mailc Cell hybrid?

HYBX A23N RSD9B1 N1S E11 B20c12 118.8 118.12
Chromosome Locus

CHI C/p - + - + +
Dimio - + - + +

CH2 D2HHt2 + + + + +
Ada L + + + + +
Dimas + + + + +

CH3 Hisa - - + - +
Dim - - + - +

CH4 Mup - + + + +
CHS Epo + + + -
CH6 OdcS + - + + +
CH7 DTMitI + + . +

Tyr + + - +
D7Nds4 + + - +

CHS DSMitll + + +
CH9 AposA + + +
CH10 DIOMitll + + + +
CH11 Hoxl - - + +

TrpSl-l - - + +
CH12 DllNdsl - + + +
CH13 PIf + + - +
CH14 Cttal + + + +
CH1S Hoxl + + + + +
CH16 Igll + + + - +

DISMitS + - + + - -

CH17 DITNdsl + - + + + -

CH18 Li - + + - - -

CH19 Fth - - + - - +
CHY Sry + - + - + +

+ indicates the presence of a locus and - indicates its absence
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As there was no selection for mouse sequences, there was no assurance that the IFGT 

hybrids would retain mouse material. However, previous studies using human-hamster 

hybrids as the donor cell line had shown that the IFGT hybrids generated retained 

non-selected human material at high frequency (Cox etal., 1989; Benham etal., 1989). 

To determine the proportion of hybrids retaining mouse sequences a dot blot assay using 

an oligonucleotide which hybridizes to the mouse 82 repeat family, but which does not 

hybridize to the hamster 82 repeat family, was performed (see Figure 4.2). Although 

47% of the hybrids were positive in this assay, subsequent analysis of the hybrid series 

with single copy probes on Southern blots indicated that the dot blot assay was too 

insensitive to detect all the hybrids which retained mouse sequences. This meant that 

the dot blot assay could not neatly subdivided the hybrids into those retaining mouse 

derived sequences and those retaining only hamster material. Subsequent studies were 

carried out on the complete set of hybrids.

4.2.3 RETENTION OF SPECIFIC LOCI BY IFGT HYBRIDS

The radiation hybrids were assayed for the presence or absence of ordered markers 

from the mouse X chromosome. The position of these markers, established mainly from 

genetic analysis of interspecies backcrosses (Brown et ai, 1991 ), is shown in Figure 

4.3. These loci were assayed by either Southern blots or PCR (see Appendix) and 

examples of both formats is shown in Figures 4.4 and 4.5. As the sensitivity of these two 

methods is different a control experiment assaying for loci {Amg and Ai) using both 

Southern blotting and PCR was performed with both methods giving concordant results 

for the absence or presence of these loci in the IFGT hybrids (data no shown). The 

retention of the loci assayed in the IFGT hybrids is shown in Table 4.2. The majority of 

the IFGT hybrids (36/64 or 56%) retained at least one murine X chromosome marker with 

hybrids positive for mouse material appearing to retain between one and five X 

chromosome fragments (see Table 4.2). Some hybrids retained large regions of 

contiguous markers with a few appearing to retain the majority of the mouse X 

chromosome. Hybrids D2, H2, S2 and DDI retained 13-17 of the 18 markers analysed. 

However none of the hybrids retained the entire X chromosome.
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Figure 42
•»! •

Dot Blot Assay of the FGiï Hybrids

: IFGT HYBRIDS MO HYBX DNA

• e 10.0

# •  •  • e 0.6

•  e e # 1.2

e e 2.5

•  e # # e 5.0

# #  #

;  #

# e # 10.0

e e 10 MO A23 DNA

A dot blot panel of the IFGT hybrids was hybridized with a mouse specific 
oligonucleotide at 42^0 in Church hybridization buffer, washed to O.SxSSC, 
0.1%SDS at 42°C then autoradiographed overnight at -70^C.
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Figure 4^
Genetic Map of the Mouse X Chromosome

cM

7
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17

Centromere
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44
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67

72

Perientromeric Region (pMRl96)

DXPas3
DXPas4

DXPasS

Hprt

DXHX253E

Zfx
At

DXPasW 
Pgk1, DXPas23

DXPas25

Pip

DXPasW

Amg

F2-F4 (pi 5-4)

PAR

Genetic map of the mouse X Chromosome. The location of loci is given in cM 
from the centromere or as a regional locatization. This map was modified from the 
consensus mouse X chromosome map established by the Committee for the 
Mouse X Chromosome (Brown etal. 1991) by the addition of the regionally 
mapped probes pMRl96 and p i5-4.
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Figure 44
Examples of Loci Assayed by Southern Blot Analysis

I

Panel A . Presence of Amg in the IFGT Hybrids
■ i/'-
L ';. 1 2 3 4 5 6 7 8 9 10 12 13 14 1Î 16 17 18

HamslBr —

Mouse— ♦

Panel B Presence of pMRI 96 in the IFGT Hybrids
V

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Autoradiogram of Southern blots containing Psi\ (Panel A) or EcoRI (Panel B) digested 
genomic DNA from HYBX (l^ne 1), A23 (Lane 2) and IFGT hybrids (Lanes 3-18) after 
hybridization with the probe pMa5-5 (Amg) or pMR196 in Panels A and B respectively.
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Figure 4 5
Examples of Loci Assayed by PCR Analysis

Panel À Presence o f Amg in the IFGT Hybrids 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Panel B Presence of Prps2 in the IFGT Hybrids

1 2 3 4 5 8 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified 
was from a Balb/C mouse (Lane 2), HYBX (Lane 3), A23 (Lane 4) and DNA from the 
IFGT hybrids (Lanes 6-20). Lane 5 is a water control. (|)X174 Haelll-digested DNA 
was used as a molecular weight standard (Lane 1). Amplification products from the 
Amg and Prps2 are shown in Panels A and B respectively
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T able 4.2

Presence or Absence of Mouse X Chromosome Markers in the IFGT Hybrids

Locus/probe 1
a> GO

H y b r id

A 2

A 3

81
D 2

D 3

E1

E3

H 2

n
J 2

K 2

M3
N 3

02
P I

P 3

02
R1

S 2

T2
T 3

U1

V I

V 3

X 2

Z 2

AA 1

A A 2

A A 3

0 0 3

DD1
DD2
EE1
FF1

FF2
GG1

II

a

+ +
TF

m -

- r4 & -

+ +
+ +

+ +

+ +

JZL

ED

m

g

+ + + + +
+ + + + + +

ED

+ + + +
+ + + +

+ + + +
+ + + +

CD

w

+ +
+ +

Q -

. ND

+ +

r-i I ^ ------I + I • I + + + + +

ND

+ +
+ +

+ +
+ +

m

D

+ +

+ +
ND

ND| + +

+ + +

E ]

E ]

% Retention 3 0  11 11 11 31 2 6  9  1 8  9  18  16 1 4  17 10  5  11 19 2 2

Distance
from

Centromere
0  7  9  12 17 2 9  3 4  3 6  4 3  4 4  4 4  5 0  5 6  6 7  7 2

The hybrids were assayed for the presence or absence of mouse X chromosome markers, 
a- this locus was previously referred to as P3. Only the hybrids which retained at least 
one X chromosome marker have been included in this Table. + indicates the retention of the 
locus within the hybrid. * indicates the absence of the locus within the hybrid. ND indicates 
that the clone was not tested for the presence of this locus.



4.2.4 Analysis of pi 5-4 Retention in the IFGT Hybrids

The terminal region of the X chromosome includes both the pseudoautosomal region 

(PAR) and strictly X-linked loci. The only cloned sequences derived from the rrx)use 

PAR are the genomic sequences flanking the provirus integration site in the Mov-15 

mouse strain (Haiters etal., 1986). The repeat sequence p i5-4, derived from these 

sequences, has been localized by in situ hybridization to the subtelomeric regions of the 

X and Y chromosomes as well as to chromosomes 4, 9 and 13 (Harbers et a/., 1990). 

Despite the probe plS-^being derived from the PAR, at least one of the repeat elements 

on the X chromosome retained by the hybrid HYBX is located outside this region. A 20 

kb band detected by p i 5-4 in a Tac/i digest, p15-4-T1 (see Figure 4.6), segregates with 

DXPasie, but not with the amelogenin locus (Amg). Hybrids retaining the DXPasIS 

locus were positive for the p15-4-Tl band whereas hybrids which did not retain DXPas18 

did not retain p15-4-T 1 (see Table 4.3A). No hybrids were discordant for the concomitant 

retention or absence of these two loci. The p15-4-T1 band showed no association with 

Amg as 7 of the 12 hybrids positive for Amg were discordant for the retention of these 

loci. As DXPas18 is located proximally to Amg and the PAR is distal to both loci (see 

Figure 4.3), the association of p15-4-Tl to DXPas18, but not to Amg, locates this band 

outside the PAR. Amg shows a strong association with several other bands detected by 

p i 5-4 in a TagI digest. All twelve hybrids positive for amelogenin were also positive for 

bands p15-4-T2, T6, T8, T9 and p15-4-TlO with only 1 -2 hybrids discordant for the 

presence or absence of these bands (see Table 4.3B). Other bands which also showed 

strong association to Amg were p i 5-4-T7, which was positive for 11 of the 12 hybrids 

positive for Amg, and the bands p i 5-4-T3 and T11 (see Table 4.3B). None of these 

hybrids showed any association with DXPasW (see Table 4.3A). Given the map 

position of Amg distal to DXPas18 (see Figure 4.3) and the strong association of these 

p i 5-4 bands to amelogenin, it seems likely that these bands are located distal to 

DXPasW. From the IFGT hybrid data we can conclude that p15-4-T1 maps in the 

vicinity of DXPasW while p15-4-T2, T3 and T5-T11 map distal to DXPasW and to the 

vicinity of the amelogenin locus.
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Figure 4j6
I .

Detection of p154 Repeat Elements In the FGT Hybrids

kb 1
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An autoradiogram of a Southern blot containing genomic DNA digested with Taq\ from the 
mouse-hamster hybrid HYBX (Lane 1), A23 cell line (Lane 2) and 7 radiation cell hybrids 
(Lanes 3-9) and hybridized to the probe p15-4 is shown. The fragments detected are 
named to the right of the photograph and are numbered from the top to the bottom of the 
Southern blot.
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Table 4 3

Association of p i5-4 TaqI Bands with DXPasIS or Amg 

Tab le  4.3A Association o f  p i 5-4 Taqi bands with d x p a s i 8

pi 5-4 Tatf Digest Bands

T1 T2 T3 T4 T5 T6 77 T8 T9 T10T11 D X PasW
Hybrid

PI
CC3
EE1
K2
81
E3
M3
U1
72
D2
H2
02
S2

AA1

+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+

+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+

+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+

Discordants 0 8 5 2 7 9 9 9 8 8 6

Table 4.3B association of p i5 -4  taqi bands with amg

pi 5-4 Tatf Digest Bands

T1 T2 T3 T4 T5 T6 77 T8 T9 TIG Ti l Amg
Hybrid

PI - + - - + + + + + + - -
CC3 - - - - + + - + - - + -
EE1 - + - - - + + + + + - +
K2 - + - - - + + + + + - +
81 - + + - + + + + + + + +
E3 - + + - + + + + + + + +
M3 - + + - + + + + + + + +
U1 - + + - + + + + + + + +
22 - + + + + + + + + + + +
02 + + + + + + - + + + + +
H2 + + + + + + + + + + + +
02 + + + + + + + + + + + +
S2 + + + + + + + + + + + +

AA1 + + + - + + + + + + + +

Discordants 7 1 2 7 4 2 2 2 1 1 3

103



4.2.5 IFGT HYBRIDS USED AS A CLONING RESOURCE

IFGT hybrids have been a valuable resource in cloning sequences from specific 

subchromosomal locations in human chromosomes. Isolation of mouse specific 

sequences from mouse-hamster monochromosomal hybrids and IFGT somatic cell 

hybrids is complicated by the cross reaction of many mouse and hamster sequences 

however protocols enabling the isolation of mouse-specific sequences on a hamster 

background have been devised (Hochgeschwender etal., 1989; Simmler etal., 1991).

In this study IFGT hybrids retaining the p i 5-4 region were used in an attempt to isolate 

single copy probes from the terminal region of the mouse X chromosome.

As the probe p i 5-4 was isolated from the PAR (Harbers et al., 1986) and maps by in situ 

to the tebmeric region of the X chromosome (amongst others) (Harbers etal., 1990) the 

IFGT hybrids retaining p i5-4 sequences generated in this study were considered to be a 

potential source for cloning single copy sequences from the terminal region of the mouse 

X chromosome. Fourteen IFGT hybrids were positive for p i 5-4 however these hybrids 

all retained other markers (see Table 4.2). A subset of the p i 5-4 IFGT hybrids, chosen 

to limit the chromosomal material outside the p i 5-4 positive region, were selected and 

the approach taken to isolate mouse specific sequences from these hybrids was to use 

interspersed repetitive sequence polymerase chain reaction (IRS-PCR (Nelson etal.,

1989)). Primers from both SINE and LINE families which specifically amplify mouse 

genomic sequences from somatic cell hybrids with a Chinese hamster background have 

been described (Simmler et al., 1991). The primer B2AA/ofl (see Appendix) is based on 

a previously described B2 mouse specific primer (Cox et al., 1991 ; Simmler et a/., 1991) 

with an identical mouse specific portion and a modification of the 5', A/ofl site containing, 

end extension. The primer B2AREVA/ofl (see Appendix) consists of the inverse 

complement of the mouse specific portion of B2ANot\ with the same 5', Not\ site 

containing, end extension. The primer RI(3')A/o/l (see Appendix) is based on a 

previously described LI md primer sequence (Simmler et al., 1991 ) with a slight 

modification of the 5', A/o/l site containing, end extension.

The primers B2AA/ofl, B2AREVA/otl and R\{3')Notl were used in this study to generate 

probes from the p i 5-4 IFGT hybrids. The conditions for using these primers were 

optimized by varying primer concentration, annealing temperature, DNA concentration 

and magnesium ion concentration. In this study it was found that the optimal conditions 

for minimal amplification of hamster DNA while still retaining a relative high amplification 

of mouse DNA where when the amplification protocol was as follows: 1 pM each primer, 

3 mM k/lg++, 100 ng DNA/pl and 2.5U Taq DNA Polymerase (Perkin-Elmer Cetus) in an 

otherwise standard PCR reaction mix. The optimal annealing temperature was 58®C

104



with the cycling conditions as follows: after an initial dénaturation step at 94®C for 5 min , 

40 amplification cycles consisting of 94®C dénaturation step for 1 min, a 58®C annealing 

step for 1 min and a 72®C extension step for 5 min were performed followed by a final 

extension step at 72°C for 10 min (see Figure 4.7). PCR products were gel purified then 

reamplified under the above conditions with the exception that only 25 amplification 

cycles were performed.

After optimizing conditions to limit amplification of hamster DNA. the oligonucleotides 

B2A/Vofl and B2AREV/Vofl were used both alone and In conjunction with RI(3')Afofl to 

amplify genomic DNA from the p i5-4 positive IFGT hybrid subset. As expected the use 

of a single primer produced PCR products that were generally larger than the use of two 

heterologous primers (see Figure 4.7). All primer combinations produced a smear with 

occasional bands when total mouse DNA was amplified. This smear was reduced in 

both HYBX and the IFGT hybrids. Bands not visible in the total human amplification 

product were produced in HYBX and the IFGT hybrids also produced bands not visible in 

either total human or HYBX IRS-PCR products (see Figure 4.7). This alteration in 

product production has been previously described and is thought to be due to decreased 

target DNA content in the hybrids which allows for more efficient amplification of 

remaining targets (Ledbetter et al., 1990). Mismatches between primer and target 

sequences can occur in PCR amplification but are not favoured when consensus sites 

are present. This alteration in PCR product production with the change in template DNA 

complicated the use of the mapping panel hybrids to map PCR products by their 

presence or absence in a particular hybrid after IRS-PCR. All the hybrids (with the 

exception of HYBX) retain autosomes adding to the template competitive effect. This 

meant that the non-production of a particular IRS-PCR band in a hybrid did not 

necessarily mean that that locus was not present in that hybrid and required those bands 

not hybridizing to IRS-PCR products in the mapping hybrids to be further analysed. Thus 

IRS-PCR products were first mapped by hybridization (after competition of the probe) to 

Southern blots of IRS-PCR products from the mapping panel and IFGT hybrids which 

enabled the localization of many IRS-PCR products as well as identifying the 

corresponding PCR product in other IFGT hybrids (see Figure 4.8). Most IRS-PCR 

amplification products were mapped proximal to DXPas1/DXPas18 by their production in 

N15 (see Table 4.3). One IRS-PCR band. 0RB2. hybridized to IRS-PCR product in N15 

and B20c12 but not to the hybrid E l l . As N15 retains all of the X chromosomal material 

retained by E l 1. the absence of the band 0RB2 in the IRS-PCR product from El 1 must 

be due to non-preferential amplification. However, as this product is produced in N15 it 

must be located proximal to DXPasI/DXPasW. One IRS-PCR band. EEBB3. was 

produced by IRS-PCR in B20c12 thus mapping this product proximal to Zfx. Several
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IRS-PCR products cross hybridized to amplification products in other hybrids. Products 

which did not hybridize to IRS-PCR products from the mapping panel hybrids were 

subsequently hybridized to Southem blots of EcoRI digested DNA from the mapping 

panel hybrids (see Figure 4.9). These all detected bands in N15 mapping them proximal 

to DXPas1/DXPas18. Several of these IRS-PCR products also detected bands in 

B20c12 thus mapping them proximal to Zfx. None of the IRS-PCR bands from the IFGT 

hybrids mapped distal to DXPasI/DXPasIS (see Table 4.4). Thus, although the IFGT 

hybrids were chosen to enrich for the distal portion of the X chromosome, these hybrids 

did not produce IRS-PCR products from the region of interest.
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Figure 4.7
Examples of RSfCR

PaiclA
1 2 3 4 5 6 7 I 9 10 11 12 13 14 15

PatclB

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Pa tclC

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

PAftlD

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

>4' *

■r
I

Ethidium bromide stained agarose gels of PCR products. The genomic DNA was amplified with 
primers to repeat sequences both alone and in combination as described in the text The 
genomic DNA amplified was from a Balb/C mouse (Lane 1), HYBX (Lane 2), A23 (Lane 3), N15 
(Lane 5), El 1 (Lane 6), B20c12 (Lane 7) and the IFGT hybrids J3 (Lane 8), K2 (Lane 9), 02  
(Lane 10), U1 (Lane 11), EE1 (Lane 12) and CC3 (Lane 13). Lane 4 is a water control. <j)X174 
Haelil-digested DNA and XHindiW digested DNA were used as a molecular weight standard (Lane 
1 andlS). As a minimum of 200 bp in any PCR product was expected to be a repeat motif due to 
the position of the IRS-PCR primers, amplification products less than 300 bp in size were not 
analysed and presumed to contain only repeat elements. Amplification with the primers B2AA/0/I 
alone (Panel A), B2AREV/Vofl alone (Panel B), B2AA/ofl with R1(3')/Vofl (Panel C) or B2AREVA/0/I 
with R1(3’)A/o/l (Panel D).
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Figure 4j8
Examples of t l*  Localization of RSfCR Products on an RSPCR Mapping Panel
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Autoradiogram of a Southern blot containing IRS-PCR products after hybridization with the 
IRS-PCR products EEB1, EEB2, EEB3 and P1B1 in panels A, B ,C and D respectively. The 
genomic DNA amplified was from a Balb/C mouse (Lane 1), HYBX (Lane 2), A23 (Lane 3), N15 
(Lane 5). E11 (Lane 6), B20c12 (Lane 7) and the IFGT hybrids J3 (Lane 8), K2 (Lane 9), 02 
(Lane 10), U1 (Lane 11), EE1 (Lane 12). CC3 (Lane 13) and PI (Lane 14). Lane 4 is a water 
control. The Southern blot was washed to 0.2xSSC, 0.1% SDS at 65°C and autoradiographed 
for overnight at-70°C.
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Figure4j9
Localization of IRS-PCR Products Using the Hybrid Mapping Panei
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Autoradiogram of a Southern blot containing EcoRI-digested genomic DNA from a Balb/C 
male mouse (Lane 1), a Balb/C female mouse (Lane 2), HYBX (Lane 3), A23 (Lane 4), 
N15 (Lane 5), E11 (Lane 6) and B20c12 (Lane 7) after hybridization with the IRS-PCR 
amplification products EEB1 and EEB3 (Panels A and B respectively). The Southern blot 
was washed to 0.2xSSC, 0.1% SDS at 65°C and autoradiographed for overnight at -70°C.
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Table 4.4

Mapping IRS-PCR Bands from the p15-4 positive IFGT Hybrids 

PRIMERS: B2A A/ofl and R1 i3')No(i
RS-PGR Band Size Cross Reacts PCR Mapping Genomic Mapping
>B1 900 bp N15, E ll
EEB1 400 bp None 3kbEooRI N15, Ell
EEB2 600 bp KB1

UB2
CCB2

N15, E ll

EEB3 1000 bp CCB3 15kb£coRI N15. Ell 
3kb£coRI N15, E11,B20c12

3B1 1100 bp None Repetitive
]B2 1800 None SkbEcoRI N15, E11,B20c12
JB1 300 None 6.5 kb EooRI N15, Ell

PRIMER: B2A(REV) A/o/l
)BB1 1400 bp N15, E11 (faint)
<BB1 1000 bp UBB1

EEBB1
yi5, E11,B20c12

(BB2 1300 bp QBB2
UBB2

N15, E ll

QBB1 1000 bp None N15, E ll
EEBB3 1500 bp UBB3

CCBB3
B20C12

PRIMERS: B2A(REV] A/o/l and R1(3')A/o/l
(RB2 400 bp URB3

EERB3
Repetitive

<RB3 700 bp URB5
EERB5

3 kb EooRI N15, E11.B20c12

]RB1 400 bp None Repetitive
]RB2 450 bp None N15,B20c12
QRB3 500 bp None 6kbEcoRIN15, E11,B20c12
JRB4 500 bp EERB4 3 kb EooRI N15, E11,B20c12
JRB6 1000 bp EERB6 4.3 kb EooRI N15. E11,B20c12
XRB3 300 bp None Repetitive
XRB6 700 bp None N15

The hybrids chosen for IRS-PCR were K2, P1,0 2 , U1 and EE1. The nomenclature of the 
bands analysed is as follows: the first letter(s) K, Q, U or EE defines the IFGT hybrid, the 
last letter and number define the band in the PCR of that hybrid while R and B define the 
primers used. Several faint bands which hybridized to hamster only are not included.
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4.2.6 Discussion

IFGT hybrids have been useful for isolating human probes from restricted region of the 

human genome. (Pritchard etal., 1990; Berger etal., 1992). IFGT hybrids retaining 

non-selected human chromosomal fragments can be generated at high frequency and 

these chromosomal fragments appear to maintain their physical integrity. In one study 

using a radiation dose of 6 K rads, an IFGT hybrid retained a 10-20 Mb fragment of DNA 

of which over 4 Mb revealed no evidence of rearrangement. In an independent study, 

using a higher radiation dose (50 K rads), IFGT hybrids also showed no evidence of 

rearrangement over 1-5 Mb.

In this study a panel of IFGT hybrids retaining fragments of the mouse X chromosome 

have been generated and characterized and probes from hybrids enriched for the 

terminal region of the mouse X chromosome have been isolated. IFGT hybrids retaining 

mouse X chromosome sequences were generated at high frequency with 36 of the 64 

hybrids retaining at least one of the mouse sequences assayed. In common with other 

studies (Cox etal., 1989; Altherr etal., 1992), crude assays to determine which hybrids 

retained DNA sequences from the chromosome of interest were too insensitive to detect 

all hybrids retaining chromosomal fragments. The apparent size of fragments retained in 

the IFGT hybrids varied widely with four hybrids retaining at least 13 neighbouring loci 

while five hybrids retained only one of the loci assayed. The retention frequency of any 

particular locus also extremely variable. The retention rate of any single copy locus in 

the hybrids varied over a range of 5-31%. The relatively high retention rate of probes 

such as p i 5-4 or pMRl 96 could be either due to multiple loci being detected by these 

probes, or to the loci detected by these probes being associated with regions of the X 

chromosome that confer some selective or stabilizing advantage for their retention in 

IFGT hybrids. In the theoretical model proposed by Lawrence etal. (1991 ) retention 

should be highest for markers close to the centromere, intermediate for markers close to 

the telomere and least for interstitial markers since the donor chromosome fragment 

must be incorporated into the hamster genome in a rean-angement that includes a 

centromere and (usually) one telomere. The probe pMRl96 hybridizes to the 

pericentromeric region of the mouse X chromosome (Joseph et al., 1989) and Its 

enhanced retention in the IFGT hybrids could reflect the inherent stability of centromeres 

in somatic cell hybrids. Centromere associated sequences are known to be retained at 

high frequency in IFGT hybrids generated using human-hamster donor cell lines 

(Benham et al., 1989; Goodfellow etal., 1990; Ceccherini et al., 1992) The p i5-4 region 

may also have some feature that favours its retention such as the telomere. However, in 

spite of the theoretical prediction that telomeres would be preferentially retained in IFGT 

hybrids, previous studies with single copy probes have not indicated any increased
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retention of telomeric sequences in human-hamster IFGT hybrids (Benham etal., 1989; 

Altherr et al., 1992; Warrington et al., 1991 ). It would therefore seem unlikely that p i5-4 

has a high frequency of retention due to its association with the telomere unless mouse 

telomeres behave differently in IFGT hybrids than human telomeres. A comparison of 

Amg and Its association with p i5-4 in the 10 K and 50 K rad IFGT hybrids ( Sefton et al.,

1992), would indicate that the copy number of the p i 5-4 loci does not explain Its high 

retention rate. It would be expected that the incidence of chromosomal breaks between 

the p i 5-4 loci and Amg would be increased as the dosage of radiation is increased. With 

the increase in radiation dosage, and the increase in likelihood of nonassociation with 

p i 5-4, the retention of Amg decreases from 19% in the 10 K rad hybrids to 2% in the 

50 K rad hybrids. Thus the retention rate of the single copy locus Amg is greater as the 

likelihood of It being associated with p i 5-4 elements increases. This suggests that Amp 

is retained in the low dose hybrids due to some kind of hitchhiking mechanism and thus 

also suggests that the p i 5-4 region may have some mechanism to  enhance Its retention.

The 10 K rad IFGT hybrid panel enabled the bands detected by the p i 5-4 probe to be 

mapped relative to the DXPasIS and Amg loci in the terminal region of the mouse X 

chromosome. The band p15-4-T1, detected in a Tapi digest by p i5-4, segregates with 

DXPasIS, whereas most of the other bands detected by 15-4 show strong association 

with the Amg locus. The distribution of repeat elements in the mouse X chromosome 

subtelomeric region appears to be similar to that of the subtelomeric interspersed repeat 

(STIR) elements (Rouyer etal., 1990) found in the human genome which are located in 

both the pseudoautosomal and non-pseudoautosomal region of Xp22.3. STIR elements, 

in common with p i 5-4, have also been found associated with the subtelomeric region of 

autosomes.

The IRS-PCR technique was used to isolate mouse specific DNA from the p i5-4 positive 

IFGT hybrids. Although 14 hybrids retained loci detected by the probe 15-4 most of 

these also retained large fragments from other regions of the chromosome. A subset of 

these hybrids, chosen to limit the chromosomal material outside the p i 5-4 positive 

region, was selected as source material for IRS-PCR to ensure that the DNA used to 

isolate mouse sequences was enriched for the terminal region of the mouse X 

chromosome. The oligonucleotides B2ANot\ and B2AREVA/o/l were used both alone 

and in conjunction with Rl(3')A/o/l to amplify genomic DNA from the p i 5-4 positive IFGT 

hybrid subset. A total of 21 IRS-PCR bands which did not cross-hybridize to each other 

were mapped using the somatic cell mapping panel hybrids. All these PCR products 

mapped proximal to DXPasl/DXPaslSwWh some bands mapping proximal to Zfx. Thus 

none of the IRS-PCR products originated from the terminal region of the mouse X
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chromosome in spite of these hybrids being chosen for their enrichment for this region. 

The mapping of all the IRS-PCR products from the IFGT hybrid K2 proximal to 

DXPasI/DXPasW would indicate that this hybrid retains a chromosomal fragment(s) not 

previously detected as only loci distal to DXPasW had been previously detected in this 

hybrid (see Table 4.5). Several of the IRS-PCR products from K2 cross hybridized to 

PCR products produced in other IFGT hybrids which iixJicates that this chromosomal 

fragment(s) may have also been enriched in other p15-4 positive IFGT hybrids.

The p i 5-4 IFGT hybrids chosen in this study for IRS-PCR did not produce amplification 

products from the distal region of the mouse X chromosome. There are several potential 

reasons for this. It is unknown whether this region retains L i md or B2 repeat motifs 

although there seems no a priori reason to suspect their absence. However It is possible 

that this region is relatively poor in these repeat elements or that the elements are in the 

same orientation. A PCR product is only produced when two repetitive elements are 

sufficiently close and in the right orientation to enable PCR amplification. In general 

these elements must be within 2-3 kb and a low copy number of the Lim d and B2 

repeats would reduce the chance of them being close enough to enable PCR 

amplification. However the X chromosome is reported to be exceptionally rich in LINE 

sequences with the LINE and SINE sequences not necessarily clustered into the 

mutually exclusive domains as occurs in the remainder of the genome (Boyle et ai,

1990). In addition to being close enough to each other for PCR amplification to occur, 

repeat elements must also be in the right orientation. In the human closely spaced Alu 

(SINEs) have a high likelihood of being in the same orientation. An explanation 

proposed for this under representation of inversely oriented Alus is that there is post

insert ional selection against this orientation as closely spaced inverted Alu sequences 

may result in the deletion of the intervening sequence during DNA replication (Moyzis et 

ai, 1989). If a similar mechanism operated in the mouse then closely spaced B2 

elements would also be eliminated. Evidence for similar mechanisms operating on the 

repeat families in mouse and human comes from the fact that although the SINE and 

LINE families appear to have amplified after the divergence between primate and rodent 

lineages, these repeat families seem to have preferentially inserted into the same 

chromosomal subregions during their independent evolution (Boyle et a i, 1990). 

Alternatively, IRS-PCR amplification of sequences from the terminal region of the X 

chromosome may not have occurred because the sequence of the repeat motifs in this 

region may have substantially diverged from the consensus sequence making them poor 

target sites for the primers used particularly in the presence of other chromosomal 

fragments which may have better targets for these primers. Although the B2 family 

members were originally reported to have a low divergence from the consensus
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sequence (Krayev et al., 1982) this was based on the examination of only a few repeat 

elements. There is increasing evidence that there is a high rate of sequence divergence 

between B2 repeats, indeed none of the 10 B2 elements examined in the Xist region of 

the mouse X chromosome was identical to the consensus B2 sequence (Colleaux et a!.,

1993).

Hybrids from a 50 K rad IFGT hybrid panel constructed concurrently as the hybrids 

above (Sefton et a!., 1992) had been used successfully to isolate probes from the central 

region of the mouse X chromosome (Simmler et a!., 1991). These hybrids were 

fragmented to a larger extent than the 10 K rad hybrids and appeared to retain a smaller 

fraction of the genome. However similar difficulties in isolating probes outside the region 

of enrichment were also observed with these hybrids. Thus, although it was possible to 

continue screening with a second panel of IFGT hybrids, the problems associated with 

obtaining probes from the terminal region of the mouse X chromosome would still 

remain. At this stage of the study the ICRF YAC library became available and 

subsequent approaches to cloning the mouse pseudoautosomal region were based on 

the screening of this library.

4.3 CHARACTERIZATION OF A SOMATIC CELL HYBRID MAPPING PANEL

Somatic cell hybrids retaining chromosomes or defined subchromosomal regions 

are a powerful tool for mapping DNA probes. Such hybrids enable the rapid 

localization of markers and are a simple screen for determining which probes are 

from the chromosomal region of interest. Hybrids for mapping loci to the terminal 

region of the X chromosome and for screening for sequences potentially from the 

PAR were characterized (or re-characterized) in this study.

The monochromosomal hybrid HYBX retains the mouse X chromosome and the hybrids 

R5D9B1, N15, E l 1 and B20c12 retain the X chromosome but are deleted for the 

terminal region including the PAR. The hybrids with deletions of the X chromosome 

were generated by fusing splenocytes from mice carrying reciprocal X-autosome 

translocations with a Chinese hamster cell line (see Figure 4.10). The resulting somatic 

cell hybrids retain the X chromosome due to selection for this chromosome but may also 

retain other chromosomes nonselectively. As the breakpoint for each translocation 

chromosome is different these hybrids constitute a panel of X chromosomes with nested 

deletions. This set of somatic cell hybrids could be used to assign markers, firstly to the 

X chronx)some, then to the terminal region of the X chromosome. The hybrids 118.8 

and 118.12 retain the Y chromosome but not the X chromosome.
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Figure 4.10
Characteristics of X-Autosome Transiocations in Somatic Ceii Hybrids

Cvtological Breakpoints Recombination Breakpoints*

Translocation X Autosome X Autosome Derived Cell
Name Chromosome Chromosome Line

T(X;7)5RI XF1 7A3 7a-R5=11 R5-p=7 R5D9B1
T(X;7)6RI XF1 7B3 Ta-R6=7 R6-p=2 N15
T(X;2)14RI XF 20 - R14-pa=14- E l l
T(X;16)16RH XD 16B5 Ta-T16=4 md-T16=40 B20C12

* Numbers are recombination distances in centimorgans (cM)

A utosomes Involved in T ranslocations X Chromosome
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The data for this Figure are taken from Lyon etal. (1988), Avner etal. (1987), Dietrich etal. (1992) and 
Brown et al. (1991). I indicates that the relative order of these loci is unknown, genetic markers used 
to characterize the translocation breakpoints have been boxed. * indicates that the presence or 
absence of this locus in the derived cell line was determined in this study. Additional loci, both genetic 
and molecular, that were used to determine the location of the loci assayed in this study relative to the 
genetic marker used to define the translocation breakpoint on the autosomes are also included in 
these maps. X chromosomal breakpoints previously defined (Avner et al. (1987) and Brown et al. 
(1991)) are indicated to the right of the X chromosome.
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Sequences which are from the terminal region of the X chromosome and also present on 

the Y chromosome would potentially be from the PAR. The somatic cell hybrid panel 

HYBX, R5D9B1, N15, E ll,  B20c12,118.8 and 118.12 would be a useful mapping tool 

for mapping loci to the terminal region of the mouse X chromosome and in screening for 

sequences from the PAR. To be used as a mapping resource the translocation 

breakpoint needed to be defined for the hybrid R5D9B1 and reconfirmed for the hybrids 

N15, E l 1 and B20c12. These hybrids also needed to be characterized for the presence 

or absence of the Y chromosome in order to be used in screening for sequences from 

the PAR. The hybrids R5D9B1 ,N15, E ll,  B20c12,118.8 and 118.12 unfortunately also 

contain other autosomes. As autosomal loci may cross react with probes derived from 

the X chromosome the characterization of the autosome content of these hybrids could 

be useful in interpreting the hybridization profiles from these probes.

The majority of the hybrids in this mapping panel had originally been characterized by 

either a Southem blot/hybridization (Avner et al., 1987a) or cytogenetic approach (Lau 

et al., 1989). The translocation breakpoints of the X chromosome in the somatic cell 

hybrids were determined by assessing the hybrids for the presence or absence of loci 

mapped in distal region of the mouse X chromosome in this study using a PCR based 

approach.

4.3.1 C h a r a c te r iz in g  t h e  S o m a tic  C ell  h y b r id s  fo r  t h e  p r e s e n c e  o r  

ABSENCE OF Ge n e t ic  r e f e r e n c e  l o c i

The somatic cell hybrid panel was assessed for the presence or absence of the genetic 

reference markers Pip and Amg (Brown et al., 1991 ). Reference markers enable maps 

constructed in different laboratories to be compared and it was therefore important to 

include these markers when characterizing these hybrids. The primers for Pip (see 

Appendix) are those published for the DXNds2 locus (Dietrich etal., 1992) and amplify 

a 180 bp product (approximate size) from mouse genomic DNA. These primers amplify 

a PCR product in the hybrids HYBX, R5D9B1, N15 and E l 1 but fail to amplify in the 

hybrid B20c12 (see Figure 4.11 A). The retention of Pip has previously been determined 

for the hybrids N15, E ll and B20c12 by Southern blot analysis (Avner etal., 1987a). 

The results obtained by PCR analysis are consistent with those obtained by Southem 

blot analysis for the hybrids N15 and B20c12. The PCR and Southern blot analyses are 

inconsistent for the retention of Pip in E l 1.
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Figure 4.11
Presence or Absence of Pip and Amg in the Somatic Ceii Hybrids

Panel A

.vv

 ̂ -r
... V/? * 

"f .Y'.

. A

Retention of Plp in the Somatic C ell Hybrid Panel 

1 2 3 4 5 6 7 8 9 10

Panel B Retention of A mg in the S omatic C ell Hybrid Panel 

1 2 3 4 5 6 7 8 9 10

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was 
from a Balb/C male mouse (Lane 2), a Balb/C female mouse (Lane 3), HYBX (Lane 4),
A23 (Lane 5), R5D9B1 (Lane 6), N15 (Lane 7), E11 (Lane 8) and B20c12 (Lane 9). Lane 
10 is a water control, p X I74 Hael 11-digested DNA was used as a molecular weight 
standard (Lane 1). Amplification products from the Pip and Amg loci are shown in Panels A 
and B respectively.
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Initially the presence or absence of Amg in the somatic cell hybrids was assessed using 

the primer pair MAMG3 and MAMG4 which amplify a 1700 bp PCR product from mouse 

DNA (see Chapter 3.2). As these primers also amplify a similar size PCR product from 

hamster DNA alternative primer(s) were required. Introns are the least conserved 

regions of genes and primers designed from within an intron are likely to be species 

specific. To obtain mouse intronic primers for the Amg locus the primer MAMG1 (see 

Appendix), designed from the rrx)use cDNA (Snead etal., 1985), was used in 

conjunction with the vectorette primer 224 to amplify a Bgl\\ vectorette library of yA2 (see 

Chapter 6). The PCR product was cloned into the Smal site of pBluescriptSKII(-) and the 

clone pAMGB was then sequenced (see Appendix). This clone contains 413 bp of 

exonic sequence followed by a consensus splice donor site (GTGAGT) (Senapathy et 

a!., 1990) and 116 bp of intron. The primer MAMGINT2 was designed from the intronic 

sequence and amplifies a 132 bp product from mouse genomic DNA when paired with 

an exonic primer MAMG3. HYBX and E l 1 retained Amg while the hybrids R5D9B1,

N15 and B20c12 did not retain this locus (see Figure 4.1 IB ). The absence of a PCR 

product in the hybrids R5D9B1, N15 and B20c12 indicates that the breakpoints for the X 

chromosomes retained in these hybrids is proximal to Amg. The presence of a PCR 

product in El 1 is inconsistent with a previous analysis of this hybrid by Southem blot 

hybridization in which it was deleted for Pip and loci distal to Pip and thus should not 

retain Amg.

4.3.2 REFINING THE LOCATION OF THE X-CHROMOSOME TRANSLOCATION
Breakpoints in the Somatic Cell hybrids

The genetic map of the distal region of the mouse X chromosome has been refined by 

the mapping of a number of loci in this region using the interspecies backcross panel 

(see Chapter 3). These genetically mapped loci can be used to refine the 

X-chromosome translocation breakpoints in the somatic cell hybrid panel.

Prps2 is located close but proximal to Amg. The hybrids were assessed for the 

presence or absence of this locus by amplification of genomic DNA with the intronic 

(PRPS2P4) and exonic primers (PRPS2P2) (see Appendix). This primer pair generated 

the expected 269 bp product from mouse genomic DNA. The hybrid HYBX produced 

this amplification product thus confirming that Prps2 maps to the X chromosome (see 

Figure 4.12A). The hybrids R5D9B1, N15 and B20c12 did not produce an amplification 

product (see Figure 4.12A) indicating that the breakpoint of all these hybrids is located 

proximal to Prps2.
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The hybrids were also assessed for the presence or absence of DXPasW. This locus 

cosegregates with DXPasI in the interspecies backcross panel used in this study. The 

hybrids N15, E l 1 and B20c12 have previously been characterized for their retention of 

DXPasI by Southem blot analysis. The retention of DXPasW can be analysed by 

amplification of DNA with the primers PL9P1 and PL9P2. These primers produce a 1500 

bp amplification product from mouse genomic DNA and this product was also produced 

in HYBX, R5D9B1 a ixl E ll but not in N15 or B20c12 (see Figure 4.12B). This data 

indicates that the translocation breakpoint is distal to DXPasW in R5D9B1 and proximal 

to DXPasW in both N15 and B20c12.

The above data indicate that the translocation breakpoint in R5D9B1 is located between 

DXPasW and Prps2. As Gfra2 and DXMit12 are located between DXPasW and Prps2 

the retention of these loci in R5D9B1 was analysed in order to narrow the location of the 

translocation breakpoint in this hybrid. The rat probe Glya2.3, which is derived from the 

cytoplasmic domain region (see Chapter 3.4.3), was hybridized to EcoRI digests of 

genomic DNA and detects a 7.8 kb mouse and a 6.2 kb hamster band. As shown in 

Figure 4.120, the mouse Glra2 locus is present in HYBX but absent in R5D9B1, N15 and 

B20c12. DXMit12 has also been shown to be absent in R5D9B1 (see Chapter 3.5). The 

X chromosome translocation breakpoint in R5D9B1 is therefore located between 

DXPasW and Glra2/DXMit12 {see Figure 3.10).

The hybrid N15 has been shown to retain an X chromosome with a translocation 

breakpoint between P/p and DXPasI (Avner etal., 1987a). As DXPasW and DXPasI 

are genetically inseparable in the interspecies backcross in this study and both are distal 

to Pdha1, N15 was analysed for the presence or absence of Pdha1. The primer pair 

PDHA1P4 and PDHA1P5, which span an intron in Pdha1 (see Chapter 3.4.1), amplify a 

250 bp mouse and a 300 bp hamster product from genomic DNA. The mouse PCR 

product was produced after amplification of DNA from the hybrids HYBX and R5D9B1 

but only the hamster band was produced by the hybrids N15, B20c12 and 118.8 (see 

Figure 4.12D). This narrows the X chromosome translocation breakpoint to the interval 

between P/p and Pdhal.
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Figure 4.12
i  '

Mapping the Translocation Breakpoints in the Somatic Cell Hybrids

Panel A Retention of Prps2 in the Somatic C e ll  Hybrid Panel 

1 2 3 4 5 6 7 8 9 10

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was from 
Balb/C male mouse (Lane 2), Balb/C female mouse (Lane 3), HYBX (Lane 4), A23 (Lane 5), 
R5D9B1 (Lane 6), N15 (Lane 7), B20c12 (Lane 8), 118.8 (Lane 9), 118.12 (Lane 10). (()X174 
Haelll-digested DNA was used as a molecular weight standard (Lane 1).

'■11 i

Panel B Retention o f DXPasIS in the Somatic C e ll  Hybrid Panel 

1 2 3 4 5 6 7 8 9 10

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was 
from a Balb/C male mouse (Lane 2), a Balb/C female mouse (Lane 3), HYBX (Lane 4), 
A23 (Lane 5), R5D9B1 (Lane 6), N15 (Lane 7). Ell (Lane 8) and B20c12 (Lane 9). Lane 
10 is a water control. 0 X I74 Haelll-digested DNA was used as a molecular weight 
standard (Lane 1).
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Figure 4.12(Cont.)
Mapping the Translocation Breakpoints in the Somatic Cell Hybrids

Pa n e l C R etention o f G lra2 in th eSomatic C ell Hybrid Panel

-, ,

•V '

1 2 3 4 5 6 7 8 9 10

M c ^

Hamster

Autoradiogram of a Southern blot containing EcoRI-digested DNA from Balb/C male mouse 
(Lane 1), Balb/C female mouse (Lane 2), HYBX (Lane 3), A23 (Lane 4), R5D9B1 (Lane 5), 
N15(Lane6), E ll (Lane7 ),B20c12(Lane8), 118.8(Lane9), 118.12(Lane 10)after 
hybridization with the rat G/ra2 cDNA probe Glya2.3. The Southern blot was washed to 
O.SxSSC, 0.1% SDS at 65°C and autoradiographed for 4 days at -70°C.

Panel D R etention o f P dhaI  in  th eSomatic C ell H ybrid Panel

8 9 10

Hamster— 
Mouse —

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was 
from BalhfC male mouse (Lane 2), Balb/C female mouse (Lane 3), HYBX (Lane 4), A23 
(Lane 5), R5D9B1 (Lane 6), N15 (Lane 7), B20c12 (Lane 8), 118.8 (Lane 9). Lane 10 is a 
water control. $ X174 Haelll-digested DNA was used as a molecular weight standard (Lane 
1). PCR amplification produces a 250 bp mouse specific band and a 300 bp hamster 
specific band with the Pdhal primer pair.
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4.3.3 The presence or absence of the y  Chromosome in the hybrids

Sequences from the PAR should be common to both the X and Y chromosomes and should 

undergo regular exchange between these chromosomes during male meiosis. A simple 

screen for evaluating the likelihood of a probe originating from the PAR is to determine its 

chromosomal location. Sequences which are from the terminal region of the X chromosome 

and also present on the Y chromosome would potentially be from the PAR. It was therefore 

important to determine the presence or absence Y chromosome in the hybrids. This was 

particularly important for interpreting data from hybrids with terminal deletions in the X 

chromosome which would result in the loss of the PAR from the X chromosome. Primers 5' 

of the HMG box region (see Appendix) were designed from the Sry sequence (Gubbay et 

al., 1990) and amplify the sequence corresponding to positions 7479-8260 of MMSRYLOC 

(EMBL release 34 Accession number X67204). The primers SRYPI and SRYP2 amplified 

the expected 680 bp PCR product in male genomic DNA and also amplified this product in 

the hybrids R5D9B1, E ll,  118.8and 118.12 (see Figure 4.13). A PCR product was not 

produced in female DNA or in the hybrids HYBX, N15 or B20c12 (see Figure 4.13). The 

somatic cell hybrid panel would be useful as a screen for sequences from the 

pseudoautosomal region as sequences present in HYBX, R5D9B1,118.8 and 118.12 but 

absent in N15 and B20c12 would potentially be from the PAR. Those sequence located in 

the terminal region of the mouse X chromosome and on the Y chromosome would then be 

subjected to a genetic analysis to determine if they undenwent regular exchange between 

the X and Y chromosomes.

4.3.4 DEFINING THE AUTOSOME CONTENT OF THE SOMATIC CELL HYBRIDS

When using hybrids as a mapping resource it can be helpful in interpreting the results to 

know what other contaminating chromosomes are present. The hybrid HYBX was reported 

to be a monochromosomal hybrid retaining only the mouse X chromosome on a hamster 

background (Disteche et a!., 1982). The data presented in Chapter 4.2.1 is consistent with 

the X chromosome being the only chromosome in HYBX. The hybrids R5D9B1, N15, E l 1 

and B20c12 were known to retain autosomes but which particular autosome were retained 

had not been determined (Brown et a!., 1991). The chromosome content of the hybrids 

118.8 and 118.12 had been determined cytologically (Lau etal., 1989) and would thus be a 

useful control. The autosome content of the hybrids in this study was characterized using 

PCR. The presence or absence of a particular autosome was determined by scoring for the 

presence of a locus known to reside on that chromosome. The sequences of the primers 

used and the conditions for PCR amplification are provided in the Appendix. Examples of 

the PCR analysis are shown in Figure 4.1 and a summary of the autosome content of each 

hybrid is given in Table 4.1.
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Figure 4.13
Presence or Absence of the Y Chromosome in the Somatic Ceii Hybrids

;  '1 2 3 4 5 6 7 8 9 10 11 12

Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was 
from a Balb/p male mouse (Lane 2), a Balb/C female mouse (Lane 3), HYBX (Lane 4), 
A23 (Lane 5), R5D9B1 (Lane6), N15(Lane 7), E ll (Lane 8), B20c12 (Lane 9), 118.8
(Lane 10) and 118.12 (Lane 11). Lane 12 is a water control. ({)X174 Haelll-digested DNA 
was used as a molecular weight standard (Lane 1).
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4.3.5 Discussion

The somatic cell hybrid panel had two complementary mapping functions in this study. 

Firstly as a tool for assigning markers to the terminal region of the mouse X chromosome 

and secondly as a screen for sequences potentially from the pseudoautosomal region.

The X chromosome breakpoints in the hybrids R5D9B1, N15, E l 1 and B20c12 were 

analysed by determining the presence or absence of genetically mapped loci. This 

analysis enabled the breakpoint on the X chromosome to be determined for the hybrids 

B20c12, N15 and R5D9B1 (see Figure 3.10). The break point of the hybrid R5D9B1 is 

between DXPasId and Glra2/DXMit12 This hybrid thus retains the most distal 

translocation breakpoint for the X chrormsome to date. Further the location of the X 

chromosome translocation breakpoint in N15 was narrowed as being between P/p and 

Pdha1. The breakpoint of B20c12 was confirmed as being proximal to P/p. The 

mapping data for E l 1 was inconsistent with results obtained in a previous analysis of this 

hybrid. E ll was originally characterized (Avner et ai, 1987b) using Southern 

hybridization and this analysis indicated that E l 1 was deleted for the X chromosome 

including and distal to P/p with the translocation breakpoint between DXPas2 and Pip. 

However Pip, DXPasI8 and Amg, which should not be present in this hybrid according to 

the previous analysis, are detected using PCR. As E l 1 was generated from mice with a 

balanced reciprocal translocation of the X chromosome and chromosome 2, a possible 

explanation for the inconsistency between the results obtained by Southern analysis and 

those obtained with PCR is that a small sub population of cells retain the reciprocal 

translocation chromosome. The sensitivity of PCR enables the detection of loci in this 

sub population. Re-evaluation of Southern blots with long exposures indicates that a 

faint band can be seen in genomic digests hybridized with probes for loci located distal to 

P/p. As a consequence of this inconsistency, all E l 1 results have been ignored.

HYBX had been reported to be a monochromosomal mouse-Chinese hamster hybrid 

retaining the mouse X chromosome as its sole mouse derived material. As this hybrid 

was to be used to assign markers to the mouse X chromosome it was important to 

establish that other mouse chromosomes were not present. In addition, as HYBX was to 

be used as a cloning resource in the irradiation and fusion gene transfer (IFGT) 

experiments it would be useful to establish if other contaminating chromosomes were 

present. Loci from each autosome and a marker from the Y chromosome were 

evaluated for their presence or absence in this hybrid using PCR. None of the markers 

tested produced an amplification product (see Table 4.1) indicating that the X 

chromosome was the only mouse derived material in this hybrid. There are however 

some caveats to this interpretation. The analysis of only one, or at most a few, markers
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for any one chromosome to determine that chromosomes presence or absence 

presumes that the chromosome has remained intact during the production of the hybrid. 

This assumption is not always valid and some chromosomes are prone to fragmentation 

upon production of hybrids (Dr. C. Abbott personal communication.). However, the 

sensitivity of PCR analysis has the advantage that chromosomal material that is not 

detectable by other means such as Southern blotting/hybridization (see above) or by 

cytogenetics (see later) is detected using this means of analysis. Thus, while caution 

should be used, PCR analysis of loci on a chromosome is a useful means of determining 

that chromosomes presence or absence in a somatic cell hybrid.

It was important to establish whether hybrids retained the Y chromosome as these 

hybrids will thus also retain sequences from the PAR. This was particularly important for 

hybrids which are deleted for the terminal region of the X chromosome and thus lack the 

PAR on this chromosome. The hybrids R5D9B1,118.8 and 118.12 all retain the V 

chromosome. Thus R5D9B1 is deleted for the PAR on the X chromosome but retains 

the PAR on the Y chromosome. DMA sequences retained by the hybrids HYBX,

R5D9B1,118.8 and 118.12, but not by the hybrids N15 or B20c12, are likely to reside in 

the pseudoautosomal region.

The hybrids in the somatic cell hybrid panel were also analysed for their autosomal 

content. With the exception of HYBX and B20c12, the hybrids retained a large number 

of autosomes. This was not unexpected as mouse chromosomes are not eliminated as 

effectively as human chromosomes when placed in a hamster background. The somatic 

cell hybrid panel includes hybrids which were derived from mice with balanced X- 

autosome translocations. These hybrids retain the proximal region of the X 

chromosome. The autosomes involved in these translocations were characterized for 

more than one locus with an emphasis on choosing loci located on both sides of the 

translocation breakpoints (see Figure 4.10). The hybrid R5D9B1 has been reported to 

be derived from the T(X;7)5RI translocation which has a genetic breakpoint proximal to 

the p locus. Thus loci located distal to p should be retained by R5D9B1. However Tyr 

(previously known as c), which is located distal to p, is not present in R5D9B1. The 

absence of D7Mit1 and Tyr in R5D9B1 and the presence of the more distally located 

D7Nds4 (lpt2) Indicates that the breakpoint for R5D9B1 is located between Tyr and lpt2. 

This breakpoint location is inconsistent with R5D9B1 retaining the T(X;7)5RI 

translocation chromosome. In the absence of published data on this hybrid is difficult to 

resolve the reasons for this inconsistency however it suggests R5D9B1 was derived from 

a different X;7 translocation chromosome to that reported. The hybrid N15 is also 

derived from a X;7 translocation (T(X;7)6RI) with the cytological breakpoint at XF1 and
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7B3 and the genetic breakpoint proximal to the p locus. In this hybrid all three 

chromosome 7 markers assayed were present however, whether this was due to the 

normal chromosome 7 being present or whether the most proximal marker assayed 

{D7Mit1) was still distal to the translocation breakpoint was not determined. The hybrid 

E l 1 is derived from the T(X;2)14RI translocation which has a cytological breakpoint at 

XF and 2C. All three chromosome 2 markers, one of which should be located on the 

proximal side and two on the distal side of the chromosome 2 translocation breakpoint, 

were present in E l l . As the analysis of X chromosome markers had indicated that a 

small sub population of the 2?̂  reciprocal translocation product was present in the El 1 

cell line. It would be expected that chromosome 2 markers on both sides of the 

translocation breakpoint would also be present. The hybrid B20c12 was derived from 

mice with the T(X;16)16H translocation which has cytological breakpoints at XD and 

16B5. This hybrid has previously been shown to be deleted for Igl1 and the absence of 

this locus in B20c12 was confirmed in this study. Three hybrids were discordant for 

proximal and distal chromosome 16 markers. For the hybrid B20c12, which retains an 

X^G translocation product, the absence of a proximal and the presence of a distal 

chromosome 16 marker was not unexpected and indicates that the normal chromosome 

16 is not present in this hybrid. However for the hybrids N15 and 118.12 the discrepancy 

between these chromosome 16 markers is probably due to fragmentation of the 

chromosome.

The cell lines 118.8 and 118.12 have been cytogenetically characterized (Lau etal., 

1989). The results obtained by PCR with these hybrids were comparable with published 

results with two exceptions. Although the hybrid 118.8 is negative for chromosome 6 

cytogenetically it retains the chromosome 6 locus Odc5. A potential explanation is that 

the extreme sensitivity of PCR analysis is detecting a small sub population of cells that 

was not detected in the cytogenetic analysis. The hybrid 118.12 is negative for 

chromosome 16 cytogenetically and is discordant for the retention of the chromosome 16 

loci Ig ll and DXMitS. This suggests that chromosomes 16 is fragmented in 118.12 and 

the small fragments were not detected cytogenetically.

The analysis of only one, or at most a few, markers for any one chromosome to 

determine that chromosomes presence or absence presumes that the chromosome has 

remained intact during the production of the hybrid. This assumption is not always valid 

and some chromosomes are prone to fragmentation upon production of hybrids (Dr. C. 

Abbott personal communication.). However, the sensitivity of PCR analysis has the 

advantage that chromosomal material that is not detectable by other means such as 

Southern blotting/hybridization or by cytogenetics (see above) is detected using this
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means of analysis. Thus, while caution should be used, PCR analysis of loci on a 

chromosome is a useful means of determining that chromosomes presence or absence 

in a somatic cell hybrid. Other factors must also be considered when using this somatic 

cell hybrid panel for mapping autosomal loci. Firstly, the same sensitivity must be 

applied to the unmapped locus as to the original characterization. This effectively means 

that the unmapped locus must be used in a PCR format. Secondly, the breakpoints in 

the autosomes involved in the X-autosome translocations are poorly defined thus 

complicating the mapping of loci on these autosomes. While it can be useful to know 

which particular chromosomes are present in a somatic cell hybrid as an aid to 

interpreting data, caution should be applied when using this panel for mapping loci to a 

particular autosome.

4.4 SUMMARY

In this study a panel of irradiation and fusion gene transfer hybrids of the mouse X 

chromosome were generated and characterized. These hybrids enabled the mapping of 

a p i 5-4 element to the vicinity of DXPasIB and thus outside the PAR. Although probes 

were isolated from a subset of the IFGT hybrids by IRS-PCR none of these probes 

mapped to the terminal region of the mouse X chromosome. A panel of somatic cell 

hybrids for mapping loci to the terminal region of the mouse X chromosome and for 

screening sequences to determine if they originate from the PAR was characterized.
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CHAPTER 5

ANALYSIS OF pi 5-4 POSITIVE YACS



A nalysis  o f  p i  5 -4  Positive  Y A C s

5.1 INTRODUCTION

Although unique sequences had not been obtained from the mouse PAR a repeat 

element from this region had been isolated. In the previous Chapter the PAR repeat 

element probe p i 5-4 was used to identify IFGT hybrids which were enriched for the 

terminal region of the mouse X chromosome. An alternative strategy for obtaining 

sequences from the PAR was to isolate sequences flanking these repeat elements from 

a cloned source such as YACs.

The probe p i 5-4 was isolated by cloning the sequences flanking the viral insertion site in 

Mov-15 mice. The Mov-15 strain of mice were derived from a male founder animal 

(Soriano et al., 1986) which had incorporated a single Moloney murine leukaemia virus 

(M-MuLV) genome into its germline (Haiters et a!., 1986). In the Mov-15 strain of mice 

the mouse moloney leukemic provirus has inserted into the pseudoautosomal region with 

the provirus transferring between the X and the Y chromosome in 10-20% of male 

meioses (Harbers et a!., 1986). As there is a gradient of recombination in the mouse 

PAR this would locate the provirus to the proximal part of the PAR. Approximately 5 kb 

of mouse genomic sequences flanking the Mov-15 proviral integration site had been 

cloned. However the resulting probe, pMov-15/1, hybridized not only to the Mov-15 

specific restriction enzyme fragments but also to various other fragments even under 

stringent conditions indicating that this probe detected sequences which were repeated 

in the genome. These repeat elements were highly polymorphic as bands of different 

size and intensity were produced when DNA from different mouse strains were digested. 

The pMov-15/1 probe was also internally repeated as the three fragments produced after 

Sma\ digestion exhibited identical pattems of hybridization as pMov-15/1 and also 

hybridized to each other. A 2.2 kb SmsA subclone, p i 5-4, was further subcloned and the 

400 bp clone p i5-5 shown to consist of a tandemly repeated unit of 31 bp (Harbers et 

a!., 1990). These repeats were not identical but showed sequence variation which was 

distributed evenly throughout the repeat unit. Digestion of pMov-15/1 with enzymes with 

restriction sites within the consensus sequence for the repeat unit produced a 31 bp 

band with minor fragments with a 31 bp periodicity. This would suggest that pMov-15/1 

consists entirely of the 31 bp repeat unit. Unique subfragments from pMov-15/1 were not 

isolated (Harbers etal., 1990)

One approach to cloning unique sequences from the pseudoautosomal region was to 

use a repeat probe (p i 5-4) which had been originally isolated from the PAR.
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The probe p i 5-4 was shown by in situ hybridization to be located in the distal 

subtelomeric regions of chromosomes X, Y, 9,13. This sequence may also be present 

in chromosome 4 at a lower copy number or the repeat unit may be more divergent as 

the signal on this chromosome is weaker (Harbers et al., 1990). The in situ data were 

derived from metaphase spreads of a single mouse strain (the HUCI mouse strain -a 

transgenic mouse strain which retains the human C ollA I gene on chromosome 11). As 

the sequer>ces detected by p i 5-4 are highly polymorphic and have also been ^ow n to 

undergo unequal recombination it is unknown to what extent the localization of p i 5-4 can 

be extrapolated between mouse strains.

Although the probe pMov-15/1 was derived from the PAR it cannot easily be used to 

further characterize this region as it does not contain unique sequences. The aim in this 

Chapter was to isolate p i 5-4 positive YACs, to screen for YACs derived from the X or Y 

chromosome and to isolate unique sequences from these YACs. The approach taken to 

obtain sequences from YACs was to use vectorette PCR (Riley et a!., 1990). Vectorette 

or 'bubble' PCR is a rapid method of obtaining DNA adjacent to a known sequence. 

Sequences adjacent to the pYAC4 vector arms can be isolated by amplifying a vectorette 

library with the vectorette primer 1089 (specific for the Left or Cen arm) or 1091 (specific 

for the right or Tip arm) and the universal vectorette primer 224. Vectorette libraries are 

generated by ligating a linker cassette to YAC DNA digested to produce ends 

complementary to the linker. The design of the cassette precludes PCR amplification 

unless an initial single strand is produced from the region of known sequence to the 

cassette. An useful, inherent diagnostic in the isolation of sequences adjacent to the 

YAC vector arms is that EcoRI digestion of legitimate PCR products will produce a 280 

bp and 170 bp fragment. To determine if the p i 5-4 positive YACs originated from the X 

or Y chromosome vectorette PCR products from these YACs were screened by 

hybridization to a somatic cell hybrid mapping panel.

5.2 ISOLATION OF AND CHARACTERIZATION OF pi 5-4 POSITIVE YACS

The ungridded YAC library was screened by Zoia Larin with p i 5-4 and two positive 

clones (y4B3 and y3Bl ) obtained. These YACs were size fractionated using 

pulsed field gel electrophoresis. Southern blotted onto Hybond N+ and hybridized to 

p15-4. y3B1 retained a 410 kb YAC which hybridized to p15-4, while y4B3 retained 

a 330 kb p i 5-4 positive YAC. Hybridization with a probe from the YL (left arm of 

pYAC4) revealed that y4B3 also retained smaller 110 bp YAC (see Fig 5.1). y4B3 

was retransformed by Dr. Ketan Patel to obtain a clone retaining only the p i 5-4 

containing YAC (y4B3N).
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Figure 5.1
jSUng YAC» Retained In y3B1 and y4B3
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Autoradiogram of a Southern blot containing undigested DNA from a y3B1 
(Lane 1), and y4B3 (Lane 2). In Panel A the Southern blot was hybridized 
to pi 5-4. The filter was subsequently stripped and hybridized to YL (Panel 
B). The Southem blot was washed to 0.2xSSC, 0.1% SOS at 65°C and 
autoradiographed overnight at -70^0.

131



The vectorette PCR method was used to obtain sequences adjacent to the vector arms 

in y3Bl and y4B3N. PCR amplification between the primers 1091 and 224 in a Bgl\\ 

vectorette library of y3Bl and a HindW vectorette library of y4B3N produced amplification 

products of 1200 bp and 500 bp respectively while amplification with the primer pair 1089 

and 224 in a BsfYI vectorette library of y4B3N produced a PCR product of 1100 bp.

These vectorette PCR products where cloned into the Smal site of pBluescriptSKII(-) 

with the resulting plasmids called p3B1R, p4B3R and p4B3L respectively. Probes were 

labelled using the YAC name and the end that they originated from (L=left and R=right).

The inserts of these clones were labelled using the random priming method and 

hybridized to EcoRI-digested genomic DNA (see Figure 5.2). p3Bl R hybridized to 

multiple band in both mouse and hamster and could not be mapped using this approach. 

p4B3R hybridized to a 6.6 kb EcoRI fragment which is not present on the X chromosome 

(see Figure 5.2). p4B3L hybridized to several bands in male and female mouse DNA 

and to a hamster band but did not hybridize to any mouse specific bands in HYBX(see 

Figure 5.2) thus excluding it originating from the mouse X chromosome. p3Bl R was 

partially sequenced and primers Y3B1 Pi and Y3B1P2 (see Appendix) designed and 

used to amplify genomic DNA. These primers did not produce an amplification product 

with HYBX and thus the right end of y3B1 does not originate from the X chromosome 

(see Figure 5.3). It would thus appear that neither y3B1 or y4B3N originated from the 

mouse X chromosome.

In this original screen of the ICRF mouse YAC library only two p i 5-4 positive clones were 

identified. Given that this library is a three fold representation of the mouse genome and that 

p i5-4 recognizes a repeat element found on 3-4 chromosomes, p i 5-4 YACs would appear 

to be underrepresented in this library. An alternative explanation is that the original screen 

only identified YACs with a high copy number of the loci detected by p i 5-4. The gridded 

ICRF YAC library was therefore rescreened with p i 5-4 and a further 10 p i 5-4 YACs 

identified. It was probable that more YACs retaining the loci detected by p i 5-4 exist in the 

ICRF library as the version of the library screened with p i 5-4 was subsequently determined 

not to retain the full complement of YACs in the ICRF mouse YAC library. These YACs were 

size fractionated using pulsed field gel electrophoresis, Southem blotted onto Hybond N+ 

and hybridized first to p i5-4 and then to YL (see Figure 5.4). These clones all retained only 

one YAC as shown by the presence of only one centromeric YAC arm (YL). The copy 

number of p i 5-4 loci in these YAC appeared to vary. An obvious example of this (see Figure 

5.4) can be seen between the YACs ICRFY903A105 (y105) and ICRFY902E03111 ( y l l l)  

where p i 5-4 hybridizes to y 105 with a much greater intensity than to y111. The intensity of 

the signal from the probe YL would indicate that the loading of DNA in these tracks is similar 

with perhaps more DNA in the y111 lane.
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Figure52
Mapping S^uences Adjacent to the Vector Arms from y3B1 and y4B3N

Panel A Panel B Panel C 

1 2  3 4
'■■T v-r-. -

Autoradiogram of a Southem blot containing EcoRI-digested genomic DNA from a Balb/C 
male mouse (Lane 1), a Bab/C female mouse (Lane 2), HYBX (Lane 3) and A23 (Lane 4) 
after hybridization with the probes p3B1 R, p4B3R and p4B3L (Panels A, B and C 
respectively). The Southem blots were washed to O.SxSSC, 0.1% SDS at 65°C and 
autoradiographed for 6 (Panels 1 and 2) or 4 (Panel 3) days at -70°C.

133



Figure 53
'  V '  '

Mapping Seqences Adjacent to the Right Arm of y3B1 by PCR Anaiysis

1 2 3 4 5 6

Ethidium bromide stained agarose gel of PCR products. The primers Y3B1 PI and 
Y3B1P2 were used to amplify genomic DNA from Balb/C male mouse (Lane 2), Balb/C 
female mouse (Lane 3), HYBX (Lane 4) and A23 (Lane 5). Lane 6 is a water control.
(|)X174 Haelll-digested DNA was used as a molecular weight standard (Lane 1)
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FIGURE 54
Examples of ptS4 Positiv» YAC*
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Autoradiogram of a Southem blot containing undigested DNA from ICRFY903A105 
(Lane 1), ICRFY902E03111 (Lane 2), ICRFY903G1114 (Lane 3), ICRFY902D02130 
(Lane 4) and ICRFY902B0299 (Lane 5). In Panel A the Southem blot was hybridized 
to p15-4. The filter was subsequently stripped and hybridized to YL (Panel B).
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The primers 1091,1089 and 224 were used to amplify BsfYI vectorette libraries of the 

p i5-4 positive YACs obtained in the second screen. The PCR products were 

radioactively labelled and hybridized to genomic mapping panels to determine whether 

the YAC clones originated from the X chromosome. A summary of this mapping data is 

provided in Table 5.1. Probes that could be used to map at least one end of the YAC 

were isolated for 8 of the 10 additional p i 5-4 positive YACs. The hybridization pattems 

obtained by these probes varied from simple single bands to complex repeat patterns 

(see Figure 5.5). A probe (Y130L) obtained from the left end of 1CRFY902D02130 

(y130) produced a complex repeat pattern but also hybridized to a 800 bp EcoRI band in 

genomic DNA from HYBX (see Figure 5.6A). To establish whether this band was the 

cognate locus or whether Y130L was cross reacting to similar loci on the X chromosome, 

Y130L was competed with excess genomic DNA and hybridized to a Southem blot which 

included BcoRI digested DNA from HYBX and y130. As shown in Figure 5.6B the band 

seen in HYBX after hybridization with Y130L without competition is absent when this 

probe is competed and that the cognate fragments in y 130 are a different size. This 

figure also shows that Y130L detects more than one EcoR\ band in the YAC y 130. Thus 

uncompeted y130L presumably cross-reacts to a repeat element located on the X 

chromosome In this analysis none of the probes derived from the p i 5-4 positive YACs 

could be definitively assigned as originating from the X chromosome.
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Figure 5 5
Examples of Mapping of Probes Obtained from the p154 Positive YACs
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Autoradiogram of a Southem blot containing EcoRI-digested genomic DNA from a Balb/C 
male mouse (Lane 1 ), a  Bab/C female mouse (Lane 2), HYBX (Lane 3) and A23 (Lane 4) 
after hybridization with the probes Y045YL and Y299YR (Panels A andB respecttively). 
The Southern blots were washed to 0.2xSSC, 0.1% SDS at 65®C and autoradiographed 
overnight at •70®C.
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Rgure5 j6
Characterization Of the YAC ICRFY902D02130

PanelA Panel B 

1 2  3 4

Autoradiogram of a Southem blot containing EcoRI DNA from Balb/C male mouse (Lane 1), 
Balb/C female mouse (Lane 2), HYBX (Lane 3), A23 (Lane 4) and y 130 (Lane 5 Panel B 
only) after hybridization with Y130L with and without competition (Panels B and A 
respectively). The Southem blots were washed to 0.2xSSC, 0.1% SDS at 65®C and 
autoradiographed for 4 days at -70°C.
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Table 5.1

Mapping Sequences Adjacent to Vector Arms of the p15-4Positive YACs

YAC Identifier N°YACs Size of YAC Left Origin Right Origin
ICRFY903D045 1 230 Kb Not X Chromosome

ICRFY903A105 1 570 kb Not X Chromosome Repeat

ICRFY902E03111 1 510 kb Repeat

ICRFY903G1114 1 >1600 kb Not X Chromosome

1CRFY902D02130 1 1260 kb Faint X band^ Not X Chromosome

ICRFY902B0299 1 830 kb Not X Chromosome

ICRFY902C0487 1 350 kb Not X Chromosome

ICRFY902C0748 1 1350 kb Satellite band

ICRFY902E07104 1 1100 kb Not X Chromosome

ICRFY903A0813 1 500 kb Not X Chromosome

V4B3N 1 330 kb Not X Chromosome Not X Chromosome

V3B1 1 410 kb Not X Chromosome

a A faint X band, observed in HYBX after hybridization with the probe Y130L without 

competition was not seen when this probe was competed.
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5.3 DISCUSSION

In this Chapter a repeat probe (pi 5-4) which was originally isolated from the 

pseudoautosomal region was used in an attempt to isolate single copy probes from the 

PAR. Probes which could be used on genomic Southem blots were isolated from the 

ends of 9 p i 5-4 positive YACs. None of these probes could be mapped to the X 

chromosome. In addition an STS developed from an additional YAC (y3Bl) did not map 

to the X chromosome. Thus, of the 10 p i5-4 YACs which vector-insert junction 

sequences were isolated, at least one end did not map to the X chromosome.

Subsequent to this analysis the ICRF mouse YAC library was rescreened with the probe 

p i 5-4 using a filter that had not experienced any of the production problems that 

occurred in earlier versions of the YAC library and was therefore considered to be a 

complete version of the library. Supporting evidence for this was that single copy probes 

which had not detected clones in the previous versions of the library detected three 

positive clones in this version of the YAC library (see Chapter 6). This third rescreen 

resulted in the detection of 30 positive clones. Further supporting evidence for the 

completeness of this version of the YAC library was that all ten p i 5-4 clones previously 

isolated from the gridded YAC library were identified in this screen. If it is considered 

that there are a total 30 p i 5-4 positive YACs in the ICRF mouse YAC library then one 

third of these YACs do not map to the X chronK>some. As only one YAC (y4B3N) had 

both ends mapped it is possible that these YACs do contain X chromosomal sequences 

but are chimeric and that only the autosomal end of these YACs has been mapped. 

Three of the mapped YACs are larger than 1 Mb and it would seem probable that these 

are chimeric. In addition these YAC all retain repeat sequences. Repetitive elements 

have previously been implicated in the production of chimeric YACs (Green et al., 1991).

A YAC contig of the human pseudoautosomal region has recently been constructed 

(Slim at a/., 1993a). To identify clones potentially originating from the human PAR YACs 

retaining the STIR element were identified. The STIR (sub telomeric interspersed 

repeat) element is found in the pseudoautosomal region, more proximally on the X- 

specific portion of Xp22.3, on Yp and also at the tip of many autosomes (Rouyer at a!., 

1986; Petit at a!., 1990; Rouyer at a!., 1990) and thus has a distribution reminiscent of 

p i5-4 in the mouse. At least one third of the isolated STIR positive YACs isolated 

originated from the PAR as indicated by the hybridization of a probe from the 

pseudoautosomal region to 13 of the 41 STIR YACs. It is likely that more than one third 

of STIR elements are located in the PAR as there are regions in the PAR for which no 

probe was available to screen the STIR positive YACs (Slim at a/., 1993a). Of these 31 

YACs at least 50% were chimeric or rearranged.
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The construction of the human PAR YAC contig was aided by the availability of 

previously identified probes from the PAR. A similar situation for subdividing the p i 5-4 

positive YACs does not currently exist in the mouse requiring all p i 5-4 YACs to be 

screened. The high rate of chimerism in most YAC libraries (including the ICRF human 

YAC library which was constructed under the same protocol as the ICRF mouse YAC 

library (Larin et al., 1991)) further complicates the screening of the p i 5-4 YACs. In 

addition the high degree of polymorphism exhibited by p i 5-4 loci between inbred strains 

and the high rate of unequal recombination exhibited at one p i 5-4 locus make it difficult 

to extrapolate information obtained about the loci detected by p i 5-4 from one strain to 

another. Thus potentially the C3H strain of mice (used to construct the majority of clones 

in the ICRF mouse YAC library) have a low copy number of p i 5-4 repeats on the X and 

Y chromosomes. However, if it is assumed that only one third of the p i 5-4 YACs 

originated from the X chromosome/PAR then only three of the 10 YACs analysed would 

be expected to map to the X chromosome. Further, if a chimerism rate of 50% of YACs 

in the ICRF mouse YAC library is assumed then only 3 of the 20 vector-junction 

fragments (or 1.5 of the 10 vector-junction fragments analysed) would be expected to 

originate from the X chromosome/PAR. Thus the failure to find p i5-4 positive YACs 

from the X chromosome could be due to insufficient clones being analysed. As there 

were approximately 20 unmapped YACs and 10 partially mapped YACs the approach of 

isolating vector-junction sequences was considered too laborious to map these clones.

A more efficient approach to mapping these p i 5-4 positive YACs would be to use in situ 

hybridization of the entire YACs to metaphase spreads to determine if any of these YACs 

detects sequences from the X and/or Y chromosomes. However as an in situ 

hybridization facility was not readily available altemative approaches to cloning the PAR 

were pursued.

141



CHAPTER 6

CHROMOSOME WALKING TOWARDS THE 

PSEUDOAUTOSOMAL REGION



C h r o m o s o m e  W a l k in g  T o w a r d s  T he  Ps e u d o a u to s o m a l  R egion

6.1 INTRODUCTION

The pseudoautosomal region is located at the distal end of the mouse X 

chromosome. One approach to cloning sequences from this region would be to 

perform a chromosomal walk from the closest flanking X-linked marker towards the 

telomere. This positional cloning type of approach would be aided by the availability 

of yeast artificial chromosome (YAC) libraries (Kay etal., 1991; Chartier etal., 1992).

The scale of YACs greatly facilitates chromosome walking as they have a cloning 

capacity in the order of a magnitude larger than P i clones and about 25 times that of 

cosmids (Sternberg, 1990). The YAC cloning vector consists of two arms which 

provide functional yeast chromosomal elements to the exogenous DNA fragment to 

be cloned. These elements include a DNA replication origin, a yeast centromere and 

for each vector arm a selectable marker gene and sequences which seed telomere 

formation in vivo (Burke et al., 1987). The exogenous DNA is placed within a gene 

whose interuption is phenotypically visable and the YAC transformed into a yeast 

host. Mouse YAC libraries with exogenous DNA inserts with an average size of 

700 kb have been produced (Larin etal., 1991).

The genetic order of loci in the terminal region of the mouse X chromosome has 

been investigated (see Chapter 3) and the most distal X-linked locus, and therefore 

the closest marker to the PAR, is amelogenin. Amg has been reported to be 

located 0.5 cM proximal to DXYMovIS (Brown et al., 1993) which is located in the 

PAR. If the genome average of 1 cM corresponding to 2 Mb applied in this area 

then the PABX would be locate approximately 1 Mb distal to Amg. However, there 

is evidence to suggest that the recombination fraction between loci closely 

associated on the cytogenetic physical map in the telomere region is higher than 

similarly spaced markers from the proximal region of the X chromosome (Disteche 

et al., 1989). This could mean that the physical distance between Amg and the 

pseudoautosomal boundary is less than indicated above. It was therefore though 

feasible to use the ICRF mouse YAC library, which has an average insert size of 

700 kb (Larin et a i, 1991), to walk from Amp to the pseudoautosomal twundary.

143



 ISOLATION AND CHARACTERIZATION OF AMELOGENIN POSITIVE YACS

6.2.1 ISOLATION OF AMELOGENIN POSITIVE YACS FROM THE ICRF MOUSE YAC LIBRARY

As amelogenin was the most distally located locus on the mouse X chromosome 

detected by a single copy probe it was decided to use this as a starting point for walking 

towards the pseudoautosomal boundary. The probe pMa5-5, a mouse cDNA 

amelogenin clone ( Snead et al., 1983; Snead et a/., 1985), was hybridized to the 

ungridded YAC library by Zoia Larin and two positive clones, yA1 and yA2, were 

obtained. To ensure that the cognate Amg locus was retained in these YACs, the 

restriction digest profiles of these YACs were compared with that of female mouse 

genomic DNA. Fragment sizes detected by pMa5-5 were corrparable between yA1, yA2 

and genomic DNA (see Figure 6.1) and were also comparable with published band sizes 

(see Table 6.1). The small variation in fragment size obtained between genomic and 

YAC DNA could be due to differences in the amount of DNA loaded onto the gel. Thus 

both yA1 and yA2 retain the cognate amelogenin locus.

To determine the size of the YACs retained within the clones yA1 and yA2 these YACs 

were size fractionated using pulsed field gel electrophoresis and the DNA immobilized on 

Hybond N+. The filters were hybridized to pMa5-5, stripped, then hybridized to YL (See 

Appendix). As can be seen in Figure 6.2 yA1 retains two YACs, a 940 kb amelogenin 

containing YAC and a smaller 330 kb YAC while yA2 retains a single 1 Mb YAC which 

hybridizes to pMa5-5. To simplify the analysis of yA1 it was retransformed by Dr. Ketan 

Patel and the Amg positive YAC yA1 N isolated.

6.2.2 Isolation of Sequences Adjacent to the vector arms of yA2

To establish whether the YAC yA2 was chimeric, and to obtain probes as distal to 

Amg as possible, the sequences adjacent to the vector arms of yA2 were obtained 

by vectorette PCR. PCR amplification between vectorette primers 1089 and 224 in 

a HinDlW vectorette library of yA2 produced a 580 bp product, while amplification of 

a Bgl\\ vectorette library with the primers 1091 and 224 resulted in a 330 bp PCR 

product. These vectorette PCR products were cloned into the Smal site of 

pBluescriptSKII(-) with the resulting plasmids called pA2LH and pA2RB 

respectively. pA2LH was subcloned and pA2LE retains only the mouse specific 

portion of pA2LH.
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Figure 6.1
Restriction Digest Profite of the Locus Detected by pMa5-5
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Autoradiogram of a Southern blot containing DNA from yA1, yA2 and a female mouse after 
digestion with a variety of restriction enzymes and hybridization with the Amg cDNA probe 
pMa5*5. The DNA from female mouse, yA1 and yA2 and was digested with Bgl\\ (Lanes 1, 
2,3), EcoRI (Lanes 4.5,6). HinD\\\ (Lanes 7,8.9), Msp\ (Lanes 10,11.12), PsÛ (Lanes 
13,14,15) and Tacji (Lanes 16,17,18) respectively. The Southern blot was washed to 
0.2xSSC, 0.1% SDS at 65°C and autoradiographed for 2 days at -70°C.
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Table 6.1
Comparison of Restriction Enzyme Fragments Detected by pMa5-5

Chapman efaf.* Lauefa/.b Female genomic yA1 and yA2

BamHI 19.0 kb
BgH\ 2.5 kb 2.6 kb 2.7 kb
EcoRI 6.2 kb 6.5 kb 6.0 kb 6.5 kb
Hinm 3.1 kb 3.4 kb 3.6 kb
Psn 7.0 kb 7.0 kb 6.6 kb 7.3 kb
PviAl 9.2 kb
Kph\ 5.0 kb
Msp\ __ 4.6 kb 5.1 kb
Tad 7.9 kb 8.5 kb

a (Chapman et a/., 1991)

b (Lau ef a/., 1989)

Restriction fragment sizes were measured from Figure 6.1
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FIGURE 62
Sizing YAOt Retained in yA1 and yA2
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Autoradiogram of a Southern blot containing undigested YACs from the 
clones yA1 (Lane 1) and yA2 (Lane 2) after hybridization with pMa5-5 
(Panel A) and YL (Panel B). The Southem Wot was washed to 
0.2xSSC, 0.1%SDS at 65®C and autoradiographed ovemight at -70®C.
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The entire 300 bp of mouse DNA insert of pA2LE ("left" end of yA2) was sequenced and 

primers YA2L1 and YA2L2 (see Appendix) designed from this sequence. These primers 

produced the expected 257 bp PCR amplification product from mouse genomic DNA.

This sequence tagged site (STS) is subsequently referred to as sA2L. While HYBX 

retained sA2L the hybrids R5D9B1. N15 and B20c12 did not indicating that this locus is 

located in the terminal region of the mouse X chromosome (see Figure 6.3A). The entire 

158 bp of mouse insert in pA2RB ("right" end of yA2) was sequenced and primers 

YA2R3 and YA2R4 (see Appendix) designed from this sequence. PCR amplification 

with these primers produced the expected 121 bp amplification product (subsequently 

referred to as sA2R) from mouse genomic DNA. This PCR product was also produced 

from HYBX DNA but was not produced after PCR amplification from DNA from the 

hybrids R5D9B1, N15 and B20 c l2 (see Figure 6.3B) indicating that this locus was also 

derived from the terminal region of the mouse X chromosome. Thus, the sequences at 

both ends of yA2 are derived from the terminal region of the mouse X chromosome. As 

Amg is also derived from this region it would seem likely that yA2 represents a 

contiguous fragment of genomic DNA.

6.2.3 long-range Restriction Map of yA2

A long range restriction map was made of yA2 in order to further characterize this YAC 

and also to establish the physical distance between Amg and the sequences at the ends 

of this clone. yA2 was digested with a variety of rare-cutting restriction enzymes, 

size-fractionated by PFGE and Southem blotted onto Hybond N+. This Southern blot 

was hybridized with the probes pMa5-5 {Amg cDNA), YR and YL (see Figure 6.4). In 

addition the probe p78RY (see Chapter 6.7) was also hybridized to this Southem blot. 

p78RY was derived from the right end of y78 (which overlaps with yA2) and is also 

present in the YAC yA2 as an internal fragment. The sizes of restriction enzyme 

fragments hybridizing to these probes is given in Table 6.2 and a restriction map is 

presented in Figure 6.5. The restriction map was constructed predominantly from 

fragments hybridizing to the YAC vector probes (YL and YR) and represents only those 

restriction sites which could be unambiguously assigned. It thus does not represent all 

the rare-cutter restriction enzyme sites present in yA2.

MIlA digests produced a 640 kb fragment which hybridized to both YR and pMa5-5 and a 

370 kb fragment which hybridizes to YL. The sum of these two fragments is the size of 

the intact YAC and indicates that there is only one Mlu\ site (or a cluster of MliA sites 

which can be considered as effectively one site) in yA2. The hybridization of YL to a 370 

kb MIlA fragment not recognized by pMa5-5 places the Amg locus a minimum of 370 kb 

from the left end of yA2.
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Figure 6 3
Mapping Sequences Adjacent to the Vector Arms of yA2
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Ethidium bromide stained agarose gel of PCR products. The genomic DNA amplified was 
from Balb/C male mouse (Lane 2), Balb/C female mouse (Lane 3), HYBX (Lane 4), A23 
(Lane 5),R5D9B1 (Lane 6), N15 (Lane?), B20c12 (LaneS), 118.8 (Lane 9). 118.8 (Lane
10). Lane 11 is a water control. ())X174 Haelll-digested DNA was used as a molecular 
weight standard (Lane 1). Amplification products from the left (sA2L) and right (sA2R) ends 
of yA2 are shown in Panels A and B respectively.
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FIGURE 6/1
Digest Fragments of yA2 Using Single Rare-cutting Restriction Enzymes
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Autoradiogram of a Southern blot of restriction enzyme digested yA2 after hybridization with 
pMa5-5, YR, YL and p78RY. The digested DNA was electrophoresed with a linear pulse 
time ramp of 50-90 sec for 25 hrs.
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Table 6.2

Restriction Enzyme Fragment Sizes in yA2

YL pMa5-5 YR p78RY Sum of Unique 
Fragment Sizes

BssHi\ 120 kb 430kb 100 kb 650 kb
270 920 kb

Clài <50 kb 80 kb <50 kb 110 kb

EagI 160 kb 290 kb 460 kb 910 kb
120 kb 1030 kb

MliA 370 kb 640 kb 640 kb 1010 kb

370 kb

Nrùi 380 kb 530 kb 80 kb 990 kb

380 kb

PviA <50 kb <50 kb 165 kb 270 kb

San <50 kb <50 kb 165 kb 270 kb

SacW 170 kb 380 kb 460 kb 1010 kb

380 kb

sfn 130 kb <50 kb <50 kb 160 kb

Sma\ 100 kb <50 kb ND 60 kb

ND- not detected

Restriction fragment sizes were measured from Figure 6.4.
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Figure 65
Long Range Restriction Map of yA2 Constructed Using Single Rare-cutter Restriction Enzymes
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Restriction map of yA2 was constructed from the data obtained from Figure 6.4 and presented in Table 6.2. 
The restriction map does not represent aii sites in yA2 as only terminal fragments (represented by lines 
underneath the map) were used to construct the map. The Amg locus has been localized based on the 
hybridization of the probe pMa5-5 to a 640 kb Af/ui right' terminal fragment but not to a 460 kb Sadi right' 
terminal fragment. Restriction enzyme abréviations as follows: B, BssHil; E, EagI; M, Af/d; N, A/rd; 3, Sadi



Sadi digests produced fragments of 170,380 and 460 kb which hybridized to YL, 

pMa5-5 and YR respectively. The sum of these three fragments is approximately the 

size of the intact YAC and indicates that there are probably only two Sadi sites in yA2. 

(These Sadi sites are designated Si and S2 in Figure 6.5.) The hybridization of pMa5-5 

to a 640 kb MliA but not to a 460 kb Sadi fragment which are both recognized by YR 

indicates that Amg is located a maximum of 640 kb and a minimum of 460 kb from the 

right end of yA2. This minimum distance was also confirmed by the production of a 460 

kb EapI fragment which hybridized to YR but not to pMaS-5. phAa5-5 and YL hybridized 

to a 290 and 160 kb EagI fragment respectively. As the sum of the EagI fragments 

recognized by YL, YR and pMa5-5 is smaller than the size of the intact YAC (see Table 

6.2) it suggests that other EagI fragment(s) not recognized by these probes are also 

produced. This prediction was confirmed as the probe p78RY (located approximately 

200 kb from the left end of yA2 see Chapter 6.7) detects a 120 kb EagI fragment not 

detected by YL.YR or pMa5-5. As expected, p78RY and pMa5-5 co-hybridized to a 380 

kb Sad I fragment. To further refine the location of Amg and to confirm the construction 

of the map a subset of rare-cutting restriction enzymes were used in single and double 

digests of yA2.

To re-evaluate the single digest restriction map, which was based on M/d digested 

fragments and constructed from the termini of yA2, the double digest restriction map was 

based on Sadi restriction fragments and fragments hybridizing to probes for Amg. yA2 

was digested with BssHII, EagI, M/d and Sadi in both single and double digests, size 

fractionated by PFGE and Southern blotted onto Hybond N+. This Southern blot was 

hybridized with the probes pAMGB {Amg genomic probe), YL, YR and p78RY (see 

Figure 6.6). The size of the restriction fragments hybridizing to these probes is given in 

Table 6.3 and a restriction map is presented in Figure 6.7. The small size variation of 

fragments in this analysis compared with the single digest analysis is presumably due to 

the different PFGE conditions. The sum of the sizes of the Sadi fragments recognized 

by the probes YL (150 kb), YR (450 kb) and pAMGB (390 kb) is approximately the size of 

the intact YAC and therefore presumably accounts for all the Sadi fragments. To 

provide reference points for the map these sites were named, from the left to right end of 

yA2, as S i and 82. pAMGB detects a 170 kb and 150 kb Sac\\/BsshR\and $ad\/Mlu\ 

fragments respectively. pAMGB also recognizes a 170 kb Ea^/BssH\\ and a 150 kb 

EagMMliA fragment, which are the same size as the SacW/BssHW or SadVMliA 

respectively, which would suggest that an EagI site is coincident with the 82 Sadi site. 

This is consistent with YR detecting both a 450 kb EagI and Sadi fragment.
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Figure 6j6
Digest Fragments of yA2 Using Single and Double Rare-cutting 
Restriction Enzymes
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Autoradiogram of a Southern blot of restriction enzyme digested yA2 after hybridization with 
pMa5-5, YR, YL and p78RY. The digested DNA was electrophoresed with a linear pulse 
time ramp of 30-90 sec for 24 hrs.
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Table 6.3

Restriction Enzyme Fragment Sizes From Single and Double Digests of yA2

YL pMa5-5 YR P78RY Sum of Unique 
Fragment Sizes

Bssm 130 kb 440kb 80 kb 650 kb
260 kb 920 kb

w 150 Kb 280 kb 450 kb 880 kb
120 kb 1000 kb

MliA 380 kb 630 kb 630 kb 1100 kb
380 kb

Sacll 150 kb 390 kb 450 kb 990 kb
390 kb

BssmEa^ 120 kb 170 kb 70 kb 120 kb
BssHli/M/ui 120 kb 420 kb 70 kb 270 kb
EssBll/Sadi 120 kb 170 kb 80 kb 200 kb
Eagi/M/ul 150 kb 150 kb 450 kb 120 kb
Ea^SacW 150 kb 290 kb 450 kb 120 kb
MlùUSa<À\ 150 kb 150 kb 450 kb 200 kb 1

ND- not detected

Restriction fragment sizes were measured from Figure 6.6
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Figure 6.7
Long Range Restriction Map of yA2 Constructed Using Singie and Double Rare-cutter Restriction Enzymes
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Restriction map of yA2 was constructed from the data obtained from Figure 6.6 and presented in Table 6.3. 
Restriction enzyme abréviations as follows; B, BssHil; E, EagI; M, Af/ul; N, NriA; S, Sadi. The position of 
the NriA sites are inferred from the singie digest data and are presented in brackets to indicate this.



pAMGB recognize a 280 kb Eac/i fragment which would indicate that 260 kb of yA2 needs to 

be accounted for. The hybridization of YL to a 150 kb and p7BRV to a 120 kb Eag\ fragment 

would indicate that there are three EagI sites within yA2 and agrees with the number of sites 

calculated by the single digest data. The sum of the sizes of the four EagI fragments is also 

approximately the size of the intact YAC. YL hybridizes to a 150 kb EagI and Sadi restriction 

fragment which would indicate that the EagI site is coincident with the Si Sadi site. As YL 

hybridizes to a 130 kb BssHil fragment it would be predicted that p78RY would hybridize to a 

240 kb SssHII fragment and a 260 kb fragment is observed. pAMGB hybridizes to a 440 kb 

BssHil fragment which would suggest that there is an approximately 100 kb BssHil fragment 

undetected by any probe at the right end of yA2. The restriction map in Figure 6.7 is 

expected to account for all BssHI, EagI, MliA and Sadi sites in yA2 with the possible 

exception of BssHII which could have more sites in the predicted 100 kb fragment. In 

addition the Nru\ sites mapped in Figure 6.5 have been included in the restriction map of yA2 

presented in Figure 6.7. As there are no restriction sites (of those tested) between the Mlu\ 

and 82 Sacll site the location of Amg remains at 450-630 kb from the right end of yA2.

6.2.4 Characterization of yAi N

Although smaller than yA2, yAi N potentially contained sequences distal to those in yA2. 

Vectorette PCR of several restriction enzyme vectorette libraries was used in an attempt to 

isolate the sequences adjacent to both YAC vector arms. Sequences adjacent to the right 

arm of the YAC vector in yAi N were successfully amplified from a HinD\\\ vectorette library 

and the PCR product cloned (pAI RH) and sequenced. A sequence similarity search on the 

EMBL Release 32 data base indicated that pAI RH was a member of the R repeat family 

and could therefore not be used for mapping. The left end of yAi N was not isolated.

A comparison of restriction enzyme map between yA2 and yAi N indicated that yAi N was 

probably chimeric. In both YACs, pMa5-5 hybridized to a 440 kb BssHI fragment (see 

Figure 6.8) which would indicate that both BssHII sites flanking Amg are present in yAi or 

that a breakpoint is close to one of the BssHII sites. However while pMa5-5 detected a 

630 kb MliA and 280 kb EagI fragment in yA2 it detected a 530 kb MliA and 180 kb EagI 

fragment in y A i. YR detects the same BssHII and EagI fragments as pMa5-5 but only 

detects small MliA fraghnents which would suggest that the right end cloning site of yAi is 

between the BssHII and Mlu\ sites in yA2. The detection of a 530 kb MliA fragment by 

pMa5-5 would the produce a novel Mlu\ site in yAi that is not present in yA2 (see Figure 

6.10) would suggest that yAi is rearranged. In addition, as s78R (p78RY) and sA2R are 

between 720 and 850 kb apart in yA2, the 940kb YAC in yAi would be expected to retain 

one of these sites. Figure 6.13 shows that yAi N does not retain either s78R or sA2R and 

is therefore probably rearranged.
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Figure 6jB
Digest Fragments of yAi and yA2
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Autoradiogram of a Southern blot of restriction enzyme digested yA1 and yA2 after 
hybridization with pMa5-5 and YR. The digested DNA was electrophoresed with a linear 
pulse time ramp of 5-50 sec for 24 hrs.
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Figure 6 â
Comparison of the Restriction Maps of yA2 and yA1
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Restriction map of yAi was constructed from the data obtained from Figure 6.8 
Restriction enzyme abréviations as foilows: B, BssHil; E, EagI; M, M/ul; S, Sadi 
Sites in common between these two YACs are indicated by connecting vertical 
lines. A M/ul site present in yAi but not in yA2 is indicated by an asterix.
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M  Determining the Direction of the chromosome walk

To ensure that the chromosome walk proceeded towards the telomere, probes from the 

region defined by yA2 were mapped on a mouse interspecies backcross panel (see 

Chapter 3). This panel had been characterized for a number of loci in the terminal region 

of the mouse X chromosome including Amg which was the most distal locus mapped in 

this cross. This backcross panel was used to determine which of the ends of yA2 was 

distal to Amg. pA2LE, which is adjacent to the Trp or "left" arm of yA2, did not detect 

restriction fragment length variants (RFLVs) between 05781/6 and M. spretus with the 

restriction enzyme digests tested and could therefore not be used to orient yA2. As the 

probe pA2RB, which is adjacent to the Ura or "right" arm of yA2, hybridized poorly to 

genomic DNA a second "right end" probe (pA2RB2) was isolated from a XDASHII library 

of yA2. yA2 was partially digested with SauSAI and cloned into the BamHI cloning site of 

ADASHII. This library was screened with the probe YR and two clones XA2R3 and 

XA2R5 isolated. These clones were digested with EcoRI, electrophoresed in a 0.8% 

agarose gel, immobilized onto Hybond N+ using alkali transfer and hybridized with total 

genomic mouse DNA in order to identify repeat free DNA fragments. An 800 bp repeat 

free EcoRI fragment was subcloned into the EcoRI site of pBluescriptSKII(-) (pA2RB2). 

The cognate locus detected by this probe is subsequently referred to as DXPas32. 

pA2RB2 detects a 6.9 kb C57BU6 and a 4.6 kb M. spretus band in Taqii digested 

genomic DNA and was therefore hybridized to TaqI digested genomic DNA from the 

interspecies backcross panel (see Figure 6.10). The haplotype of these animals is 

shown in Figure 3.8. DXPas32 showed complete allellic concordance with Amg in 78 of 

the 79 backcross animals tested thus confirming the origin of pA2RB2 as being in the 

region of Amg. The exception to this concordance, mouse 113, exhibited a 

recombination event between Amg and DXPas32 (see Figure 3.8) thus enabling yA2 to 

be oriented with respect to the X chromosome. In this animal all previously typed loci, 

including Amg, had exhibited a B6CBARI allele whereas DXPas32 exhibited a M. spretus 

allele and must therefore be located distal to Amg.

Thus yA2 is an Amg positive YAC retaining an apparently contiguous fragment of the 

mouse X chromosome. This YAC has been oriented with respect to the mouse X 

chromosome and a probe located between 450 and 630 kb distal to Amg isolated.
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Figure 6.10
/  *
Mapping DXPas32 In the Interspecies Backcross Panel
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Autoradiogram of a Southern blot containing Tagl-digested genomic DNA from a 
C57BL/6 mouse (Lane 1), a spretus mouse (Lane 2) and mice from the interspecies 
backcross panel (Lanes 3-14) after hybridization with pA2RB2. The Southern blot was 
washed to 0.2xSSC, 0.1% SOS at 65°C and autoradiographed for 4 days at -70°C.
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These YAC clones, ICRFy902C0212, ICRFy902H01117 and ICRFy902D05118, are 

subsequently referred to as ySTPI, yW1 and y5118 respectively.



6.4 Determining if the ch ro mosomal w a lk  hap crossed the
PSEUDOAUTOSOMAL BQUNDABY

The pseudoautosomal boundary had been estimated to lie 0.5 cM distal to Amg. As the 

right end of yA2 was located 450-630 kb distal to Amg it was necessary to establish 

whether this locus was strictly X-linked or whether it was located in the PAR. The 

primers YA2R3 and YA2R4 were used to amplify genomic DNA from HYBX, a 

monochromosomal hybrid retaining the X chromosome, 118.8 and 118.12, hybrids 

retaining the Y chromosome in the absence of the X chromosome and R5D9B1, a hybrid 

which retained the Y chromosome and an X chromosome that was terminally deleted. A 

PCR amplification product was produced in HYBX but not in R5D9B1,118.8 or 118.12 

(see Figure 6.3) indicating that these primers amplify a locus in the terminal region of the 

X chrorrx)some that is not present in the Y chromosome and must therefore not in the 

pseudoautosomal region.

6.5 CHROMOSOME WALKING FROM THE RIGHT END OF yA2

6.5.1 IS O L A T IO N  O F  pA2RB2 P O S IT IV E  YACS F R O M  T H E  ICRF M O U S E  YAC L IB R A R Y

To extend the chromosomal walk the probe pA2RB2 was hybridized to the ICRF mouse 

YAC library and three positive YAC clones isolated. The pA2RB2 positive YACs ySTPl, 

yW l and y5118 were size fractionated by PFGE and the DNA immobilized to Hybond N+ 

using alkali transfer. The probe YL was used to determine the number of YACs in these 

clones (see Figure 6.11 ). This probe only detected a 1.0 Mb YAC in the clones yA2 and 

ySTPI. y5118 retained a 1.0 Mb and a smaller 740 kb YAC while yWI retained three 

YACs, a 1.05 Mb, a 490 kb and a 240 kb YAC. The probe pA2RB2 was hybridized to the 

filter and detected a 1 Mb YAC in yA2, ySTPl and y5118 and a 1.05 Mb YAC in yW I.

As pA2RB2 hybridizes weakly to a 6.6 kb EcoRI autosomal fragment it was necessary to 

ensure that all YAC retained the cognate locus from the X chromosome. The probe 

pA2RB2 was hybridized to a Southern blot of EcoRI digested DNA from these clones 

and recognized the 800 bp cognate band in these YACs indicating that they are derived 

from the X chromosome (See Figure 6.12).

6.5.2 A n a ly s is  O F  ySTPl

Analysis of ySTPI (isolated from the gridded YAC library) has shown that this YAC is 

equivalent to yA2 which was isolated from the ungridded YAC library. This was shown 

as follows; both yA2 and ySTPI are 1 Mb, pA2RB2 positive YACs which retain the sA2L, 

Amg and sA2R loci (see Figure 6.13). These YACs were digested with a number of
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Figure6.1 1
Sizing YACs Retained in yA2, ySTPI, yS118 and yWI
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. Autoradiogram of a Southern blot containing undigested YACs from the clones yA2 
V  i (Lane 1), yA1N (Lane 2), ySTP1 (Lane 3), 18 (Lane 4) and yW1 (Lane 5) after

' ' ■ hybridization with YL (Panel A) and pA2RB2 (Panel B).
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Figure 6.12
5 .

^Detection of the Cognate pA2RB2 Locus In the pA2RB2 Positive YACs
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Autoradiogram of a Southern blot containing EcoRI-digested DNA from Balb/C male 
mouse (Lane 1), Balb/C female mouse (Lane 2), HYBX (Lane 3), A23 (Lane 4), yA2 
(Lane 5). yAi N (Lane 6), ySTP1 (Lane 7), y5118 (Lane 8) and yWI (Lane 9) after 
hybridization with pA2RB2. The Southern blot was washed to 0.2xSSC, 0.1% SOS at 
65®C and autoradiographed overnight at -TĜ C.
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'Figure 6.13
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Analysis of the Loci Retained by Individual YACs within theVACContlg
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Ethidium bromide stained agarose gel of PCR products. The DNA amplified was from yA2 
(Lane2),y78 (Lane3),y104N (Lane4),yAlN (Lane5), ySTPI (Lane 6), yW1 (Lane7) and
y5118 (Lane 8). Lane 9 is a water control. ^ X I74 Haelll-digested DNA was used as a 
molecular weight standard (Lane 1). Amplification was performed with the primers 
YA2L1/YA2L2 (sA2L), YA2R3/YA2R4 (sA2R), MAMG1/MAMGINT2 (Amg).
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rare-cutter restriction enzymes, size fractionated by PFGE and the DNA immobilized to 

Hybond N+ using alkali transfer. Hybridization of total mouse DNA to this filter produced 

similar restriction enzyme fragment profiles between these YACs (see Figure 6.14). An 

extra band seen in digested ySTPI in the exclusion zone is believed to be the intact YAC 

and the result of incomplete digestion. Vectorette PCR to isolate end clones from ySTPI 

produced a 580 bp PCR product from a Hind\\\ vectorette library and a 330 bp PCR 

product from a BsfYI vectorette library when the 224 primer was used in conjunction with 

the 1089 or 1091 vectorette primer respectively. These products are the same size as 

the vectorette PCR products produced in yA2 vectorette libraries. To establish whether 

ySTPI extended beyond the limits of yA2 YAC vector primers were used in conjunction 

primers from the mouse DNA insert of yA2. The amplification of yA2 and ySTPl with the 

primers 1089 and YA2L2 produced the same sized 550 bp PCR product. Digestion of 

this PCR product with EcoRI a single 300 bp band which is presumably the result of the 

co-migration of both the diagnostic 280 bp YAC vector fragment and the mouse specific 

DNA fragment (see Figure 6.15) thus indicating that these two YACs share a common 

"left end" EcoRI cloning site. The amplification of yA2 and YSTPI with the primers 1091 

and YA2R4 also produced the same size 280 bp PCR product that when digested with 

EcoRI produced the diagnostic 170 bp YAC vector fragment and the expected 160 bp 

mouse DNA fragment (see Figure 6.15). This indicates that the "right end" of these two 

YACs also share the same EcoRI cloning site.

As both yA2 and ySTPl share the same restriction profiles and the same EcoRI cloning 

sites at the termini of these YACs it is probable that they are the same clone.

6.5.3 Analysis OFy 5 ll8

y5118 retained a 1 Mb pA2RB2 positive YAC (see Figure 6.8). This YAC does not retain 

the sA2L or Amg loci (see Figure 6.13) and was therefore a good candidate for extending 

the YAC chromosomal walk towards the telomere. However, despite retaining DXPas32, 

this YAC did not produce a PCR amplification product with the primers YA2R8 and 

YA2R10 (see Rgure 6.13). As y5118 does not retain Amg (see Figure 6.13), which is 

located between 450-630 kb from the right end of yA2, this 1 Mb YAC must be 

rearranged. As pA2RB2 was isolated from a YR positive phage from a library of yA2, 

pA2RB2 must be located within 25 kb of the YAC vector arm of yA2. Thus either the 

rearrangement or a cloning site occurs in y5118 between pA2RB2 and sA2R which are 

separated by a maximum of 25 kb.
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Figure 6.14
Restriction Digest Profile of the YAC# yA2,ySTP1, y5118 and yW1
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Autoradiogram of a Southern Wot containing DNA from yA2, ySTPI, y5118 and yW1 
after digestion with a variety of rare-cutter restriction enzymes and hybridization with 
total mouse DNA. The DNA was digested with BssHi\ (yA2 Lane 1, y5118 Lane 2, 
yWI Lane 3 and ySTPI Lane 4), E a^  (yA2 Lane 5, ySTPI Lane 6, y5118 Lane 7 
and yWI Lane 8) and Midi (yA2 Lane 9, ySTPI Lane 10, yS118 Lane 11 and yWI 
Lane 12). The Southern Wot was washed to O.IxSSC, 0.1% SDS at 65°C and 
autoradiographed overnight at -70°C.
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Figure 6.15
Analysis of the Termini of the YACs yA2 and ySTPI
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Ethidium bromide stained agarose gel of PCR products. The primers 1089 and 
YA2L2 were used to amplify DhiA from yA2 and ySTPI and the PCR products 
produced are shown before (Lanes 2 and 3) and after (Lanes 4 and 5) EcoRI 
digestion. The primers 1091 and YA2R4 were used to amplify DNA from yA2 and 
ySTPI and the PCR products produced are shown before (Lanes 6 and 7) and 
after (Lanes 8 and 9) EcoRI digestion. ^ X I74 Haelll-digested DNA was used as 
a molecular weight standard (Lane 1).
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6.5.4 Analysis OF yWi

yW1 retains a 1.05 Mb YAC which is pA2RB2 positive and two smaller YACs, a 490 kb 

and a 240 kb YAC, which do not retain this locus (see Figure 6.11). yWl retains sA2R but 

does not amplify the sA2L or Amg loci (see Figure 6.13) which suggested that this YAC 

would extend the chromosomal walk and possibly cross the pseudoautosomal boundary. 

Initial experiments tried to isolate the sequences adjacent to the vector arms of the 

cognate YAC in yWl using vectorette PCR. Several vectorette libraries were analysed 

however only in an Xba\ vectorette library did the PCR products produce the diagnostic 

EcoRI band. Amplification of this Xbal vectorette library with the 224 and 1091 primers 

produced a 1400, 700 and a 550 bp amplification product. The mouse specific portion of 

these PCR products was isolated by gel purification after an EcoRI digest. Both the 700 

bp and 1400 bp products hybridized to the 490 kb YAC (see Figure 6.16) indicating that 

they were most probably produced by partial Xba\ digestion of the 490 kb YAC in yW l. 

The 550 bp vectorette product hybridized to the 240 kb YAC (see Figure 6.16). None of 

the vectorette PCR products hybridized to the 1.05 Mb pA2RB2 positive YAC which 

indicates that the smaller YACs are the result of co-transformation and not deletion 

products of the larger YAC. As no vectorette product hybridized to the 1.05 Mb YAC in 

yWI an alternative approach to obtaining the ends of this YAC was used.

The cognate 1.05 Mb YAC in yWI was not stably maintained even under growth in 

selective media (-U-T). Presumably, the two smaller YACs enabled the clone to grow in 

the selective media conditions and yeast which eliminated the large cognate YAC may 

have had a growth advantage in that they would not have had to replicate this YAC. In 

order to stabilize the pA2RB2 positive YAC, and in order to obtain sequences adjacent to 

the vector arms, yWI was "retrofitted" with new vector arm sequences. The rescue 

vectors pICL and pLUS (Hermanson et al., 1991) contain a LYS2 selectable gene, a 

bacterial origin of replication and a fragment homologous to the centromeric (pICL) or 

UFtA resistant (pLUS) arms of pYAC4. These vectors were used to transform yW I. 

Individual transformants were grown under selective conditions (-U-L), agarose blocks 

made and the YAC DNA size fractionated by PFGE. The DNA was transferred to 

Hybond N+ by Southern blotting under alkaline conditions and hybridized to a 1500 bp 

Kpn\ fragment of pICL which contains the LYS gene. The YAC yWiNC has the rescue 

plasmid pICL homologously recombined into the centromeric arm of the cognate 1.05 Mb 

YAC of yWI while yWI NU has the vector pLUS targeted into the URA arm of this YAC. 

DNA from these clones were digested with a variety of enzymes, circularized at low DNA 

concentration, transformed into XLI-Blue competent cells. A variety of clones were 

obtained but those with the largest insert size were chosen, pWILKS was obtained from 

the "left" or centromeric side of pWlNC. Digestion of this plasmid with Kpn\ and Ssfl
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releases a 1.3 kb mouse, repeat-free insert. This probe was hybridized to several 

mapping panels. Figure 6.17B shows that this probe hybridizes to the cognate YAC in 

yWI while Figure 6.17A indicates that this locus originates from an autosome. pWlRSE 

was obtained from the "right" or "URA" end of yWI NU. Digestion of this YAC with EcoRI 

and Ssfl releases a 900 bp mouse insert which hybridizes to the cognate YAC in yW1 

but which also recognizes an autosomal locus (see Figure 6.18A and B).

Thus yWI NC/U is a chimeric YAC which retains an X-linked region flanked by two 

autosomally derived regions. All attempts to isolate X-linked loci, in an effort to obtain 

probes distal to DXPas32, from this YAC failed. Approaches to isolating yWI sequences 

included IRS-PCR from the 1.05 K/lb YAC isolated by PFGE and the isolation of sequences 

adjacent to EagI sites from a phage library of the 1.05 Mb YAC in yW I. This library was 

constructed by digesting the PFGE isolated 1.05 Mb yWI YAC to completion with EagI, 

partial digestion with Sau3A\ followed by cloning into the Not\/Bamt\\ site of EMBL6.

6.5.5 Attempts to isolate YACs retaining the sA2R Locus from the St 

Mary's Mouse YAC Library

As attempts to isolate YACs extending the chromosomal walk from DXPas32 had failed a 

second YAC library was screened. The St. Mary's mouse YAC library contains 41,568 

clones with an average size of 240 kb thus representing a greater than threefold coverage 

of the mouse genome (Chartier et al., 1992). This library can be screened using a PCR 

based approach. Initially the complex PCR pools from this library were screened by 

amplification with the primers YA2R3 and YA2R4 (see Appendix) followed by hybridization 

of the PCR products with a probe produced by radioactively labelling the PCR product 

produced by the amplification of female mouse genomic DNA with the primers YA2R3 and 

YA2R4. This approach resulted in the detection of many false positives.

To eliminate these false positive, several modifications were made to the screening protocol. 

XA2R3, which retains mouse DNA sequences adjacent to the "right" arm of yA2, was 

sequenced using the Promega fmol™ DNA sequencing system and a number of primers 

designed (see Appendix). A nested PCR protocol was used with amplification of the 

complex pools first with YA2R3 and YA2R9 with an aliquot of the PCR product then 

amplified with the nested primers YA2R8 and YA2R10. The PCR pre-mix was prepared in 

an isolated PCR room, the complex pool DNA added using filtered pipette tips and the PCR 

procedure performed without pretesting the primer pairs in an attempt to eliminate PCR 

contaminants. Under these conditions no PCR amplification product was produced by the 

complex pools in either the initial amplification or in the nested amplification.

Thus no YACs retaining the sA2R locus were isolated from the St. Mary's mouse YAC library.
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Figure 6.16
Determining the Origin of the Vectorette PCR Products from yWI

'H.: Panel A Panel B Panel C

1 2 3 1 2 3 1 2 3

i"»'» Size in
kb 2  T
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, 850 -  

' , 770 —
5 700 —

460 -  
370 -  
290 -  
245 -

Autoradiogram of a Southern blot containing undigested YACs from the clones yA2 
(Lane 1), yAlN (Lane 2) and yW1 (Lanes 3) after hybridization with the mouse 
specific portion of the 550 bp (Panel A) and 700 bp (Panel B) and 1400 bp (Panel C) 
PCR products.
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Figure 6.17
Determining the Origin of pW1 LXS in yWI

Panel a Panei B
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A Autoradiogram of a Southern blot containing EcoRI DNA from Baib/C male mouse 
(Lane 1), Balb/C female mouse (Lane 2), HYBX (Lane 3), 118.8 (Lane 4) and A23 (Lane 5) 
after hybridization with pWlLKS. The Southern blot was washed to O.SxSSC, 0.1% SDS at 
65®C and autoradiographed overnight at -70°C

B Autoradiogram of a Southern blot containing undigested YACs from the clones yA2 
(Lane 1) and yW1 (Lane 2) after hybridization with pWlLKS. The Southern blot was 
washed to O.SxSSC, 0.1% SDS at 65°C and autoradiographed overnight at *70°C
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Figure 6.18
Determining the Origin of pWl RSE in yWI
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A Autoradiogram of a Southern blot containing EcoRI DNA from Balb/C male mouse 
(Lane 1), Balb/C female mouse (Lane 2), HYBX (Lane 3), 118.8 (Lane 4) and A23 (Lane 5) 
after hybridization with pWl RSE. The Southern blot was washed to O.SxSSC, 0.1% SDS at 
65°C and autoradiographed overnight at -70®C

B Autoradiogram of a Southern blot containing undigested YACs from the clones yA2 
(Lane 1) and yW1 (Lane 2) after hybridization with pWlRSE. The Southern blot was 
w^hed to O.SxSSC, 0.1% SDS at 6S°C and autoradiographed overnight at -70°C
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This probe was hybridized to the ICR F mouse YAC library and identified two clones 

ICRFy902E0978 and ICRFy902G05104 (referred to subsequently as y78 and y104 

respectively).



6=6---------gHRQMQSOME WALKING FROM THE LEFT END OF yA2

6.6.1 ISOLATION OF pA2LE POSITIVE YACS FROM THE iCRF MOUSE YAC LIBRARY

In order to further characterize the Amg locus a chromosomal walk from the "left" or 

proximal end of yA2 was also initiated. A probe for the left end clone of yA2 was 

produced by PCR labelling pA2LE with the primers YA2L1 and YA2L2. This probe was 

hybridized to the ICRF mouse YAC library and identified two clones y78 and y 104. The 

YACs y 104 and y78 were size fractionated by PFGE and the DNA immobilized onto 

Hybond N+. This filter was hybridized to pA2LE, YL and YR (see Figure 6.19). y78 

retains a 1.1 Mb pA2LE containing YAC while y 104 retains a 370 kb pA2LE containing 

YAC and a smaller 150 kb YAC. This smaller YAC hybridizes to YL but not to YR 

indicating that the left arm of the vector has been retained but the right arm is missing 

(see Figure 6.19). A potential explanation for this YAC is that it has mammalian or yeast 

telomeric sequences which stabilize the "right" end of the YAC and does not require the 

Ura gene in this end as it is "hitch-hiking" on the resistance provided by the pA2LE 

containing YAC in the same clone. pA2LE did not hybridize to a 1 Mb YAC from this 

library filter and thus did not identify the YAC yA2 it was derived from. This is 

presumably due to the absence of the YAC ICRFy902C0212 (which has been shown to 

be equivalent to yA2) on this particular YAC library filter.

6.6.2 Analysis OF y78

A SsfYI vectorette library of y78 was used to isolate sequences adjacent to the YAC 

vector arms. The primer 224 was used in conjunction with the primer 1091 or 1089 

producing amplification products of 1200 and 700 bp respectively. These vectorette 

PCR products were cloned into the Smal site of pBluescriptSKII(-) with the resulting 

plasmids called p78RY and p78LY respectively. To establish if y78 was chimeric the 

probes p78LY and p78RY were hybridized to a somatic cell hybrid mapping panel (see 

Figure 6.20). p78LY hybridized to a 2.2 kb HinD\\\ fragment in male and female genomic 

DNA but did not hybridize to HYBX (see Figure 6.20A) indicating that this end of y78 did 

not originate from the X chromosome. p78RY hybridized to a 4.4 kb EcoRI fragment in 

male and female genomic DNA and also in the hybrid HYBX indicating that the "right" 

end of y78 originated from the X chromosome. Subsequently p78RY was partially 

sequenced, primers Y78R1 and Y78R2 designed and used to amplify DNA from the 

somatic cell hybrid mapping panel. As can be seen in Figure 6.21 a PCR amplification 

product was produced in the hybrid HYBX but not in R5D9B1, N15 or B20c12 indicating 

that this locus is derived from the terminal region of the mouse X chromosome.
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t'A- Figure 6.19
Sizing YACs Retained in y78 and y104

Size in 
kb
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Autoradiogram of a Southern Wot containing undigested YACs from the clones yA2 (Lane
1), y78 (Lane 2) and y104 (Lane 3) after hybridization with pA2LE (Panel A), YR (Panel B) 
and YL (Panel C). The Southem Wot was washed to 0.2xSSC, 0.1% SDS at 65°C and 
autoradiographed overnight at -yo^C.
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Figure 620
Determining the Origin of p78LY and p78RY
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A * Autoradiogram of a Southern blot containing H/nDIII DNA from Balb/C male mouse 
(Lane 1), Balb/C female mouse (Lane 2), HYBX (Lane 3) and A23 (Lane 4) after 
hybridization with the p78LY. The Southern blot was washed to 0.2xSSC, 0.1% SDS at 
65°C and autoradiographed for 5 days at -70°C.

B ' Autoradiogram of a Southern blot containing EcoRI DNA from Balb/C male mouse 
(Lane 1), Balb/C female mouse (Lane 2), HYBX (Lane 3) and A23 (Lane 4) after 
hybridization with the p78RY. The Southern blot was washed to 0.2xSSC, 0.1% SDS at 
65°C and autoradiographed for 4 days at -70°C.
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In order to determine whether p78RY originated from the region retained by yA2 or 

whether it extended the chromosomal walk the primers Y78R1 and Y78R2 were used to 

amplify DNA from the YAC contig. A PCR product was produced from yA2, y78 and 

ySTPt but not from y104, yAlN, y5118 or yWl (see Figure 6.21) indicating that the right 
end of y78 overlaps yA2.

Thus y78 is a chimeric YAC retaining sequences from the terminal region of the mouse X 

chromosome which overlap yA2. y78 overlaps yA2 by approximately 200 kb (see later) 

indicating that at least 200 kb of y78 originates from the terminal region of the X chromosome. 

The transition point between X and non-X material in y78 was not determined.

6.6.3 Analysis OF yi 04

Sequences adjacent to the vector arms were isolated by amplification of vectorette 

libraries. A HinDiW vectorette library of y104 was amplified with the primers 1091 and 

224 produced a 1100 bp amplification product. Mouse specific sequences were isolated 

by digestion of the PCR product with EcoRI and agarose gel purification. This DNA was 

labelled using the random prime method and hybridized to a 1.7 kb EcoRI fragment in 

male and female DNA but not in the hybrid HYBX (see Figure 6.22A) indicating that this 

locus was autosomal. This probe was also hybridized to intact YACs separated by 

PFGE and hybridized to the cognate 370 kb pA2LE positive YAC (see Figure 6.22B) 

indicating that this YAC must be chimeric as it retains sequences derived from both the X 

chromosome and from an autosome. Amplification of BcH and BsfYI vectorette libraries 

of y 104 with the primers 1089 and 224 produced 550 and 900 bp amplification products 

respectively. These products both hybridized as repeats and were thus not possible to 

map. The larger PCR product from the BsfYI library does not contain a Sc/I site 

indicating that these PCR products originate from different YACs. Thus the sequences 

adjacent to both the left end of the cognate 370 kb and the left end of the 150 kb YAC 

must repetitive, y 104 was not further analysed as it seemed probable that the X specific 

sequences it retained would also be in the larger YAC y78.

6.6.4 LONG-RANGE RESTRICTION MAP OF THE "RIGHT" END OF y78

In order to characterize the overlap between the YACs yA2 and y78 a restriction map 

was made of the right end of y78. y78 was digested with a variety of rare-cutting 

restriction enzymes, size-fractionated by PFGE and Southern blotted onto Hybond N+.

This filter was hybridized with the probes pA2LE and YR (see Figure 6.23). The sizes of 

restriction enzyme fragments hybridizing to these probes is given in Table 6.4 and a 

restriction map of yA2 and the right end of y78 is presented in Figure 6.24.
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Figure 621
Mapping Sequences Adjacent to the Right Vector Arm of y78

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6

Ethidium bromide stained agarose gel of PCR products. The primers Y78R1 
and Y78R2 were used to amplify genomic DNA from a Balb/C male mouse 
(Lane 2), a Balb/C female mouse (Lane 3), HYBX (Lane 4), A23 (Lane 5). 
R5D9B1 (Lane 6), N15 (Lane 7), and B20c12 (Lane 8). These primers were 
also used to amplify DNA from the YACs yA2 (Lane 10), y78 (Lane 11), 
y104N (Lane 12),yAlN (Lane 13), ySTPI (Lane 14),y5118 (Lane 15) and 
yWI (Lane 16). Lane 9 is a water control. (|)X174 Haelll-digested DNA was 
used as a molecular weight standard (Lane 1).
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Figure622
Determining the Origin of the "Left" End Vectorette PCR Product in y104
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A Autoradiogram of a Southem Wot containing EcoRI DNA from Balb/C male mouse 
(Lane 1), Bab/C female mouse (Lane 2), HYBX (Lane 3) and A23 (Lane 4) after 
hybridization with the left end vectorette PCR product from y 104. The Southem blot was 
washed to 0.2xSSC, 0.1% SDS at 65°C and autoradiographed for 4 days at -70°C.

B Autoradiogram of a Southem Wot containing undigested YACs from the clones 
yAlN (Lane 1), yA2 (Lane 2), y78 (Lane 3) and y104 (Lane 4) after hybridization with the left 
end vectorette PCR product from y 104. The Southem blot was washed to 0.2xSSC, o.i /o 
SDS at 65®C and autoradiographed for 4 days at -70®C.
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Hgure623

Digest Fragments of y78 Using Singie Ran^utting Restriction Enzymes
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Autoradiogram of a Southem blot of restriction enzyme digested y78 after hybridization with 
pA2LE (Panel A) and YR (Panel B). The digests are as follows: BssHi\ (Lane 1), C/al (Lane
2). Eaçf (Lane 3), MliA (Lane 4). Non (Lane 5), N rii (Lane 6), Pad (Lane 7). PviA (Lane 8), 
Sah (Lane 9), Sadi (Lane 10), Sfh (Lane 11) and SmsH (Lane 12)
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Table 6.4

Restriction Enzyme Fragment Sizes in y78

pA2LE YR

BssHi\ 230 kb 100 kb
C/al <23 kb 50 kb
Eagi 260 kb -30 kb
Al/ul 260 kb 260 kb
NnA 290 kb 290 kb
PvUl 70 kb NO

San 70 kb NO

Sacll 170 kb 50 kb

Sfn 170 kb 60 kb

Smal 80 kb ND

ND- not detected

Restriction fragment sizes were measured from Figure 6.23
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Figure 624
Long Range Restriction Map of the Overlap Region between yA2 and y78
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Restriction map of yA1 was constructed from the data ot>tained from Figure 6.22 
Restriction enzyme abréviations as follows: B, SssHII; E, EagI; M, M lii; N, Nriâ\ S, Sadi



The 200 kb overlap between yA2 and y78 was determined as follows: The probes pA2LE 

arrd YR both detect a 260 kb Mlu\ arxJ 290 kb NnA fragment from y78 indicating that the left 

end of yA2 lies within 260 kb of the right end of y78. pA2LE detects a 120 kb BssHII 

fragment in yA2 (see Table 6.2) and a larger 230 kb BssHII fragment in y78. YR detects a 

100 kb BssHII fragment in y78 indicating that at least one BssHII lies between the left end of 

yA2 and the right end of y78. The restriction map of yA2 (see Figure 6.7) would indicate that 

there is only one BssHII site between the loci detected by p78RY and pA2LE. If it is 

assumed that the first BssNI site detected by the pA2LE probe in yA2 and the first BssMI 

site detected by YR in y78 is the same site then the distance t>etween the left end of yA2 

and the right end of y78 is approximately 220 kb (see Figure 6.24). The map presented in 

Figure 6.24 shows minor incor^sistencies between the maps generated for yA2 and y78 for 

the EapI and Sadi loci closest to the right end of y78, however these fragments are located 

in the region of the PFGE gel which would be expected to have large size errors.

6.6.5 C onfirm ing th e  O rie n ta tio n  of th e  YAC C ontig

To confirm the orientation of the Amg YAC oontig the allelic segregation pattem of DXPës33, 

the locus detected by p78RY, in the interspecies backcross panel was examined p78RY 

detects a 3.2 kb 0576176 and a 5.4 kb M. spntus band in TaqI digested genomic DNA and 

was therefore hybridized to Tag! digested genomic DNA from the interspecies backcross 

panel (see Figure 6.25). The haplotype of these animals is shown in Figure 3.8. DXPas33 

showed complete allellic concordance with Amg thus confirming the origin of this probe as 

being in the region of Amg. DXPas33 also showed complete allellic concordance with 

DXPas32 in 78 of the 79 backcross animals tested The exception to this concordance, 

animal 113, exhibited a recomkxnation event between Amg and pA2RB2 which had been 

used to determine the orientation of the YAC contig As the PFGE restriction map had 

indicated that the probe order in yA2 was p78RY_Amy_pA2RB2. p78RY should be proximal 

to Amg. It would therefore be expected that p78RY would exhtoH allelic oonoordance with 

Amg and discordance with DXPas32. The expected allellic segregation was obsenred (see 

Figure 3.8) thus confirming the orientation of the YAC oontig.

6.7 ABSENCE OF 015-4 SEQUENCES IN THE AMG YAC CQNTIG

Of the 6 YACs in the amelogenin YAC contig. 5 had been shown to be chimeric or rearranged 

ft was possible that this region retained sequences which were unstable or recombinogenic in 

YAC clones. As the repetitive sequences detected by p i 5-4 were potentially within this 

region, and as some repetitive sequences had been shown to be unstable in YACs. p i 5-4 

was hybridized to YACs from the entire Amg YAC contig As can be seen in Figure 6.26, 

p i 5-4 sequences were not detected in any of ttie YACs in the Amg YAC contig.
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Rgure625
Mapping DXPas33 in th« Intarapecias Backcross Panei
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yrJ

Autoradiogram of a Southem blot containing Tagl-digeeted genomic DNA from a 
C57BL/6 mouse (Lane 1), a M. spmtus mouse (Lane 2) and mice from the interspedes 
backcross panel (Lanes 3-17) after hybridization with p78RY. The Southem blot was 
washed to O.SxSSC. 0.1% SOS at 65^  and autoradiographed for 3 days at *70^.
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Figure 626
Determining the p154 Content ol the YACe in the Amg YAC Contig
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Autoradiogram of a Southem blot containing undigested YACs from the pi 5-4 positive 
YAC y299 (Lane 1) and the YACs in the Amg VAC contig y76 (Lane 2). y104N (Lane
3), yA2 (Lane 4),yAlN (Lane 5). yS118 (lane 6) andyWI (Lane 7) after hybridization 
with p154. The Southem blot was washed to O.SxSSC. 0.1% SOS at 65<^ and 
autoradiographed ovemight at -70**C.
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6.8 Discussion

T h e  m ain objective in this C h ap ter w as to w alk  along th e  X  chrom osom e from  Amg 

tow ards the pseudoautosom al boundary with the a im  of obtaining D N A  sequ en ces from  

within this region. A s  Amg is located close to  th e  pseudoautosom al boundary genetically  

(0 .5  cM ) it w as possible that a  single large Y A C  could encom pass the  region b etw een  

Amg and  P A B X  (the pseudoautosom al boundary on th e  X  chrom osom e). H o w ever the  

isolation of the Amg positive Y A C  yA 2  indicates that th e  P A B X  is located 4 5 0 -6 3 0  kb 
distal to Amg.

yA 2 , an  Amg positive Y A C , is an  apparently  contiguous frag m en t of D N A  from  the  

term inal region of the m ouse X  chrom osom e. Four loci which m ap to yA 2, including  

seq u en ces  from  both term ini, also m ap to th e  term inal region of th e  X  chrom osom e. In 

addition yA 2  only hybridizes to th e  term inal region of th e  m ouse X  chrom osom e as  

determ in ed  by in situ hybridization (data no show n). H o w ever, as  th e  restriction m ap of 

yA 2  w as  not com pared to a  restriction m ap o f genom ic D N A  it is possib le that yA 2 could 

contain  deletions or internal rearrangem ents  particularly in th e  right half of the Y A C  w ere  

no p robes have been  isolated. D eletions of internal seq u en ces  in Y A C s  have been  

described  in Y A C s isolated from  the hum an P A R  (S lim  et al., 1 9 9 3 ) as  well as  other 

Y A C  contigs ( B ates et ai, 1992; Foote et al., 1 9 9 2 ) .  D eletions within yA 2 would not 

adverse ly  affect the chrom osom e w alk  and w ould in crease th e  genom ic d istances  

tran sversed . Com parison of Y A C  derived long range restriction m ap s with tho se  

constructed from  genom ic D N A  m ay be difficult (P a lm ie ri et a!., 1 9 9 2 )  since most long 

ran g e m ap s are  constructed from  m éthylation sensitive restriction en zym es and since 

ye ast do not m ethylate C p G s at the 5-cytosine position (Proffitt et a i, 1984).

O n e  ad v an ta g e  of chrom osom e walking using Y A C s  is that th e  large steps taken  enable  

th e  contig can be oriented with respect to th e  chrom osom e early in th e  construction of 

th e  contig. yA 2 has been oriented with respect to th e  X chrom osom e with both Amg and  

DXPas33) being located proxim al to  DXPas32 as  determ ined  by the ir segregation in an  

in terspec ies back cross panel. A physical m ap  of yA 2 has been constructed and  

ind icates that the X  linked locus DXPas32 is located b e tw een  4 5 0  an d  6 3 0  kb distal to 

Amg. A ttem pts to  extend the chrom osom e w alk  beyond DXPas32 w ere  not successful. 

Although tw o  new  pA 2R B 2 positive Y A C s, y 5 1 18 and y W I , w ere  identified th ese  Y A C s  

w ere  both rearranged . O n e of th ese  Y A C s, y W I , w as extrem ely difficult to ana lyse . This  

clon e re ta ined th ree  Y A C s which w ere  the result of a  cotransform ation as  probes from  

th e  sm alle r Y A C s  did not hybridize to the larger Y A C s. T h e  largest Y A C  (1.1 M b), which  

w as  p A 2 R B 2  positive, w as not stably m aintained within th e  clone and  its initial isolation  

on rescreening w as  fortuitous. An sA 2R  positive colony w as grown under extrem ely
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slow growth conditions (room temperature without aeration) which proved to be the only 

conditions found in which the 1.1 Mb YAC would be retained. Selectable markers were 

homologously recombined into the YAC vector arms which enabled the stable 

maintenance of the pA2RB2 positive clone. Although the YAC retained the X-linked 

locus recognized by the probe pA2RB2, sequences adjacent to both vector arms of the

1.1 Mb YAC in yWI were autosomal. Attempts to isolate other X-linked sequences from 

this YAC were not successful. It was inferred that y5118 was rearranged as this 1 Mb 

YAC does not retain either Amg or sA2R which are 450-630 kb apart according to the 

restriction map of yA2. This pA2RB2 positive YAC therefore does not extend the YAC 

walk unless yS118 is deleted for the sA2R region. In a further attempt to extend the 

chromosome walk additional libraries were screened. However no sA2R positive YACs 

were identified from the St. Mary's YAC library. In addition, from a mouse cosmid library 

only one pA2RB2 positive cosmid was identified from a 6 fold genomic coverage. This 

cosmid retained a 6.6 kb EcoRI fragment which hybridized to pA2RB2 and was therefore 

the autosomal locus which weakly cross hybridizes to pA2RB2 (data not shown). 

Recently another mouse YAC library has become available. The MIT YAC library has a 

large insert size (700 kb) and could be useful in extending the chromosome walk from 

DXPas32. Even obtaining chimeric pA2RB2 positive YACs could be useful as a 

comparison of restriction maps between chimeric YACs around the locus recognized by 

pA2RB2 could be informative as to the amount of terminal X chromosome DNA present 

in these YACs. In addition, mouse PI libraries have also become available. While the 

insert size of PI libraries is smaller than that found in YACs clones from these libraries 

may be useful for spanning regions which may be difficult to clone in yeast. Thus the 

isolation of pA2RB2 positive PI clones may enable the chromosome walk to continue. 

Alternative YAC based strategies for isolating sequences from the PAR would be to 

construct a YAC library from the Mov-15 mice and to screen for YACs retaining proviral 

sequences or to construct a mouse telomere YAC library (Cross et al., 1989; Brown, 

1989) and screen for telomeres from the X and Y chromosomes.

A YAC contig of 6 YACs was constructed around the Amg locus. Of these YACs 5 of the 

6 (83%) YACs appeared to be rearranged. A high rate of 

chimerism/cotransformation/instability has been observed in most YAC libraries 

constructed from total genomic DNA. In the Huntington's disease region on human 

chromosome 4p16.3 only 30% of YAC clones in each of the three YAC libraries studied 

were stable, non-chimeric and with only one YAC transformant (Bates eta!., 1992). 

Another YAC library, constructed to enrich for human Y chromosome sequences, 

exhibited a chimerism rate of approximately 60% with approximately 20% of YAC being 

unstable (Foote eta!., 1992). Chimerism and cotransformants greatly complicate 

chromosome walking. YAC libraries constructed from human-hamster hybrids have a
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lower chimerism rate than those constructed from total human DNA and It has been 

suggested that this Is due to reduced recombination between human repeat sequences 

which Is a result of reduced target concentration. If this Is the case then the construction 

of YAC libraries from monochromosomal mouse-hamster libraries, such as HYBX, may 

not reduce the chimerism rate as hamster and mouse repeats are highly homologous.

The physical map of yA2 suggests that there may be three potential CpG rich islands 

within yA2. CpG rich Islands can be detected as clusters of rare-cutter restriction 

enzyme sites containing one or more CpG dinucleotldes that are susceptible to 

méthylation In the mammalian genome (Bird, 1987). These islands have been 

associated with house keeping genes with the méthylation status of CpG Islands on the 

X chromosome being Indicative of the expression status of the gene. A comparison of 

the restriction enzyme fragment sizes from yA2 produced In two separate experiments 

Indicates that the resolution of the restriction map must be only In the order of 10-20 kb 

which Is relatively crude for assigning restriction sites as CpG rich Island. However a 

cluster of rare-cutter restriction sites appears to be present at both Sadi sites and at the 

Mlu\ site. Further analysis would be required to determine If these sites are really CpG 

Islands or whether genes are associated with them. Two of these sites flank the region 

in which Amg Is located. However Amg would may not be associated with either 

potential CpG Island as It exhibits a tissue specific expression pattern.

6.9 Summary OF THE Chromosome WALK

In this study an attempt to walk from amelogenin, the most distally located single copy 

locus on the mouse X chromosome, across the pseudoautosomal boundary was made. 

The 1 Mb, Amg positive YAC yA2 that was Isolated appears to be unrearranged. 

Sequences from the ends of this YAC were Isolated and used to orient this YAC with 

respect to the X chromosome. The probe pA2RB2, which recognizes the locus 

DXPas32, Is located 640-460 kb distal to Amg but Is also X-speclflc. pA2RB2 was used 

to Isolate YACs from the ICRF YAC library however with the exception of ySTPI, which 

Is equivalent to yA2, these YACs were rearranged and sequences extending the YAC 

walk were not obtained from them. The St. Mary's mouse YAC library was also screened 

with primers from the STS sA2R but no YACs with this locus were Isolated. Thus, 

although sequences from the PAR were not obtained, the distance between the 

pseudoautosomal boundary and the closest flanking X-llnked marker was reduced by 

460-640 kb.
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CHAPTER 7

SUMMARY



S um m ar y

The X chromosome is unique as all strictly X-linked loci have been maintained as a 

single syntenic group in all eutherian mammals tested ( Davisson et al., 1991 ; O'Brien et 

a/., 1991). This conservation is believed to be a result of the constraints imposed on 

X-autosome translocations by X-inactivation (Ohno, 1967). Regions of the X 

chromosome which do not undergo X inactivation, such as the pseudoautosomal region, 

would be exempt from the constraints imposed on the rest of the X chromosome and loci 

within this region would not necessarily be located on the X chronrx)Some. Recently the 

murine homologue of CSF2RA, a gene located in the PAR in humans, was found to be 

located on an autosome (Disteche et al., 1992). This non-conservation of the PAR 

between species was predicted by Burgoyne (1982) as interchange between autosomes 

and the pseudoautosomal region would not upset dosage relationships.

The terminal region of the mouse X chromosome includes a conserved syntenic group 

{Amg-Sts) between mouse and human X chromosomes (Brown et a i, 1991) and it 

includes the functionally equivalent pseudoautosomal region at the termini of the 

chromosomes. A comparison of genes in the terminal region of the mouse and human X 

chromosomes may aid in the understanding of the evolutionary forces and constraints 

that act upon the X chromosome. The proximal limit of the conserved linkage group has 

been redefined. In the human both GLRA2 and PDHA1 map close to ZFX  (Brown et ai, 

1989b; Grenningloh et a i, 1990; Page et ai, 1990). As the mouse equivalent Zfx 

(Mitchell et a i,  1989; Page et ai, 1990) is located in the central region and as both Glra2 

(Derry et a i,  1991) anôPdhal (Brown et a i, 1990) are located in the terminal region of 

the mouse X chromosome the interval between GLRA2/PDHA1 and ZFX in the human 

defines an evolutionary breakpoint between the mouse and human X chromosomes. In 

this study Pdha1 was determined to be the most proximal marker mapping proximal to 

DXPasW  and Glra2. This defines the terminal conserved linkage group as being 

between Pdha1 and Sts. The order of loci in the terminal region of the mouse X 

chromosome is

Pdha 1 -DXPas 1/DXPas 18-Glra2/DXMit12-Prps2-DXPas33-Amg-DXPas32-Sts. As this 

region defines a conserved linkage group between the human and mouse X 

chromosomes it can be predicted that an order of PDHA1-GLRA2-PRPS2-AMG-STS 

would be found in the human X chromosome. This agrees with the overall general order 

found on the human X chromosome {PDHA1/GLRA2-PRPS2/AMG-STS) but enables the 

order of loci previously unordered such as PRPS2 and AMG to be predicted.
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The pseudoautosomal region is defined by the exchange of genetic material between the 

X and Y chromosomes during male meiosis. It has been hypothesised that 

recombination between the morphologically distinct sex chromosomes is required for the 

correct segregation of the X and V chromosomes (Koller, 1934; Burgoyne, 1982). The 

exchange of genetic material in this region means that alleles from this region do not 

exhibit a strictly sex chromosome linked inheritance pattern. The functionally equivalent 

PARS are located at the distal end of the short arm of the human X chromosome and at 

the distal end of the acrocentric mouse X chromosome. Although functionally equivalent, 

no conserved sequences within these PARs have been found and indeed the first 

exception to the evolutionary conservation of the X chromosome between mouse and 

man was located in the human PAR (Disteche et ai, 1992).

A variety of approaches were taken to clone sequences from the murine PAR. As the 

PAR resides in the terminal region of the mouse X chromosome one approach to 

isolating sequences from the PAR is to generate somatic cell hybrids which retain the 

distal region of the mouse X chromosome. A panel of irradiation and fusion gene 

transfer hybrids was generated from a monochromosomal hybrid which retained the 

mouse X chromosome. The retention of loci across the X chromosome was determined 

and DNA sequences were isolated from hybrids which were enriched for the terminal 

region of the mouse X chromosome. None of the probes isolated originated from the 

PAR. An alternative approach to isolating sequences from the murine PAR involved 

characterizing yeast artificial chromosomes (YACs) which retained sequences common 

to the telomeric regions of several chromosomes including the X and Y chromosomes. 

None of the sequences isolated from these YACs originated from the PAR.

A YAC based chromosomal walk was initiated from amelogenin which is the most distal 

X-linked locus and therefore the closest flanking marker to the PAR. A contig of 6 YACs 

was constructed around this locus and the orientation of the YAC contig with respect to 

the X chromosome determined by comparing the physical order of markers in the contig 

with their genetic location in an interspecies backcross panel. The YAC contig enabled 

the isolation of a probe (pA2RB2) distal to Amg and the physical distance between Amg 

and DXPas32 (which is defined by pA2RB2) to be determined. This analysis determined 

that the pseudoautosomal region of the mouse is located a minimum of 460 kb distal to 

the amelogenin locus.
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APPENDIX



A ppen d ix

A1 Oligonucleotides

A1.1 V e c t o r e t t e  P r im e r s

Primer Name Primer Sequence

1089 CACCCGTTCTCGGAGCACTGTCCGACCGC

1091 ATATAGGCGCCAGCAACCGCACCTGTGGCG

224 CGAATCGTAACCGTTCGTAGGAGAATCGCT

Nes-Left AATTTATCACTACGGAATTC

Nes-Right ATCTCAAGATTACGGAATTC

A1.2 PRIMERS FOR MAPPING X LINKED LOCI

Locus Primer Name Primer Sequence Annealing
T°C

Product
Size

Pip TAATATAACAG ATA ACCAACCATTC 55°G 180 bp

0  ATTTTGTAAG ATG AGTTTOT A

D X P as IS PL9P1 CAGGTGAGAGGTTAGGGAAGC 55°G 1500 bp

PL9P2 TGGAACTGTGAGCTATGTATG

Amq MAMG1 ATGGGTGGATGGCTGCACCAC 58°G 524 bp

MAMGINT2 GTTTCTG CAATTCTG GGGCTC

MAMG3 GACAAGACCAAGGGGGAAGAAGTG 60°G 1700 bp

MAMG4 GGAAAGTATGGAGTTGGGTTGTGTG

AMGCAP1 GT AT ATG TATTAGTG AAATG GAGG

AMGCAP2 GATGAGTTTAGAGAGGGAATGG

AMGCAP3 GGGATTTTAAGAGTAAGAGAAGATG

P d h al PDHA1P4 GATTTTATTGGTGGAGTGAGG 55°G 250 bp

PDHA1P5 GGAGAAGATATGGATTGGATG

G!ra4 GLRA4P1 GGAGTGTGGTAGGAGATTGG 55°G 614 bp

GLRA4P2 GGGGGTATGAGATTGAGTGG

Prps2 PRPS2P2 TTATGTGGAGGATGAGAGATG 55°G 269 bp

PRPS2P4 GGTTATTGTTGGAAGGGAAGG

PRPS1P1 AGTAGGATGGGGTGGAGTTG

223



Al .3 LIST OF PRIMERS USED TO CHARACTERIZE THE IFGT 

Hybrids

LOCUS PRIMER
NAME

PRIMER PRODUCT SIZE 
S eq u e n c e  in M ouse

H p rt H P R T 3 ‘1
H P R T 3 '2

GACTCTAGAGGATCATCAGCAAGC

TGTACGGCTCCTCATCTGACTC

31 0  bp

Pip P LP S 'I
P LP 5'2

GTACAAGAGCAAAAGATTTG

GGCCAAGCAGTAAAAGAGGG
42 0  bp

Z fx Z F X 5
Z F X 6

TCCGCAAGCTCTCAGGCAATGCTATGTGCA

AAGTCTCATCAGTTTAGAAATCTATGGG

440  bp

A r AR1
A R 2

CGACATTAAAGACATTTTGAA

CGTGGCCTGCCTGGCTCTTGCGCTGC

150 bp

P gk-1 PGK3'1
PGK3'1

GCCTGAGAAAGGAAGTGAGCTGTAAA

AAACAATGATCCCACGAGAGATCT

4 2 0  bp

Amg MAMG1

MAMGINT2

ATGGGTGGATGGCTGCACCAC

GTTTCTGCAATTCTGGGGCTC

524  bp

Prps2 PRPS2P2

PRPS2P4

TTATCTGCAGCATGACAGATG

CCTTATTCTTCCAAGGCAAGC

269  bp

A1.4 PRIMERS FOR IRS-PCR

Primer Name Primer Sequence

B2AA/0/I TAGACGCGGCCGCTCTTCTGGAGTGTCTGAAGA

B 2A R E V A /0/I TAGACGCGGCCGCTCTTCAGACACTCCAGAAGA

RI(3')A/ofl TAGACGCGGCCGCAGCATTTGAAATGTAAATGA

T h e s e  prim ers had a  5' end extension containing a  Not\ cloning site (underlined)

224



A l .5 Prim ers f o r  Loci from  Autosomes and th e  Y 
Chromosome

Chr Locus Primer sequence Product
Size

Ref

1 Crp AGAATCTGACTTACCCATGGT 140 bp 1

GAGGGAGAAGAATTATGTCTG

1 DiMitIO AAACCATGCAGGTACTGATATGG 140 bp 2

GAAGAAATTAACTGAGAGCAAGGC

2 D2Mit2 AGTCCTCCTTGGACTTCCATTAG 130 bp 2

TGGATTATATTTTCAAGACCAGA

2 Ada GGCGCAGTAAAGAATGGCATTCATC 232 bp 3

CTTTCAGTAGTCTGTTGTAGAGAGC

2 D2MÜ25 TATGCCACTCAGAAGAGGTCG 120 bp 2

ATATGTGCATTGCATGAACTCC

3 Hist2 GTTACTTCACAGACGCCTCCGATGC 402 bp 3

CTAACAGGATAGAGCCGGTAGCACG

3 D3Mit9 AACTTCATTTGCTTGGAAACTACC 240 bp 2

TGTTTTATATTGCCCTGTATGTGC

4 Mup GAGGTGGACATTGCTCAGGGTGTAG 145 bp 3

TGAACAGTCAGCCATAGGCGCACCA

5 Epo GACCCTGCTACTTGCCCTTCTACAG 388 bp 3

AAGCCTGGAGCTCACTGATCCAGAG

6 Odc5 CTGCAGAAGCCATGATTCAGGGAGA 300 bp 3

GACCAACCACGGCTACATAGTGAGA

7 D7Mit1 GTCCCAGTGTGTATATATAATCCAG 300 bp 2

GGATTATACACACAGATGTTGGG

7 Tyr TCCTGACTCTGAGTAACGCTTCCCT 223 bp 3

TGAGGTTTAGGTGAGTGTTGGAGGT

7 D7Mit19 GGTGGAGGTGTGTGTGGG 135 bp 2

Tyr GATGGGTGTGATAGAGCAAGG

7 D7Nds4 GTGAGAATAGATTGGTGGTGT 165 bp 2/4

Int2 GTGAGATGTTATGTGTAGGAG

8 D8Mit11 GGAGGAGTGGTAGGAAATAGG 217 bp 2

CTTAATGAGGAATGGTTGAGAGC

9 Apoa4 CAAGGGGAGGGTTGAAGTGCATAGG 311 bp 3

GGGTGTGATGTGGTTGGAATGTGGTG

10 D10Mit13 GATGGAGGTTGTATGTCAAGGG 130 bp 2

TTATTTGCAGTGAAGTTCGTTTGG

11 Hox2 GGTTGGATTGTGAGGGTGAAGGAG 218 bp 4

TGAGAAGTCTTGCGGTGGATG

11 Trp 53-1 GGGTATGAGTATGTAGCTGGATAGG 223 bp 3

GGAGAGTGAGGATTGTCGGTGAGAT

12 D12Nds2 AGATGGTAATTTATGGGGAA 148 bp 4

Iqh-V CTGGATAGCTGGAATAGTAGA

13 PIf CTGAGAATGTTGGTTGGGTG ? 5/6
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GCCACAACTATGTCTTCCTC

14 Ctla1 CTCTAGGACAGGTGGCAGGATCTGA 232 bp 3

AGATAACATTCTOGGGGCACTGAGG

15 Hox3 TTCCTGCTCCCACCTTCTGAG 166 bp 4

GAATCATCTTCTATATCTTCAGG

16 lQi-1 GGAACTGAGATTGCAAGGGTCTGGG 264 bp 3

GAGTTAGCATAGGAGAGCCCACGTG

16 D16Mit6 CAGGTCCAAGAGGAGAACCA 190 bp 2

TTTGACCTGTGAGCCTGTGG

17 D17Nds3 TTCCTGTGGCGGCCTTATCAG 126 bp 4

Tnfb AGACAATGGGTAACAGAGGCA

18 li CAGGGCAGAGCACATCAATCG 321 bp 3

CACCTCCTAACATGGAAGTGC

19 Fth TCAGTGTGAGGTGTTTCCTGGCTTG 215 bp 3

CTCATCCCACGTTTCCGATACTCAC

Y Sry GGATGATTTTTACCATGAAAGA 680 bp 6

GAGAGTTTAAGATATCATGTGG

1. G D B
2. (Dietrich ef a/., 1992)

3. (Abbott, 1991)

4. (Love ef a/., 1990)

5. Personal communication Lorna Pate

6. See Chapter 4

A1.6 PRIMERS FOR CHARACTERIZING y3B1

STS Primer Name Primer Sequence
sSBIR Y3B1P1 TTGTCCCTGCAATAATCTCG

Y3B1P2 CGTGAATGTGCTGTGCCTAC

A1.7 PRIMERS FROM YA2

STS Primer Name Primer Annealing
T°C

Product Size

sA2L YA2L1 GCATGAGACTACAGATGCAC 58°C 257 bp

YA2L2 GGTATCCTAACCATCCCATC

sA2R YA2R3 AGAGTCTCCACTGGTATATG 56°C 121 bp

YA2R4 TTGCGGTCTCCGTAGATGTC

YA2R7 ATTCCAGGTAACGTCCAAACC

YA2R8 GCTGTGGAAATGCCTCAGTAG

YA2R9 TGCACACATGTATGTAGAAACAGG

YA2R10 GTTCACCTTTGATCCTAGTCTCTG
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A2 DNA SEQUENCES

A2.1 SEQUENCE OF THE AMG CLONE pAMGB

ATGGGTQGAT GGCTGCACCA CCAAATCATC CCTGTGCTGT CTCAACAGCA TCCCCCGAGT

CACACCCTTC AGCCTCATCA CCACCTTCCC GTGGTGCCAG CTCAACAGCC CGTGGCCGCC
c

CAGCAACCAA TGATGCGAGT CCTGGCCAC CACTCCATGA CTCCAACCCA ACACCATCAG 

CCAAACATCC CTCCATCCGC CCAGCAGCCC TTCCAGCAGC CCTTCCAGCC CCAGGCCATT

CCACCCCAGT CTCATCAGCC CATGCAGCCC CAGTCACCTC TGCATCCCAT GCAGCCCCTG

GCACCACAGC CACCTCTGCC CCATGCAGCC CCAGTCACCT CTGCATCCCA TGCAGCCCCT

GGCACCACAG CCACCTCTGC CTCCACTGTT CTCCATGCAG CCCCTGTCCC CCATTCTTCC

TGAGCTGCCT CTGGAAGCTT GCTCCACTGT TCTCCATGCA GCCCCTGTCC CCCATTCTTC

CTGAGCTGCC TCTGGAAGCT TGGCCAGCGA CAGACAAGAC CAAGCGGGAA GAAGTG

g t a t a c c t t g
a g t t c t a a g t

a a a c a g c a a a
t t c a a a a t g a

a t a c a a a t c c
a tc a g a g c c c

t t g g a a a g t g
a a a a t t a c a a

a c t ta a c a g a
a a a c c a ta a a

g tg a
a t tg g tc c c g
tc

The sequence shown in upper case is the sequence for the Amg cDNA clone pMa5-5. 

413 bp of the sequence of pAMGB (shown in lower case) agreed with the sequence for 

pMa5-5 with the exception of a G to C substitution (which would result in a silent change 

to the protein) and 9 bp of pAMGB which were not sequenced (indicated by -). The 

presumptive intronic sequence is shown in lower case and contains a consensus splice 

donor site [GT(A/G)AGT]. The primers chosen for PCR amplification of Amg are 

underlined.

A2.2 Comparison of the Rat PRPS1 and PRPS2 Genes

R a t PRPS2 GGTTACGTCA ATTGCAGACA GACTGAATGT GGAATTTGCT
PRPSl A G C C C T T

*  ★ *

R a t PRPS2 TTGATTCACA AAGAGAGAAA GAAAGCAAAT GAAGTGGACC
PRPSl AC G G C _____________

R a t PRPS2 GGATGGTTCT TGTGGGCGAT GTGAAGGACC GTGTGGCTAT
PRPSl C A A A A  T

R a t PRPS2 CCTGGTGGAC GACATGGCTG ACACATGTGG TACCATCTGT
PRPSl A T T  T A T

R a t PRPS2 CATGCTGCAG ATAA
PRPSl T C

* * * indicates an amino acid substitution 
Sequences underlined are primer sequences
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A2.3 Comparison o f the Sequence o f the Mouse Prps

PHAGE X P8 WITH THE RAT PRPSl AND PRPS2 GENES

R a t PRPS2 CTGGAGGAGCCAAAAG GGTTACGTCA ATTGCAGACA GACTGAATGT
*  * * * * * * * * *  *

^P8 TTGCTTCTTTCCACAG GGTTACATCA ATTGCAGACA GACTGAATGT
*  * * * * * * *  *  *  *  *  *  *  *  *  *

R a t  P R P Sl CTGGCGGAGCCAAGAG AGTGACCTCC ATTGCAGACC GATTGAATGT

R a t PRPS2 GGAATTTGCT TTGATTCACA AAGAGAGAAA GAAAGCAAA

lP 8  GGAATTTGCT TTGATTCACA AAGAGAGAAA GAAAGCAAA
*  * * * * *

R a t PR PSl GGATTTTGCT TTGATTCACA AAGAACGGAA GAAGGCCAA

* indicates a difference in nucleotide sequence. The sequence underlined is a putative 
intron

A3__________ PROBES USED IN THIS STUDY

A3.1 General

pMa5-5 630 bp Amg cDNA clone release from pBR322 by digestion with Ps/i

( Snead et ai, 1983; Snead et ai, 1985). This probe was kindly provided 

by Dr. M. Snead.

RDM 1c 1.5 kb PDHA1 cDHA cloned into the EcoRI site of Bluescribe M l3

plasmid. This probe was provided by Dr. H. Dahl.

Glya2.1 317 bp GLRA2 human cDNA containing mostly 5' untranslated sequence

(Derry et ai, 1991 ). This probe was kindly provided by Dr. J. Derry.

Glra2.3 249 bp GLRA2 rat cDNA corresponding to the cytoplasmic loop. This

probe was produced similarly to the human equivalent ( Derry et al.,

1991 ) and was kindly provided by Dr. J. Derry.

pPRSII-54 The rat Prps2 cDNA was kindly provided by Dr. M. Taira. A 1.5 kb

Bs/EII/H/hdl fragment (which includes part of the coding region) was 

used as a probe.

YR 1.7 kb PviA\!BamH\ fragment of pBR322 which identifies the right or URA

arm of the VAC vector.

YL 2.7 kb PviA\!BamH\fragment of pBR322 which identifies the left or

CEN/TRP arm of the YAC vector.
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A3.2 LIST OF PROBES USED TO CHARACTERIZE THE IFGT 

HYBRIDS:

PROBE L o c u s r e fe r e n c e

DMa5-5 Amp (Snead eta!., 1983)
dCMVAR Ar (Mitchell eta!., 1989)
G28A DXHX253E^ (Avner eta!., 1987)
APCAB17BH2.5BE0.5:65 Pak1 (Adraef a/.. 1987)
CMPXY1 Zfx (Mitchell eta!., 1989)
66 DXPas3 (Amar eta!., 1985)
87 DXPas4 (Amar eta!., 1985)
100 DXPasS (Amar eta!., 1985)
)L9 DXPasW Dr. P. Avner^ and this study
.11 DXPasW (Cattanach eta!., 1991)
6/1 DXPas23 (Cattanach eta!., 1991)
1088 DXPas25 Dr. P. Avner®
3MR196 (Pietras eta!., 1983)
PMic (Garchon eta!., 1989)
D15-4 (Harbers et a!., 1990)

a Previously known as P3

b Personal communication from Dr. Phillip Avner

c At least two copies of this locus, Xlr1 and Xlr2 are detected by this probe

L o c a tio n  o f  h u m a n  Xp m a r k e r s  in t h e  m o u s e

LOCUS HUMAN LOCATION MOUSE LOCATION CONSERVED 
LINKAGE GROUP

AMG/Amg Xp22.31-p22.1 72 cM H

ZFX/Zfx Xp22.1 34 cM
POLA/Poia Xp22.1-p21.3 34 cM E
DMD/Dmd Xp21.1-p21.3 31-32 cM

CYBB/Cybb Xp21.1 2 cM
OTC/Otc Xp21.1 3cM C
MAOA/Maoa Xpl 1.4-Xp11.3 5cM
SYN1/Syn1 Xp11.23 6 cM

The data for this table was obtained from ( Brown et al., 1993)

229


