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Summary I

SUMMARY

X chromosome inactivation is the mammalian mode of compensating for the difference in

gene dosage between males and females due to divergent sex chromosomes. In the blastocyst

stage of female development, one of the two X chromosomes is inactivated and remains stable

throughout the lifetime of the cell. The paternal X chromosome is inactivated in the

trophectoderm of the early embryo, whereas random X inactivation occurs in the embryo

proper. Therefore, most females have a mosaic pattern of expression from both the paternal

and maternal X chromosomes. However, a deviation from the expected 50:50 contribution of

each parental X chromosome may result from factors such as cell selection or a distortion in

the X inactivation process. Studies of human female populations without known X-linked

diseases showed skewing of X inactivation between 5-20%. There is also evidence of familial

skewing where healthy carriers of dystrophinopathies exhibited skewed inactivation patterns.

An analysis of X inactivation patterns in Klinefelters (XXY) males showed a higher incidence

of skewing in these patients than in the normal female population.

The production of somatic cell clones has had a low success rate with a high rate of

embryonic and fetal mortality as well as physical abnormalities. Methylation and imprinting

studies indicate that abnormalities may be due to improper epigenetic reprogramming. The

donor nuclei must be reprogrammed from its differentiated state to a totipotent condition to

allow the temporal and spatial re-expression of genes involved in embryo development.

Nuclear reprogramming requires the removal of epigenetic modifications imposed on the

chromatin during cellular differentiation. In female clones, since the recipient oocyte receives

one active and one inactive X chromosome from the donor nucleus, reprogramming requires

the reactivation of the already inactive X chromosome.

In this study, an allele-specific TaqMan® real-time PCR system was developed to

detect skewing in X chromosome inactivation. Using an SNP located on the inactivated gene

monoamine oxidase A (MAOA), the amount of transcript from the paternal and maternal X

chromosome of female cattle was compared, where non-equal expression of one allele would

indicate skewing of X chromosome inactivation. This method was used to analyse samples

from randomly selected cattle and three cloned female derived from fetal fibroblasts. This

study also included an XXX cow and her XXY offspring however, the animals were

homozygous for this allele, therefore they could not be analysed by this method. All animals
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were initially genotyped for the SNP in MAOA from genomic DNA. RNA was extracted from

tissue samples from slaughterhouse cows and from fibroblast cell cultures derived from skin

biopsies of the cloned cattle. Reverse transcription and subsequent real-time PCR was

performed.

No skewing was observed in the random animals except one animal with severe

skewing in the heart tissue. The muscle sample of the same animal was not skewed

suggesting that the sample was under the influence of tissue specific skewing observed in

other X inactivation studies. If X inactivation occurs very early in embryonic development,

tissues or the majority of a tissue may derive from few cells, whereby a skewed pattern of X

inactivation will be observed. Therefore, we conclude that sampling of a variety of tissues is

necessary for the overall X inactivation status of an animal. No skewing was observed in the

healthy cows derived from nuclear transfer. This is in agreement with X inactivation studies

in mice and bovine clones, which suggest that embryo survival and fitness at birth indicate

that the epigenetic program was erased and properly re-established. In contrast, severe

perturbation of X-linked gene transcripts was found in clones that died before or shortly after

birth.

To our knowledge this is the first study using allele-specific real-time PCR for the

analysis of X inactivation in bovine. This approach is advantageous because it enables a

sensitive analysis of expression for X-linked genes thereby giving an indication of skewing.

However, this technique can only be applied to samples containing SNPs in the coding

sequence of X inactivated genes. With the development of a new publicly available bovine

SNP database, there are now possibilities of incorporating this technique to study X

inactivation and epigenetics on the whole, and its role in embryonic development.
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ZUSAMMENFASSUNG

Durch X Chromosomeninaktivierung kompensieren Säugetiere den Unterschied in der

Genaktivität zwischen männlichen und weiblichen Individuen. Während des

Blastozystenstadiums wird bei weiblichen Säugetieren eines der zwei X Chromosomen

inaktiviert. Diese Inaktivierung wird über die gesamte Lebensspanne einer Zelllinie

beibehalten. Im Trophoektoderm wird das paternale X Chromosom inaktiviert während im

Embryonalknoten eine zufällige X Inaktivierung stattfindet. Deshalb weisen die meisten

weiblichen Individuen ein mosaikartiges Expressionsmuster des maternalen und paternalen X

Chromosoms auf. Dennoch können Zellselektion oder Störungen im Inaktivierungsprozess zu

Abweichungen von einem 50:50 Expressionsverhältnis des jeweiligen parentalen X

Chromosom führen. Wird hauptsächlich das X Chromosom von einem Elternteil inaktiviert,

spricht man von asymmetrischer Inaktivierung. Untersuchungen an Frauen ohne bekannte X

chromosomale Erkrankungen zeigten eine asymmetrische Inaktivierung von 5-20%. Auch bei

Trägern von Dystrophinopathien gibt es Hinweise auf familiäre asymmetrische Inaktivierung.

Bei einer Untersuchung von Klinefeltern (XXY) wurde eine asymmetrische Inaktivierung in

fünf von sechzehn Patienten nachgewiesen.

Die erfolgreiche Herstellung von somatischen Klonen ist aufgrund des hohen Anteils

an Embryonensterblickeit und an physischen Abnormalitäten gering. Methylierungs- und

Imprintingstudien deuten auf fehlerhafte epigenetische Rückprogrammierung hin. Um die

Expression von Genen, die an der Embryonalentwicklung beteiligt sind, zu ermöglichen,

muss der Spenderkern von seinem ausdifferenzierten in einen totipotenten Zustand

zurückgeführt werden. Dafür müssen epigenetische Modifikationen, die das Chromatin

während der Zelldifferenzierung erfahren hat, rückgängig gemacht werden. Auch das im

Spenderkern bereits inaktivierte X Chromosomen muss in der Empfängeroozyte wieder

reaktiviert werden.

In dieser Studie wurde ein Allel-spezifisches TaqMan® real-time PCR System

entwickelt, um asymmetrische Inaktivierung aufzudecken. Anhand eines SNPs auf dem

inaktivierten Gen Monoamino-Oxidase (MAOA) wurden die Anzahl Transkripte des

paternalen und des maternalen X Chromosoms verglichen, wobei ungleichmässige Expression

auf asymmetrische Inaktivierung hindeuteten. Mit dieser Methode wurden Proben von

zufällig ausgewählten Rindern und drei klonierte Kühe aus fetalen Fibroblasten untersucht.
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Unsere Studie umfasste auch eine XXX-Kuh und deren XXY Sohn, die allerdings homozygot

für das Allel waren und deshalb nicht mit dieser Methode untersucht werden konnten. Alle

Tiere wurden zuerst mit genomischer DNA für den SNP in MAOA genotypisiert. RNA wurde

aus Gewebeproben von Kühen vom Schlachthof und aus Fibroblastenkulturen von

Hautbiopsien der drei Kühe eines Klones isoliert. Damit wurden reverse Transkription und

anschliessend real-time PCR durchgeführt.

Mit Ausnahme eines Tieres, das starke Asymmetrie in Herzmuskelgewebe aufwies,

wurde in den zufällig ausgewählten Kühen keine asymmetrische Inaktivierung entdeckt.

Skelettmuskelproben desselben Tieres zeigten keine asymmetrische Inaktivierung, was darauf

hindeutet, dass das Herzmuskelgewebe unter dem Einfluss von gewebespezifischer

Inaktivierung, welcher auch in anderen X Inaktivierungsstudien aufgedeckt wurde, stand.

Wenn X Inaktivierung während der sehr frühen Embryonalentwicklung stattfindet, stammt

das gesamte Gewebe oder ein Grossteil davon von sehr wenigen Stammzellen ab, als dessen

Folge ein asymmetrisches Muster beobachtet werden kann. Daraus schliessen wir, dass eine

Vielzahl von Gewebeproben zur Bestimmung des Inaktivierungszustandes eines Tieres

notwendig ist. In den gesunden Kühen aus somatischem Zell-Kerntransfer wurde keine

asymmetrische Inaktivierung beobachtet. Dies stimmt mit X Inaktivierungsstudien in Mäusen

und bovinen Klonen überein, in welchen scheinbar epigenetische Veränderungen gelöscht und

korrekt rückgängig gemacht wurden, wenn der Embryo überlebt hat und das Tier gesund

geboren wurde. Im Gegensatz dazu wurde in Klonen, die vor oder kurz nach der Geburt

gestorben sind, eine schwere Störung der X gebundenen Gentranskipte gefunden.

Unserem Kenntnisstand nach ist dies die erste Untersuchung, in der eine Allel-

spezifische quantitative PCR für die Analyse der X Inaktivierung beim Rind durchgeführt

wurde. Dieser Ansatz ist vorteilhaft, weil er die sensitive Analyse der Expression von X

gebunden Genen ermöglicht and dadurch einen Hinweis auf asymmetrische Inaktivierung

liefert. Jedoch kann diese Technik nur auf Proben angewendet werden, die SNPs in der

Kodierungssequenz von X inaktivierten Genen aufweisen. Durch die Entwicklung einer

neuen, öffentlichen, bovinen SNP Datenbank existieren Möglichkeiten, diese Technik in die

Untersuchung der X-Inaktivierung wie auch der Epigenetik als Ganzes und ihrer Rolle in der

Embryonalentwicklung einzubeziehen.
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1 LITERATURE REVIEW

1.1 Dosage compensation

As a result of divergent sex chromosomes characteristic of insects, birds and mammals, there

is an imbalance between males and females in the gene transcripts produced by these

chromosomes. Dosage compensation has evolved as a mechanism to ensure the equality of X

linked gene products in both the male and female. In Drosophila melanogaster, males have a

single X chromosome which doubles the transcriptional activity to equal the two female X

chromosomes (Cline and Meyer 1996). In Caenorhabditis elegans, the XX hermaphrodites

lower the level of transcription from both chromosomes by half to match the transcriptional

activity of the male (Cline and Meyer 1996). In birds, females are the heterogametic sex

(ZW) and the males are homogametic (ZZ). Although not certain, it is likely that birds

upregulate the single Z chromosome in females (Graves 2003). In eutherian mammals,

dosage compensation is achieved by X inactivation of one of the two X chromosomes in each

cell.

1.1.1 Dosage compensation in mammals

Mary Lyon proposed that in the somatic cells of the female mammal, one of the two X

chromosomes becomes transcriptionally inactive to compensate for the presence of only one

X chromosome in males (1961). The inactive chromosome condenses and attaches to the

nuclear membrane to form what is known as a Barr body (Ohno et al. 1959). Lyon's

hypothesis proposed that X inactivation occurs:

1) early in embryonic development;

2) is random, where either the paternal or the maternal X chromosome can be

inactivated;

3) is clonally propagated in the cell's lineage.
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The inactive X can be identified by its heterochromatic nature and replicates asynchronously

relative to the other chromosomes (Gartler and Riggs 1983). Other features include lack of

acetylation of histone H4 (Jeppesen and Turner 1993), H2A and H3 (Belyaev et al. 1996) and

hypermethylation of CpG sequences (Tribioli et al. 1992) in the inactive X.

1.2 X inactivation

1.2.1 X inactivation timing and embryonic development

In the female mouse, the X chromosome in the cells of the trophectoderm and primitive

endoderm is inactivated in a non-random fashion, whereas in the embryo proper, X

inactivation is random (Takagaki et al. 1978) (Figure 1.1). It was recently shown that X

inactivation begins at the 2 - 4 cell stage, much earlier than previously thought and by the

early blastocyst stage, the paternal X chromosome (Xp) is inactivated (Hyunh and Lee 2003;

Okamoto et al. 2004). The inactivity of the Xp is subsequently reversed in the cells of the

ICM and maintained in the future cells of the extraembryonic tissues (Okamoto et al. 2004;

Mak et al. 2004). However, in humans, skewed paternal X inactivation in the extraembryonic

tissues (Harrison 1989; Goto et al. 1997) and both random and skewed X inactivation

(Looijenga et al. 1999; Uehara et al. 2000; Zeng and Yankowitz 2003) were reported. A

recent study showed that skewing is more prevalent in extraembryonic tissue than in

embryonic tissue although in most cases random X inactivation occurs in both tissue types

(Zeng and Yankowitz 2003). The kinetics of bovine X inactivation during embryonic

development has not been clearly defined, however late replication of the inactive X

chromosome was detected at the early blastocyst stage using in vitro produced bovine

embryos (De La Fuente et al. 1999).

Random X inactivation in cells of the embryo proper in the female mouse occurs

approximately at the beginning of gastrulation (Cheng and Disteche 2004), where either the

paternal or maternal allele is inactivated in each cell. The pattern of inactivation is clonally

inherited in somatic cells. In the female germ cell precursor, the inactive X chromosome is

reactivated during meiosis - possibly a requirement for proper pairing. Thus, during

oogenesis, both X chromosomes are active. During spermatogenesis, the X chromosome

condenses and becomes inactive just prior to meiosis during the formation of the spermatid.
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Hyuhn and Lee (2003) propose that the inactivation in the sperm is maintained after

fertilization whereas Okamoto et al. (2004) suggest that both X chromosomes of a female are

initially active in the zygote.

@ OO

Zygote Two-cell Four-cell Eight-cell Morula

Xp inactivation

Onset of paternal
Xist expression

O©0>

Extraembryonic tissues

Earl1/ replication
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Figure 1.1. X inactivation in the female mouse embryo. X inactivation of the paternal X

chromosome (Xp) is observed in the 8 cell stage. By the blastocyst stage, all cells contain an inactive

paternal X chromosome. This inactivity is maintained in the cells of the trophectoderm (TE) and

primitive endoderm (PE) which form the extraembryonic tissues. Reactivation of the paternal X

chromosome occurs in the inner cell mass (ICM) which becomes the embryo proper. Random X

inactivation of either the paternal or maternal (Xm) X chromosome occurs. In the female germline,

the inactive X (Xi) is reactivated (according to Heard 2004).

1.2.2 X inactivation process

The X inactivation process is generally divided in three stages - initiation, spreading, and

maintenance. Initiation involves the counting of the number of X chromosomes present in the

cell and the selection of one to remain active. Once chosen, spreading of the inactivation of
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the other X chromosome occurs whereby several thousand genes are silenced on most of the

entire chromosome. The inactive chromosome is clonally transmitted through cell division so

that once established, the X chromosome inactivation is stable throughout all future rounds of

mitotic division.

1.2.3 X inactivation center

The X inactivation center (Xic) is required for X inactivation to occur and has been mapped to

Xql3 in humans (Brown et al. 1991b). It is approximately 1 Mb in size and is known to

contain at least four genes- Xist, DXPas34, Tsix and Xce - which are involved in X

inactivation in mice (Heard et al. 1997; Avner and Heard 2001). Xic is involved in counting

the number of X chromosomes present so that only a single X is active in each cell, as well as

initiating X inactivation. The Xic is also thought to be involved in choice of which X

chromosome is to be inactivated. Studies involving X; autosome translocations suggest that

inactivation spreads from a single center to regions physically neighbouring the Xic (Disteche

et al. 1981; White et al. 1998). X chromosome inactivation spreads in eis along the

chromosome, silencing the majority of genes on the inactivated X chromosome (Figure 1.2).

Xic

PO P1/P2

2 1(2)Pm

10 I*
SU S19

DXPas34

TsiX

Tsm Brx Cdn4

Xce

Choice

Counting

Os-inactivatlon

Figure 1.2. X inactivation center of the mouse, a) X inactivation genes include Xist, Tsix

DXPas34 and Xce. Genes Tsx (testis X-linked), Brx (brain X-linked), and Cdx4 (Caudal-4)

were not shown to have X inactivation function. 2.1(2)P shows differential histone

hyperacetylation in undifferentiated female and male ES cells. P0, PIand P2 are promoters

for Xist. S12 and S19 are pseudogenes. b) The dark bar indicates function in choice, counting

or cis-inactivation and light bar indicates both choice/counting function (according to Avner

and Heard 2001).
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1.2.4 Genes involved in X inactivation

The X inactive-specific transcript (Xist) is a gene which maps to the Xic. Xist encodes a

functional RNA which is involved in initiation and spreading of X inactivation (Brockdorff

1998; Clerc and Avner 1998). Xist is expressed at low levels from both X chromosomes

before the start of X inactivation. However, the Xist RNA is highly unstable in

undifferentiated (embryonic stem) cells compared to differentiated (somatic) cells

(Sheardown et al. 1997). This increase in the half-life of the Xist RNA may be a result of

transcription from differential promoters on the Xist gene which contribute to the transcript

stability (Johnston et al. 1998). When cells undergo X inactivation, Xist RNA is expressed

only from the inactive X chromosome (Brown et al. 1991a). Xist was shown to be expressed

from the paternal allele after the 2 cell stage in mice (Kay et al. 1993). Xist was detected at

the 2 cell stage in bovine (De La Fuentes et al. 1999), and in both the female and male

morulae and the female blastocyst (Pieppo et al. 2002).

The non-coding gene transcript is approximately 17 Kb in humans and 15 Kb in the

mouse (Brockdorff et al. 1992). The bovine Xist showed 60% homology to the mouse Xist

(Chureau et al. 2002). Through fluorescent in situ hybridization (FISH), it was shown that the

Xist RNA remains in the nucleus, and coats the X chromosome from which it is transcribed

(Clemson et al. 1996). It is not clear how the Xist transcript is restricted to the area around the

inactivated X rather than diffusing throughout the nucleus although it is believed there are

some other factors which associate with the RNA and confine it to the inactivated X

chromosome.

Lee et al. (1999) identified a gene called Tsix in the mouse which is transcribed from

the antisense strand of Xist starting 15 Kb 3' from the end of the Xist gene (Figure 1.2) and

encodes a 40 Kb untranslated RNA proposed to control Xist expression. Tsix was detected

from both alleles before the onset of X inactivation and was expressed from only the future

active X chromosome until X inactivation was established. In contrast to Xist, the Tsix coding

and promoter regions are not conserved in human or bovine suggesting that if it exists in

human and bovine, it is not subject to selection pressure (Chureau et al. 2002). DxPas24 is a

locus downstream from Xist that is rich in CpGs. Deletion of this locus resulted in alteration

of both Tsix antisense and Xist transcription in ES cells (Clerc and Avner 1998; Debrand et al.

1999). The degree of hypermethylation of DxPas24 is thought to correlate with the Xce locus

and preference for certain alleles to be inactivated (further discussed in Section 1.5.1.2.).
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1.3 Sequence of events in X inactivation

1.3.1 Initiation

Inactivation of the X chromosome is governed by the "«-/
"

rule, where the number of X

chromosomes in the cell is counted and only a single X chromosome remains active in diploid

cells regardless of the sex chromosome constitution. Therefore, in individuals where three or

more X chromosomes are present, only one X remains active. Conversely, X inactivation

does not occur in XO individuals. Deleting 65 Kb 3' to Xist in XO and XY embryonic stem

cells resulted in inactivation of the single X chromosome in these cells upon differentiation,

indicating that this region is involved in the process of counting (Clerc and Avner 1998;

Morey et al. 2004). It has also been suggested that the counting mechanism may rely on an

autosomal gene because in triploid human cells (69, XXY) neither X chromosome was

inactivated (Weaver et al. 1975).

The initiation process also involves the choice of which of the X chromosomes is to be

silenced during inactivation. Most models of X chromosome choice involve a trans-acting

blocking factor that protects the future active X chromosome from silencing (Rastan 1983;

Avner and Heard 2001). Chao et al. (2002) reported a trans-acting factor CTCF which binds

to a region at the 5' end of Tsix. The authors propose a model in which CTCF binds to one of

the two X chromosomes, designating the future active X chromosome and prevents Xist

expression either by activation Tsix expression or by blocking access to putative enhancers

downstream of the, Xist gene.

1.3.2 Spreading

X inactivation is manifested by accumulation and coating of the future inactive X by Xist

RNA. The inactivation is initiated at the Xic and spreads along the chromosome. Silencing

has been observed even into autosomal material in X; autosome translocations of up to 45 Mb

from the translocation point (Sharp et al. 2002). The silencing of the autosomal DNA

therefore shows that the DNA susceptibility to the inactivation process is not unique to the X

chromosome. However, the autosomal sequences were more likely to escape X inactivation

with the same proportion as genes is the pseudoautosomal region suggesting that some

autosomal sequences may lack chromosome specific elements that allow for efficient

spreading or maintenance of X inactivation (White et al. 1998).
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Riggs (1990) proposed that the spreading of the inactivation signal is achieved by the

binding of Xist RNA to high-affinity sites or "booster sequences" present on the X

chromosome, thereby inducing heterochromatin formation. These "booster sequences" may

be in the form of interspersed repetitive elements such as long interspersed nuclear elements

(LINEs) (Lyon 1998) (Figure 1.3). LINE sequences are found in high concentration along the

X chromosome (Korenberg and Rykowski 1988) and efficiency of spreading into autosomal

regions correlates with the LINE content.

Blocking factor
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Figure 1.3. Avner and Heard's (2001) model of Xist interactions for X chromosome

inactivation. a) Xist is produced in an unstable form and proposed blocking factors prevent

association with chromosome, b) Xist RNA becomes stabilized and spreading of the transcript

occurs by LINEs. c) Xist RNA coats the entire chromosome, d) Silencing of the genes on the

inactivated X chromosome, e) Condensation of chromatin with histone macroH2A to form a

stable inactive state.
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Wutz and Jaenisch (2000) have shown that gene silencing along the length of the X

chromosome rapidly ensues after coating with Xist RNA within approximately 24 hours. This

suggests that Xist transcripts are directly responsible for recruiting factors that mediate

transcriptional silencing. However, the nature of the spreading signal at the chromatin level

remains unknown. Chromatin modifications such as histone H4 hypoacetylation and DNA

methylation (Keohane et al. 1996; O'Neill et al. 1999) as well as macro H2A enrichment

(Mermoud et al. 1999; Rasmussen et al. 2000) are relatively late events occurring after

transcriptional silencing. Heard et al. (2001) found that methylation of histone H3 Lysine 9

(H3 Lys-9) on the inactive X chromosome occurs immediately after Xist coating and before

transcriptional inactivation of X-linked genes, thus being the earliest known chromatin

modification during X inactivation. A region lying 5' to Xist has been proposed as a

nucleation center for spreading of the silencing (Heard et al. 2001). A unique "hotspot" of H3

Lys-9 methylation 5' to Xist was identified and is proposed to act as a nucleation center for

Xist RNA dependent spread of inactivation along the X chromosome via H3 Lys-9

methylation (Heard et al. 2001).

1.3.3 Maintenance

Once the X chromosome has been silenced, the inactive state is permanent in somatic cells

and their lineage. Brown and Willard (1994) have shown that Xic is not required for

maintenance of X inactivation. However, Csankovszki et al. (2001) reported that although

Xist expression is not required for maintenance, continuous Xist synthesis does contribute to

the stability of the inactive state. They propose a synergistic effect of Xist expression, DNA

methylation and histone deacetylation on the overall inactive X chromosome stability.

DNA methylation is also believed to play a role in the maintenance of X inactivation by

"locking" inactivation once the locus has been silenced. This is supported by the lack of

methylated CpG islands near loci that escape X inactivation such as pseudoautosomal regions

(Mondello et al. 1988), or loci that have "leaky expression" for example in marsupials

(Kaslow and Migeon 1987). Further support for the involvement of DNA methylation was

described by Graves et al. (1982) where mouse-human hybrid cells treated with 5-azacytidine,

a pyrimidine analogue that inhibits DNA methyltransferase thus impairing DNA methylation,

showed reactivation of the HPRT gene.
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1.4 Genes on the X chromosome

The mammalian sex chromosomes emerged approximately 240-320 million years ago with

the divergence of mammals and avians (Lahn and Page 1999). The mammalian X and Y

chromosomes are unrelated to the W and Z sex chromosomes in avians (Nanda et al. 1999).

Homologous regions called the pseudoautosomal region (PAR) on the mammalian X and Y

chromosomes are capable of pairing during meiosis. On the human sex chromosomes, there

are two PARs found on the telomeric ends. In cattle, the PAR is located at Xq42-43 (Ponce

de Leon et al. 1996; Yeh et al. 1996).

Although most of the genes found on the inactivated X chromosome are silenced, it

was discovered that some genes escape inactivation (Disteche 1995). Many of these genes are

found in the PAR and many have a Y homologue. Genes that escape inactivation lack DNA

methylation (Goodfellow et al. 1988), histone acetylation (Gibert and Sharp 1999), and

histone methylation (Boggs et al. 2002). So far, over 30 genes have shown expression from

the inactivated X chromosome (Table 1.1) (reviewed in Disteche 1995; Heard et al. 1997).

Carrel et al. (1999) examined 224 genes and EST transcripts in a panel of

mouse/human somatic cell hybrids containing only a normal human inactive X and found

expression of 34 of the transcripts, suggesting that they escape X inactivation. Of these 34,

they found that 31 are localized to the p arm, which implies that the two arms are

epigenetically distinct.

In the mouse, much fewer genes are known to escape X inactivation. These include

Smcx (Agulnik et al. 1994), Sts (Salido et al. 1996) and UTX (Greenfield et al. 1998). This

may explain the relatively normal development and fertility of the mouse with Turners

syndrome (XO) but severe effects in human (karyotype 45, X). In humans, only

approximately 1% of Turners survive to birth, however the XO mouse is phenotypically

normal and able to produce offspring (Ashworth et al. 1991). This is consistent with the

hypothesis that humans need both transcripts for some X-linked genes. A recent study in

bovine X inactivation showed that like in humans, genes G6PD, HPRT are subject to X

inactivation and ZFX escapes X inactivation (Basrur et al. 2004). Interestingly, they found

that SMCXis subject to inactivation, which differs from the human and mouse counterparts.
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Table 1.1. Genes on the X chromosome which escape inactivation in humans, mice and cattle.

Gene Escaping human Escaping mouse Escaping 1

GSI y n ?

KAL y* n ?

UBE1 y* n ?

ANT3 y n ?

XE7 y n ?

MIC2 y n ?

XG y n ?

RPS4X y* n ?

STS y* y* ?

ARSD y n ?

ARSE y n ?

SSX y n ?

SB1.8 y n ?

PCTK1 y n ?

DFFRX y n ?

IL9R y n ?

WI-12682 y n ?

UTX y* (l) y* ?

DDX3 y* (l) y* ?

EIF2S3 y (l) y* ?

TMSB4X y* (l) n ?

PRKX y* (l) ? ?

TBL1X y* (l) n y

EFIF1A y* (l) ? ?

USP9X y (l) n ?

MIDI n (l) y* ?

SMCX y* y* n

G6PD n (3) n n

HPRT n n n

ZFX y* n* n

* has a known Y homologue

All are reviewed in Heard et al. 1997 except

(1) Disteche et al. 2002

(2) Xue et al. 2002

(3) Migeon 1983

(4) Basruret al. 2004
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1.5 Skewing of X inactivation

The average contribution from each X chromosome in the somatic tissue of the female is

approximately 50%, due to the random process of X inactivation. A significant deviation

from the mean is known as skewed X inactivation. This means that the majority of either the

paternal or maternal X chromosomes are active in the tissue. However, because X

inactivation occurs very early in the embryo at a stage where there are a limited amount of

progenitor cells, it is possible that even with random X inactivation, a whole tissue can be

populated exclusively by one or the other of the parental X chromosomes (Ohno 1967). This

is visible in the calico cat coat colour pattern where the female carries the black colour on one

X chromosome and the orange colour on the other X. The colour patches indicate the area

of few cell progenitors with the same chromosome inactivated. This skewed pattern of X

inactivation is therefore not referred to as non-random inactivation.

Non-randomness of X inactivation can be divided into two categories - primary and

secondary. Primary skewing is caused by a non-random choice of the X chromosome for

inactivation, for example choice imprinted X inactivation in the trophectoderm and

marsupials. Secondary non-random inactivation is a result of selection for or against cells

carrying the active or inactive X chromosome (Heard et al. 1997, Migeon, 1998).

1.5.1 Primary skewing

1.5.1.1 Imprinting effects

Expression of several genes in the human genome is influenced by their parental origin.

These genes have an imprint of their gametic source, whether paternal or maternal. These

alterations are retained during mitosis but do not change the DNA sequence, rather they

modify the DNA or chromosomal protein. These modifications are called epigenetic changes

and include DNA methylation and histone modifications for imprinting and X inactivation.

Allelic methylation is believed to play an important role in X inactivation. CpG islands,

defined as a 200 bp region of DNA with a G+C content over 50%, are associated with the 5'

end of housekeeping genes (Gardiner-Garden and Frommer 1987). The CpG islands are

generally unmethylated in normal tissues and the unmethylated status is found associated with

genes that are frequently turned on. However, they are found to be methylated in genes which
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are tissue specific, germ line specific, imprinted, and X-linked in females (Shi et al. 2003).

Approximately 70% are highly methylated in the inactivated X chromosomes (Bird 1986).

1.5.1.1.1 X inactivation ofextraembryonic tissues

In mice, around the time of implantation, the cells of the embryo begin to differentiate into

cells of the extraembryonic membranes and placenta (trophectoderm), or into cells of the

embryo (inner mass cells). In the trophectoderm, the paternal X chromosome is distinguished

and subsequently inactivated which appears to be the result of genomic imprinting mediated

by Xist (Heard et al. 1997; Goto and Monk 1998). In the human placenta, the results have

varied and it is therefore unclear if only the paternal X chromosome is turned off (Zeng and

Yankowitz 2003). This is similar to the marsupial system of inactivation involving

incomplete and unstable paternal inactivation in all tissues (reviewed in Gartler et al. 1992).

1.5.1.1.2 Monotrernes and marsupials

Prototherian mammals including monotremes (platypus and echidna) and metatherian

mammals which include the marsupials (kangaroos, wombats, bandicoots, opossums) are

skewed having paternal X chromosome inactivation in all tissues studied (reviewed in Graves,

1996). However, it appears that X inactivation is not complete nor is it stable - different loci

on the paternal X chromosome are inactive in different tissues (Cooper et al. 1993).

Currently, no homologue to the eutherianX/'^ gene has been identified in these animals.

The marsupials have an X chromosome which is homologous to the human Xq

(Spencer et al. 1991). Examination of X linked genes G6PD and PGK1 showed partial

expression of the paternally derived allele which was different between tissues and between

species. However in the southern brown bandicoot, Johnston et al. (2002) found PGK1

expression from only the maternally derived allele in all tissues examined including liver,

spleen, lung, heart, brain, skeletal muscle and kidney.

Because the inactive state is poorly maintained in marsupials, DNA methylation

studies have been used to examine imprinting effects. DNA methylation of CpG islands is

not associated with inactivation ofHPRT and G6PD genes in the inactive X chromosomes in

marsupials (Kaslow and Migeon 1987; Loebel and Johnston 1996). However, a study of

acetylation status in the Tammar wallaby (Macropus eugenii) showed that underacetylation of

the histones of the inactive X was similar to the eutherian mammals (Wakefield et al. 1997).

They therefore suggest that the marsupials have an X inactivation pattern like the ancestoral

mammals (Table 1.2).
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Table 1.2. Comparison of X chromosome inactivation features in marsupial and

eutherian mammals.

Marsupials Eutherians

Histone underaceylation Histone underacetylation

Late replication Late replication

Paternal Random

No differential DNA methylation Differential DNA methylation

Labile Stable

Incomplete Complete

Tissue specific Tissue independent

Inconsistent sex chromatin Consistent sex chromatin

Xist RNA not present Xist RNA present

(according to Wakefield et al. 1997)

To date, 33 genes that are located on the human X chromosome have been mapped in the

monotremes - the platypus or echidna (reviewed in Grützner et al. 2003). Recently using a

semi-quantitative RT-PCR, Grützner et al. (2003) were able to demonstrate that dosage

compensation also occurs in the monotremes. However, the mode of dosage compensation is

still unknown.

1.5.1.2 Mouse Xce locus

In the mouse X chromosome, a locus was found in the Xic region which affects the

randomness of X inactivation. The X controller element (Xce) locus has three alleles that

have been characterised - Xce", Xce
,
and Xcec. The X chromosome expressing the Xce"

allele has the highest likelihood of being inactivated and the X chromosome with Xcec, the

lowest (Rastan 1982). The most extreme non-randomness is seen in Xce" and Xcec

heterozygotes. The Xce is a separate locus from Xist and genetic mapping suggests that Xce

lies downstream to it (Simmler et al. 1993). It is not clear if there is a human equivalent of

the Xce locus. However, familial skewing has been observed in related females (Busqué et al.

1996; Naumova et al. 1998).

1.5.1.3 Skewing at a genetic level

Extreme non-random X inactivation has been reported to occur as a consequence of mutations

or deletions of the Xist gene in mice (Penny et al. 1996) and in humans (PIenge et al. 1997)

Penny et al. (1996) showed that a 7 Kb deletion in Xist caused a null allele for expression

thus, the chromosome with the normal Xist allele, rather than the mutant underwent X
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inactivation. In mice, deleting the major promoter for the Tsix gene (Lee and Lu 1999) or

premature termination of Tsix transcripts (Luikenhuis et al. 2001) resulted in skewing.

However, no functional Tsix gene has been found in human or bovine (Chureau et al. 2002).

1.5.2 Secondary skewing

1.5.2.1 Selection

Skewing may appear in an organism as a result of a selection advantage or disadvantage.

Thus, the choice of inactivation for one X chromosome may have been random, but the

population of cells carrying a specific X chromosome may have an advantage. Alternatively,

the population of cells with the other X chromosome active may be deleterious to growth and

development. Skewing is almost always in favour of the active state of the non-mutant

chromosome. However, in the case of carriers of X-linked adrenoleukodystrophy, skewing is

in favour of the mutant X although the mechanisms are unknown (Migeon et al. 1981). In

most cases, the cells with the inactive mutant X chromosome are selected or the selection is

against cells with the mutant active X chromosome. Examples include HPRT deficiency,

incontinentia pigmenti, a-thalassemia with mental retardation (ATRX), and X-linked

dyskeratosis congenital (reviewed in Belmont 1996).

1.5.2.1.1 AbnormalX chromosome

Non-random X inactivation is observed in structurally abnormal X chromosomes such as

interstitial deletions, isochromosomes, ring chromosomes, or translocation (Belmont 1996).

The abnormal X chromosome is generally preferentially inactivated. In the case of balanced

X; autosome translocations, there is a preference for the abnormal X chromosome to remain

active. Due to the spreading of inactivation onto the translocated autosomal segment, a partial

autosomal monosomy will arise in cells which inactivate the translocation chromosome. This

is seldom tolerated and selection advantage is for an active translocation X chromosome

(Gartler and Riggs 1983). Examination of an X; autosome translocation in cattle carriers

showed that the normal X chromosome was late replicating in 100%> of cells a cow and 77.8%>

and 90.1 %> of cells in her daughters (Basrur et al. 1992), supporting this hypothesis.
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1.5.3 X inactivation patterns in normal women

Several examples of skewed inactivation have been described in the literature but are

generally related to selection against or in favour of one allele. Naumova et al. (1996)

examined X inactivation in lymphocytes of 365 phenotypically normal females and found that

80 (22%>) had >80%> skewing towards one X chromosome. They also found that a family had

heritable skewing in the paternal grandmother and seven granddaughters suggesting that

unbalanced inactivation could be inherited. Further analysis of 166 healthy females without

history of genetic disease were assessed for skewing and 30% were found to have a degree of

skewing (DS) of >75%, and 7% with a DS of >90% (Racchi et al. 1998). Further studies of

skewing in normal populations have shown >90%> skewing in 7% of the population (Busqué

et al. 1996) therefore it appears that extreme skewing is present but uncommon.

1.6 Aneuploid individuals

Non-mosaic autosomal aneuploidies are rarely tolerated and lead to embryo loss in utero.

However, sex chromosome aneuploids such as XO (Turners), XXX females, and XXY

(Klinefelters), XYY, or XXYY are viable due to the counting mechanism and subsequent

inactivation of the X chromosome, as well as the low gene content of the Y chromosome. In

humans, Klinefelter syndrome occurs in 1:1000 births (Thompson et al. 1991). Of these,

approximately 80%> are non-mosaic Klinefelter patients, having the karyotype 47,XXY and

the other 20% are mosaics (eg. 46,XY/47,XXY) (Iitsuka et al. 2001). Clinical symptoms

include hypogonadism, underdeveloped secondary sex characteristics, and infertility due to

hyalinization and fibrosis of the seminiferous tubules. These symptoms are associated with

low levels of testosterone, high levels of LH and FSH (Greco et al. 2001; Amory et al. 2000)

and may also be due to the overexpression of genes which escape X inactivation.

The additional X chromosome can come from either the paternal (XmXpY) or maternal

(XmXmY) lineage (Figure 1.4 and 1.5). In the paternal case, a spermatid carrying two X

chromosomes will result if there is an X-X non-disjunction during the second meiosis division

(Mil). In maternal cases, non-disjunction occurring in either MI or Mil can result in an egg

with two X chromosomes. A recent study using DNA methylation analysis of the androgen

receptor (AR) gene of Klinefelter patients found that 5 of 16 were skewed, defined by 80%> or

greater presence of one of the parental alleles (Iitsuka et al. 2001). They suggest that the
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variability in the severity of mental deficiency and phenotypic abnormalities in the Klinefelter

patients may be attributed to the severity in skewing of the X inactivation.

Nondisjunction in Meiosis I Meiosis I

Meiosis II Meiosis II Nondisjunction in Meiosis II

Figure 1.4. Non-disjunction in spermatogenesis, a) normal meiosis b) non-disjunction in meiosis I c)

non-disjunction in meiosis II. The light bar represents the X chromosome and the dark bar represents

the Y chromosome.

Figure 1.5. Non disjunction in oogenesis, a) normal meiosis b) non-disjunction in meiosis I c) non¬

disjunction in meiosis II. The dark bar represents paternal X chromosome and the light bar represents

the maternal X chromosome.
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In cattle, there have been four types of sex chromosomal aneuploids described - XXY,

XYY and XXX and XO - and XYY males have only been observed as XY/XYY mosaics

(reviewed in Popescu 1990). Non-mosaic XXY animals have been described by three groups

(Schmutz et al. 1994; Molteni et al. 1999; Slota et al. 2003) and seven cases of XXX were

reviewed by Eldridge (1985) as well as two more reported in the literature (Buoen et al. 1981;

Schmutz et al. 1994). In this study, an XXX female was found through routine chromosomal

examination and a nonmosaic Klinefelter bull was produced from this cow (Joerg et al. 2003).

1.7 Somatic cell nuclear transfer

Successful mammalian nuclear transfer demonstrates that the differentiated donor nuclei can

be erased of its genetic and epigenetic programs so that the totipotency of the cell is restored.

This nuclear reprogramming requires the removal of the epigenetic modifications to allow re-

expression of genes involved in embryo and fetal development.

The first successful cloned cattle were born in 1994 with nuclei from inner cell mass

(ICM) cells (Sims and First 1994). In 1996 at the Roslin Institute, Dolly the sheep became

the first mammal successfully cloned from a fully differentiated cell. Since then, many other

mammals have been cloned including mice, pigs, goats, rabbits, horses, cattle, and cat from

variety of donor nuclei originating from fibroblast, oviduct, uterine, mammary gland, muscle,

granulosa and cumulus cells (reviewed in Gurdon and Byrne 2003; Shi et al. 2003). Recently,

Kubota et al. (2004) reported serial cloning of a bull where a second clone was generated

from a first clone. However, in general, the success rate for somatic cell nuclear transfer is

quite low - typically between 0 and 3%>. Clones have been known to possess many physical

abnormalities such as obesity (Tamashiro et al. 2002), respiratory failure, and organ defects

(Hill et al. 1999; Chavette-Plamer et al. 2002), as well as placental abnormalities (Hill et al.

2000). These abnormalities causing clone mortality have not been inherited from the donor

and therefore suggest improper expression of genes, failure of genetic imprinting and

reprogramming of the donor genome. Telomere lengths were thought to be the cause of

premature aging in clones because Dolly's were shortened (Shiels et al. 1999). However

studies in both pig (Jiang et al. 2004) and cattle (Lanza et al. 2000) show normal telomere

lengths.



18 Literature Review

1.7.1 Nuclear reprogramming

Inefficiencies in the nuclear reprogramming have been suggested as one of the major causes

of the high rate of embryonic, fetal and neonatal failures observed after nuclear transfer

(Gurdon and Coleman 1999). In this aspect, X chromosome inactivation is very important for

proper development of female embryos as inappropriate dosage compensation can cause

embryonic death and developmental abnormalities in female embryos. In somatic cell nuclear

transfer, the donor receives one active and one inactive X chromosome from the donor nuclei.

The inactive X must be reprogrammed from a pluripotent or differentiated cell to an

undifferentiated state. In female cloned mice, the epigenetic marks can be erased and

subsequently re-established (Eggan et al. 2000). However, studies in bovine clones have

shown aberrant patterns of X inactivation. Abnormal gene expression was observed in

several studies. Wrenzycki et al. (2002) showed that G6PD and Xist transcripts were

significantly higher in nuclear transfer derived morulae compared to their in vivo generated

counterparts, whereas PGK expression was similar in both types of embryos indicating

aberrant X chromosome inactivation. Aberrant expression was also found in 9 of 10 X-linked

genes and expressed tag sequences (ESTs) in deceased bovine clones, whereas living clones

had a normal pattern of X inactivation (Xue et al. 2002). Aberrant methylation patterns have

been implicated as a cause for the atypical expression of genes and improper genomic

imprinting observed in cloned animals (Kang et al. 2001; Mann et al. 2003). Recent evidence

suggests that a reduction in demethylation in addition to de novo methylation is the result of

aberrant reprogramming which has lead to abnormalities (Bouc'his et al. 2001).

1.8 Methods of detection

1.8.1 Methylation and expression based assays

To measure the X inactivation, the two chromosomes must be distinguishable. Obvious

differences include structural differences such as X; autosome translocations have been used

previously (Boggs and Chinault 1994). Methylation studies (Lock et al. 1987) and more

recently expression studies based on polymorphisms (Xue et al. 2003) have been employed.

Both of them require a polymorphism in inactivated genes. For methylation studies, the

polymorphism can be in non-transcribed regions of the gene, however for expression studies,

the polymorphism must be in the coding region.
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DNA methylation is an important mechanism in X chromosome inactivation. Various

polymorphic genes have been used in conjunction with differential methylation patterns to

determine skewing. Polymorphisms have been found in genes to develop methylation based

assays such as FMR-1 (Hecimovic et al. 1997); BXS6673E (Beever et al. 2003); DXS255, a

highly polymorphic VNTR which is hypermethylated in the active X (Boyd and Fraser 1990);

and the androgen receptor locus (AR), which contains a polymorphic trinucleotide repeat in

the first exon (Allen et al. 1992) (Table 1.3).

Expression based studies rely on polymorphisms found in X-linked genes. G6PD was

used in original expression studies of X chromosome inactivation but were limited in the fact

that the polymorphism was very rare with ~1%> heterozygosity (Fialkow 1973). Expression-

based assays require both DNA and RNA. DNA is used to identify polymorphisms, which

are used to recognize heterozygous individuals. Reverse transcription is used to make cDNA

from the expressed (active) X chromosome except in the case of Xist, where expression

indicates it is the inactive X. A subsequent PCR with primers specific for each allele, labelled

with fluorescent isotopes, are used to estimate the intensity of the fluorescence of fragments

amplified for each allele, thus ratios between expressed alleles. However, these assays rely

that the polymorphism is located in a region which is transcribed and which is inactivated.

One way to increase the amount of polymorphic sites to study X inactivation is by crossing

interspecies such as Mus spretus X mus musculus (Adler et al. 1997) or in cattle Bos gaurus

X Bos taurus (Dindot et al. 2004).
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Table 1.3. Polymorphism based assays for X inactivation in human.

Gene Location Polymorphism Heterozygosity Assay Reference

(%)

AR Xq11 (CAG)n >80 Methylation + expression 1

MAOA Xp11 (CA)n+VNTR -75 Methylation 2

FMR1 Xq27 (CCG)n -65 Methylation + expression 3

PGK1 Xq13 BstX1-intron1 -33 Methylation 4

ZNF261 Xq13 (GA)n >90 Expression 5

KIAA0128 Xq24-26 (GA)n -70 Expression 5

ZXDA Xp11 (CA)n -50 Expression 5

IDSX Xq28 C:T -50 Expression 6

BGN Xq28 A:G -50 Expression 7

XIST Xq13 G:A -40 Expression 8

TM4SF2 Xp A:G -40 Expression 7

VBP1 Xq28 C:T -40 Expression 7

MPP1 Xq28 G:T -35 Expression 6

SuVAR39H Xp11 Mspl site -30 Expression 9

(according to Brown and Robinson 2000)
1 Allen et al 1992

2 Hendricks et al 1992

3 Carrel & Willard 1996

4 Gilhlandetal 1991

5 Carrel SWillard 1999

6 el-Kassar et al 1997

7 Kutsche R & Brown 2000

8 Rupertetal 1995

9 Carrel étal 1999

1.8.2 Real-time PCR

Real-time PCR is a system of amplification which permits direct quantification of the initial

amount of template because it monitors the amplicon production during each PCR cycle.

This is in contrast to other quantitative PCR methods that detect the endpoint amount - the

quantity of the final product at the end of the amplification (Freeman et al. 1999).

In real-time PCR amplification, primers can be designed around a specific

polymorphism allowing allelic discrimination. The detection and quantification of a fragment

is achieved by visualizing a fluorescent signal which is proportional to the amount of PCR

product present in a reaction. The assay relies on the 5'-3' exonuclease activity of the Taq

DNA polymerase which cleaves the Taqman® probe. The probe contains a fluorescent

reporter dye (R) at the 5' end and a quencher dye (Q) at the 3' end (Figure 1.6). The quencher

(TAMRA) absorbs the fluorescent energy from the reporter dye (FAM) when the probe is

intact. When the probe is cleaved by the 5'-3' exonuclease of the DNA polymerase, the

reporter dye emits fluorescence, which is monitored by the computer software as the

amplification continues (Figure 1.7).
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Figure 1.6. Taqman probe for real-time PCR. R signifies the reporter dye and Q signifies the

quencher dye.
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Figure 1.7. Real-time PCR using a fluorogenic probe to detect a specific PCR product during

amplification. Primers and probe anneal to target area. Primer is extended through activity of Taq

DNA polymerase and probe is cleaved by the 5
'

nuclease activity, separating the quencher from the

reporter. Reporter dye accumulates with each cycle increasing the fluorescence intensity

proportionally to amount of amplicon production (according to TaqMan® Universal Master Mix

Protocol, Applied Biosystems).
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By monitoring the fluorescence emission at each cycle, the beginning of the exponential

phase of amplification can be observed. A passive reference dye in the Taqman® PCR

Mastermix provides an internal reference where the reporter signal is normalised in order to

correct fluorescent fluctuations due to concentration or volume changes. To calculate the

amount of fluorescence at a given time the delta Rn (ARn) is determined with the formula:

ARn = (Rn+) - (Rn-)

where Rn- is the normalised reporter or the fluorescent intensity of an unreacted sample or

one that does not contain template; and Rn+ is the value of a reaction with all the reagents

included. The value used to compare amplification levels is the threshold cycle (Ct) (Figure

1.9), which is the number at which a statistically significant increase in ARn is first detected.

The Ct is proportional to the amount of starting material (Heid et al. 1996).

DI

Sample

Threshold

L
'

m il il IE****** * *

Baseline

16 20 25

Cycle number

Figure 1.8. Log view of real-time PCR. Rn is the normalized reporter; Rn+ is the Rn value of a

reation containing all components; Rn- is the Rn value of and unreacted sample. ARn is the magnitude

of the signal generated by a given reaction. The cycle threshold (CT) is the cycle at which the

statistically significant increase of ARn is first detected (according to Taqman® PCR Universal

Mastermix manual).
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Before the significant increase of target amplicon, the PCR will have a large amount of

background signal due to changes in the reaction medium. The baseline value is the number

of cycles that are used to determine the baseline fluorescence. The threshold value is

calculated using the average standard deviation of Rn for the early PCR cycles and multiplied

by an adjustable factor. The value is generally set in the region associated with the

exponential growth phase of the reaction.
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2 INTRODUCTION

In mammals, females have two X chromosomes and males have only one therefore a gene

dosage difference exists between the sexes. Dosage compensation is achieved by inactivating

one of the two X chromosomes in females. In somatic cell lineages, X inactivation is random

which implies a 50:50 ratio of paternal and maternal X chromosome activity.

Non-random inactivation has been observed in marsupials (Graves et al. 1996) and

rodent extraembryonic tissues (Rastan 1982), where the paternal allele is preferentially

inactivated, however, in the inner mass cells (ICM) which form the embryo proper, this

process is random (reviewed in Heard 2004). Skewing of X inactivation may occur in the

ICM as a result of abnormalities of the X chromosome where there is a selection advantage

for the normal cells. Studies of X chromosome inactivation in the human population show

that skewing of X inactivation is also present in phenotypically normal women (Naumova et

al. 1996; Busqué et al. 1996; Racchi et al. 1998), XXY males (Iitsuka et al. 2001) and may be

inherited (Naumova et al. 1996; Iitsuka et al. 2001).

After fertilization, the female zygote receives an inactive X chromosome from the

sperm and an active X chromosome from the oocyte. In the extraembryonic tissues, the

paternal X chromosome is inactive. In the epiblast, epigenetic marks are erased and either the

paternal or maternal X chromosome is randomly inactivated. However, in animals derived

from somatic cell nuclear transfer, the nucleus from the donor has one X chromosome which

is already inactivated. Physical abnormalities and high rates of cloned embryo mortality have

been suggested to be a result of improper reprogramming. Deceased cloned cattle were

previously shown to have aberrant expression of X linked genes (Xue et al. 2004; Dindot et

al. 2004).

Originally, chromosomal abnormalities such as deletions, ring chromosomes or

X; autosome translocations were used to differentiate the paternal and the maternal X

chromosomes. With development of expression systems, it is no longer required to have

structural differences. Several methods have been used to examine the expression of X-linked

genes including Northern analysis, RNase protection assays and RT-PCR methods (reviewed

in Bustin 2000). Quantitative and semi-quantitative RT-PCR methods are the most sensitive

methods for the analysis of mRNA. End-point analyses show the amount of product at the

end of the PCR reaction but may not represent the amount of starting material. Real-time
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PCR detects the amount of amplicon produced in each cycle and the threshold cycle (Ct)

indicates the cycle at which the PCR product is first detected.

The purpose of this study was to develop an allele-specific Taqman® real-time PCR

assay to analyse X inactivation skewing in a sampling of the bovine population. This system

measures the levels of allele transcripts (cDNA) of X inactivated genes. A polymorphism in

the transcribed region is required to differentiate alleles. Ratios of allele expression can be

used to calculate the degree of skewing. Expression of the alleles can be measured in

different tissues, embryos and cell cultures of heterozygous animals.
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3 MATERIALS AND METHODS

3.1 Animals

3.1.1 Aneuploid Individuals

A Simmental female was shown to be an aneuploid in which a third X chromosome was

detected in the chromosome complement (karyotype 2N=61, XXX). The male offspring of

the XXX animal was shown to be a non-mosaic Klinefelter bull (karyotype 2N=61, XXY).

Tissue samples, blood samples and ejaculates were collected from the XXY bull. Muscle

biopsies and blood samples from the XXX dam were collected for analysis.

Wilma

59, XX, t(1 ;29)

Avanti

60, XY
Tanja
61, XXX

Tarzan

60, XY

Lemming
60, XY

Limus

60, XY

Boris

61, XXY

Toshi

60, XY

Simon

60, XY

Figure 3.1. Simmental aneuploid family. Circles denote female individuals, squares denote male.

Black figures denote an X chromosome aneuploid.
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Superovulation was attempted to create an embryo transfer family of the XXX female. In the

initial attempt porcine follicle stimulating hormone (FSH) was used for superovulation in

August 2002. In the second experiment ovine FSH was used to stimulate ovulation in January

2003. The third trial used pregnant mare serum gonadotropin (PMSG) for superovulation in

April 2003.

3.1.1.1 Microsatellite Genotyping

Microsatellites specific to the X chromosome from the bovine map were chosen to genotype

the aneuploid family based on their polymorphism information content (PIC). The animals

were genotyped for X linked markers BMC021, BMS1616, BMS631, BMS911, XBM7, and

ETH123, where DNA was PCR amplified using primers in Table 3.1. The PCR product was

separated by electrophoresis according to the allele size using the ABI PRISM 377 DNA

Sequencer. The forward primer of each microsatellite was labelled with one of the

fluorescent dyes (FAM, JOE, HEX, or TAMRA) and the size standard was labelled with

ROX. Samples were analysed with GeneScan software (Applied Biosystems, Foster City,

USA).

Table 3.1. X-linked microsatellite markers used to determine number of alleles.

Marker Forward Primer Reverse Primer Annealing Reference

temp(°C)

BMC6021 aggccaagtgaagaggtcac tctgctccagctttccagta 58 Ponce de Leon et al 1996

BMS1616 cagtgtgtatagcatgattccg agttggtctgcattcatacattaa 58 Stone et al 1995

BMS631 tttccaccctcagctaaagtg aaatgacaggtgtcttgggc 58 Stone étal 1995

BMS911 tggccaatctctgctatagg tttccctgtattttcaggtcc 58 Stone étal 1995

XBM7 ctgtattagagttccctggagaaa gccaacatgccctgtagaat 56 Ponce de Leon et al 1996

XBM11 tactgatgggaggtttctgaga cccagagtctttgtgtcaagg 58 Ponce de Leon et al 1996

ETH123 gtcagacatgactgagtgact ctgctatagaggtataggagg 56 Steffen et al 1993

3.1.2 Cloned Animals

Five cloned Holstein cows were born between 2000 and 2002 and created at the Department

of Biotechnology, Institut für Tierzucht at Mariensee, Germany. Three clones, animals 8352,

7989, and 7990, were derived from fetal fibroblast cells. Two clones, animals 8403 and 8414

were derived from adult fibroblasts. Skin biopsies were taken to make fibroblast cell cultures.
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3.1.3 Reference animals

Heart, kidney, liver, muscle and skin samples were collected from 30 animals of a random

sample of Swiss cattle from the local slaughterhouse (Zurich, Switzerland). Breeds included

Brown Swiss, Simmental and Holstein. To preserve the RNA, tissue samples were taken

immediately after slaughtering and placed in liquid nitrogen. Samples were then later stored

at -80°C until RNA extraction. Tissues collected for DNA analysis were stored at 4 °C until

extraction.

3.1.4 Mixed breed animals

DNA samples from blood of six animals from an embryo transfer herd created at the

University of Saskatchewan, Saskatoon, Canada were acquired for optimisation of the real¬

time PCR. The breeds of the animals were Charolais, Angus, Limousin, Simmental, Hereford

and Belgian Blue.

3.2 Cell cultures

Fibroblast cell cultures were made from tissues samples that were collected from skin and

muscle biopsies. Biopsies were placed in a-Medium or PBS after tissue collection. The

tissue was cut into small pieces and washed with PBS+++ and grown on petri-dishes or in T-

9 9

25cm flasks in a-medium. The cells were transferred to T-75cm flasks and subsequently

cryopreserved and subjected to RNA extraction.

3.2.1 C rye-preservation

Cells were grown to 80 % confluence in a T-75cm flask. The cells were rinsed with 5 ml of

PBS and were incubated in 1.5 ml of trypsin/EDTA for 5 min. The cells were detached from

the bottom by agitating the flask. The trypsinisation was stopped by adding 5 ml of oc-

medium. The cells were centrifuged at 1000 x g (Cryofuge 6000, Heraeus) for 10 min at

room temperature. The pellet was resuspended in cryopreservation medium to a cell density

of 2-5 x 106 viable cells/ml. The cell suspension was divided into Nunc Cryotube tubes in

1.0 ml aliquots. The tubes were placed at 1 hour at 4 °C, 1 hour at -20°C, 2-12 hours at -80

°C and then stored in liquid nitrogen.
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3.2.2 Recovery of cryopreserved cells

The tubes containing the cryopreserved cells were taken from liquid nitrogen storage and

placed in a 37 °C waterbath. The cells were added to 5 ml of prewarmed a-medium in a T-25

cm2 flask. In 3-5 hours the medium was replaced with 3 ml of new medium. The cells were

grown at 37 °C in a CO2 incubator to confluence.

3.3 DNA methods

3.3.1 Genomic DNA extraction

All DNA extraction was performed using the High Pure PCR Template Preparation Kit

(Roche Applied Science).

3.3.1.1 From whole blood

Two hundred |il of whole blood was transferred to a 1.5 ml tube. DNA was then extracted

using the protocol for mammalian whole blood from the High Pure PCR template Preparation

Kit.

3.3.1.2 From ejaculate

Ejaculate was collected from the XXY Simmental bull using an artificial vagina. The

ejaculate was vortexed and 200 \i\ of sample was used of isolation of DNA using the blood

protocol from the High Pure PCR template Preparation Kit as above.

3.3.1.3 From semen

Semen straws from the sire of the XXY bull were washed with 1 ml of PBS incubated with

190 |il of lysis buffer prewarmed to 60°C, 10ul of 1 mM DTT, and 40 ul proteinase K (20

mg/ml), for 3 hours at 65°C. The DNA was extracted from this solution using the protocol

for mouse tail of the High Pure PCR Template Preparation Kit as above.

3.3.1.4 From tissue

Approximately 25-50 mg of tissue sample were used for the extraction of DNA from a

random cattle population. The sample was incubated with 40 LiL of proteinase K and tissue
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lysis buffer for 4 hours. DNA was extracted following the protocol for isolation of nucleic

acids from mammalian tissue.

3.3.2 DNA quantification

3.3.2.1 Spectrophotmeter

The concentration and purity of genomic DNA was measured using a spectrophotometer

(Lambda Bio UV/VIS, Perkin Elmer) at a wavelength of 260 nm and 280 nm. For double

stranded DNA, the absorbance of 1 OD at 260 nm which is known as the extinction

coefficient (ec) is 50 Lig/ml. DNA concentration (C) was determined using the following

formula:

C(jUg/jUl) = (OD260 x dfx ecJ/1000

Where OD260 is the optical density at 260 nm, df is the dilution factor and ec is the extinction

coefficient.

The purity of the DNA was determined from the ratio A26o/A28o- A ratio of 1.8 is

considered pure DNA.

3.3.2.2 Ethidium bromide plates

Ethidium Bromide (EtBr) plates (Appendix B) were also used to estimate the concentration of

DNA. Using 0.5 ul of À-phage DNA standards with dilutions of 5, 10, 25, 50, 75, and 100

ng/|il, 0.5 |il of genomic DNA was compared to determine the approximate concentration.

Samples and standards were dried on EtBr plates at room temperature for 15 min and viewed

under UV light.

3.3.3 Polymerase chain reaction

3.3.3.1 Primer design

Primers were designed from bovine sequence from GenBank (NCBI) particularly from coding

sequences mapped to the X chromosome. Primers were 17-28 nts in length with a GC content

of 40-60%. A GC clamp was preferred at the 3'end of the primer to increase priming
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efficiency. Melting temperatures (Tm) were optimally between 57°C and 68°C. The primers

were designed to avoid self complementarity, complementarity between the forward and

reverse primers, or creation of internal structures (hairpin loops) (Rozen and Skaletsky, 2000).

Annealing temperatures for each primer was taken as the temperature 5 °C lower than

the Tm of the particular primer. The annealing temperature for the PCR was calculated by

taking the average between the two annealing temperatures and subsequently optimized.

3.3.3.2 Standard PCR

PCR was performed in a final reaction volume of 25 \i\. The mixture contained 50-500 ng of

DNA, 10 pmol of each the forward and reverse primer, 200 LiM of dNTP mixture, lx PCR

buffer and 2.5 units of Taq DNA polymerase. Amplification was carried out in a thermal

cycler machine (Techgene). Samples were initially denatured at 95 °C for 4 min and cycled

35 times at temperatures as follows: 94 °C for 30 sec, annealing temperature for 40 sec, and

extended at 72 °C for 30 sec. An extension of 72 °C of 7 min was as a final step.

3.3.3.3 Agarose gel electrophoresis

Agarose gels containing EtBr were used to visualise DNA. Four LiL of DNA loading dye was

added to the PCR amplified DNA sample. The sample was electrophoresed on a 1% agarose

gel at 60-100 V for 1-2 hours in 0.5x TBE Buffer. A 100 bp ladder (Pharmacia Biotech) was

used as a size standard for PCR fragments smaller than 1000 bp and a KiloBase DNA

marker was used for fragments larger than 1000 bp.

3.3.3.4 DNA extraction from agarose gel

DNA was extracted from the agarose gel for subsequent analysis. Bands were cut out from

the gel and extracted following the protocol of GENECLEAN® II (BiolOl® Systems,

Qbiogene).
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3.4 RNA methods

3.4.1 Total RNA isolation

3.4.1.1 From tissue

Tissues, including heart, liver, kidney, muscle, ovary, and testis, were ground using a mortar

and pestle in liquid nitrogen. Total RNA was extracted following the protocol of animal tissue

extraction of the RNeasy kit (Qiagen). The ground tissue sample was transferred to 50 ml

falcon tube and homogenized for 60 sec in 15 ml of buffer RTL with 0.143 M ß-

mercaptoethanol. The homogenised tissue lysate was centrifuged at 3000 x g for 10 min at

room temperature and the supernatant was transferred to a new 50 ml falcon tube. One

volume of 70% ethanol was combined with the supernatant, mixed by shaking, and put into

an RNeasy maxi spin column. The column was centrifuged for at 3000 x g for 5 min. The

flow-through was discarded and 15 ml of buffer RW1 were added to the column, which was

centrifuged for 5 min. The flow-through was discarded and 10 ml of buffer RPE were added

to the column. After a 2 min centrifugation, the previous step was repeated and the column

was centrifuged for 10 min. The RNeasy column was transferred to a new 50 ml falcon tube

and 0.8 ml of RNase-free water was added to the column filter and subsequently centrifuged

for 3 min. The collected RNA was stored at -80 °C.

RNA from skin or heart samples were extracted as above with an additional incubation

of the tissue in 15 ml ddH20 and 150 ul of Proteinase K at 55 °C for 20 min after the

homogenization step. The sample was then centrifuged at 3000 x g and steps were continued

as described above.

3.4.1.2 From cell cultures

Cells were grown on five tissue culture dishes (100 x 20 mm Falcon®) until 80% confluent.

The culture medium was removed and the cells were washed with PBS. The culture dishes

were placed on ice and 1.5 ml of buffer RTL with 0.143 M ß-mercaptoethanol were added to

each plate. The cells were detached from the plate by scraping and collected in a 50 ml falcon

tube. The sample was homogenised for 60 sec at maximum speed. The RNA was extracted

as described above using the RNeasy maxi spin kit (Qiagen).
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3.4.1.3 From bovine embryos

RNA was extracted from bovine embryos using the DynaBeads mRNA DIRECT Micro

kit (DYNAL). Minor modifications were made to the manufacturer's protocol. The

DynaBeads® were prepared as according to the manufacturer's instructions in a volume of 5

|ll per embryo.

Each embryo was contained in a 0.2 ml sample tube and 30 \i\ of lysis/binding buffer

was added to the sample. Lysis was obtained by vortexing and incubation at room

temperature for 10 minutes. Five |il of pre-washed oligo dTDynabeads® were added to the

sample and the sample was incubated for 10 minutes at room temperature with occasional

mixing. The tube was placed on a magnetic particle concentrator (MPC) for 2 min and

supernatant was removed. The sample was then removed from the MPC and 40 \i\ of

Washing buffer A was added. The sample was placed on the MPC and supernatant was

removed. The samples were then washed three times with Washing buffer B using the MPC.

The mRNA-Dynabead® complex was resuspended in 10 |il of RNase-free sterile dH20. The

sample was then used immediately for reverse transcription.

3.4.2 RNA quantification

3.4.2.1 Spectrophotometer

RNA was quantified as described in section 3.3.2.1 from all probes except bovine embryos

due to low amounts of sample. The extinction coefficient for RNA is 40 Lig/ml. The

A26o/A28o ratio of pure RNA is 2.0.

3.4.2.2 Gel electrophoresis

The integrity and quality of the RNA was examined using gel electrophoresis. The 18S and

28 S rRNA are represented by two bands on the gel, where the latter is approximately twice as

intense as the 18S band in intact RNA. Approximately 2.5 |ig of RNA were combined with

1.5 |il of lOx MOPS, 2.5 |il of formaldehyde and 7.5 \i\ of formamide, which was heated to

55 °C for 10 min to denature secondary structures. The samples were immediately cooled on

ice and 2 \i\ of RNA loading dye were added. The samples were run on a 1.25% denaturing

agarose gel with 0.66 M formaldehyde and lx MOPS in a lx MOPS buffer at 60 V for 3-4
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hours. The gel was stained in methylen blue solution for 15 minutes at room temperature and

destained in ddH20 until the bands were visible.

3.4.3 Reverse transcription - polymerase chain reaction (RT-PCR)

3.4.3.1 Reverse transcription

Reverse transcription of the total RNA for first strand cDNA synthesis was carried out using

2.5 u,g of RNA, 25 pmol of (T)nVX primer (Appendix A), and DEPC dH20 in a total of 10

|ll. For bovine embryos, the primer and DEPC dH20 step was not required and the sample

was used directly in the following steps. The sample was denatured at 70 °C for 5 min, then

cooled to 25 °C over a period of 10 minutes. A mixture containing 5 \i\ of 5x AMV RT

Reaction buffer, 2.5 ul of 2.5 mM dNTPs, 2.5 ul of DEPC H20, 40 U RNasin, 22.5 U of

AMV reverse transcriptase, and 2.5 \i\ of 40 mM sodium pyrophosphate (preheated to 40 °C)

was added to the RNA mixture. The RT reaction was incubated at 42 °C for 10 min, 55 °C

for 55 min, 70 °C for 15 min. Samples were placed at 4 °C for short-term storage and -20 °C

for long-term storage.

3.4.3.2 PCR

Primers designed within exons of genes were used to PCR cDNA in the same method as

described in 3.3.3.2 with some modifications. 2.5 \i\ of RT product was used for amplification

in a total volume of 25 \i\. The samples were denatured at 94 °C for 4 min and cycled 40

times at temperatures as follows: 94 °C for 40 sec, annealing temp for 45 sec, and extended at

72 °C for 45 sec. The final step was an additional extension of 72 °C for 4 min. Samples

were electrophoresed on a 1% agarose gel as described in section 3.3.3.3 and extracted as

described in section 3.3.3.4.

3.5 Sequencing

3.5.1 Sequencing of PCR products

PCR products from both genomic DNA and cDNA were sequenced using an ABI Prism

377 Sequencer. The amount of template DNA (ng) per sequencing reaction was calculated as

follows:
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length ofPCRproduct (nt)/20

The calculated amount of DNA was combined with 1.6 pmole of primer, 2 ul of Big Dye

Sequencing mix, 2 ul of Half Big Dye, and ddH20 for a total volume of 10 ul. The

sequencing reaction consisted of an initial denaturation of 4 min at 94 °C followed by 30

cycles of: 30 sec at 94 °C, 15 sec at 50 °C, and 4 min at 60 °C.

The samples were precipitated by adding 10 ul of 3M sodium acetate (pH 5.2), 80 ul

of ddH20, and 200 ul of absolute ethanol, followed by vortexing. The samples were stored at

-70 °C for 15 min, and centrifuged at 21000 x g for 30 min at 4 °C. The pellets were washed

twice by adding 200 ul of 70%> ethanol and centrifugation at 21000 x g for 5 min at 4 °C. The

samples were resuspended in 3.0 ul of formamide/loading buffer (v/v) 5:1. The samples were

denatured at 95 °C and electrophoresed on a 6%> Polyacrylamide gel in lx TBE buffer. The

raw data was collected using the ABI Prism 377 Sequence Analysis software.

Bacterial artificial chromosomes (BACs) were sequenced using 2.5 ng of BAC DNA,

4 ul of Big Dye Sequencing mix, 4 ul of halfBD, and 30 pmol of T7 primer for each

sequencing reaction. The reaction was cycled 99 times at 95 °C for 30 sec, 55 °C for 20 sec,

and 60 °C for 4 min, with an initial denaturing step at 95 °C for 5 min. The samples were

precipitated and prepared as described above.

3.5.2 Sequencing analysis

The sequences were analysed using the GCG sequence analysis data software package

Version 10.1 (Genetics Computer Group, Madison WI, USA). Sequences were compared to

known sequences from NCBI. The Sequencher Demo (Version 4.1.2) was used to align

sequences, compare sequences with those found in GenBank, and to look for single nucleotide

polymorphisms.
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3.6 Real-time PCR

Real time PCR was used to amplify genomic DNA as well as RT products. Real-time PCRs

were done in triplicate and standard deviations were calculated to represent experimental

errors.

3.6.1 Taqman® probe and primer design

The primer for the TaqMan® Assay was designed using the Primer Express Software vl.5

(PE Applied Biosystems). Generally, primers were 15-30 bps in length and the GC content

30-80%). The primer was designed according to the location of the SNP to enable an allele

specific amplification. The forward primer was specific to the allele and the reverse primer

was the same for both primer sets. Further forward primers with mismatch at different

positions were designed to optimise allele discrimination. The Taqman® probe was then

selected in an area between the primers but not overlapping. The probe was designed to be

longer than the primers with a Tm 8-10 °C higher than the primers, which guarantees that the

probe is fully hybridised during primer extension. The probe was labelled with FAM

(fluorescein) reporter dye at the 5' end and TAMRA (rhodomine) was used as a quencher at

3' end. The PCR product was designed to be 50-150 bp in length.

3.6.2 Reaction mix

The real-time PCR Reaction was optimised to amplify both cDNA as well as DNA. A

mixture containing 2.5 ul of cDNA, 60 nM of forward primer, 300 nM of reverse primer, 250

nM of TaqMan® Probe, 12.5 ul of Taqman® Universal Mastermix (containing dNTPs,

AmpErase® uracil-N-glycosylase (UNG), AmpliTaq® Gold DNA polymerase and optimised

buffer components) and dH20 for a total of 25 ul per real-time PCR reaction. Negative

control ofRNA only was used to estimate the amount ofDNA contamination in the sample.

Genomic DNA was used to calculate the stability of the system as well as the average

difference of cycle thresholds between the two primers.

3.6.3 Cycling parameters

The real-time PCR reaction was performed in a thermal cycler ABI Prism® 7700 Sequence

Detector (Applied Biosystems) with MicroAmp® Optical tubes (Applied Biosystems). The
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samples were cycled for 2 min at 50 °C, 10 min at 95 °C then 40 cycles of the following:

denaturation for 15 sec at 95 °C, annealing and extension at 62 °C for 1 min. The method was

adapted for bovine cloned embryos by increasing the parameters to 60 cycles.

3.7 Calculations of the results

3.7.1 Real-time efficiency and stability

Since cDNA taken for quantification may be present at a low number in a sample, efficiency

and stability of real-time PCR was tested. The template DNA of six cows heterozygous for

an SNP were diluted 1:10, 1:100, and 1:1000. The difference of CT was calculated for the 10

fold dilutions. A Ct difference of 3.32 between 10-fold dilutions corresponds to 100%)

efficiency, which means the PCR product doubles at each cycle. This number comes from the

basic real-time PCR equation for efficiency at the exponential phase of the PCR:

(1) P=T(E+l)n

where P is the PCR amount of product, T is the initial amount of template, and n is the

amount of cycles. E is the efficiency of the PCR and is a number between 0 and 1, where 1 is

the maximum efficiency.

In real-time PCR amplification, the PCR curves of different dilutions will reach the

threshold amount (plateau) at different cycle numbers. If« is the Ct of a non-diluted template

and m is a 10-fold dilution of«, the amount at the threshold according to equation (1) will be:

P=T(E+l)n = 0.1T(E+l)m

Therefore,

10(E+l)n = (E+l)m
Em-"=10

m-n=log(E+1)10

In the case of maximal efficiency, where E=l,

m-n = log 2IO = 3.32
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Therefore, the optimal efficiency value of Ct difference between each 10-fold dilution is 3.32.

A system is considered stable if it is within 80%> of the optimum stability (Joerg et al. 2003).

Therefore, Ct differences between 10 times dilutions above 2.65 indicate that the system is

stable.

3.7.2 F-test

An F-test was used to test if standard deviations of the two alleles were equal. An F-test

returns the one-tailed probability that the variances in array 1 and array 2 are not significantly

different, meaning whether two samples have different variances. If the F-test is <0.01, there

are differences in the variance. If the F-test result is 1.0, there are no differences in variance.

If the variances are different, then there are other factors influencing or affecting the results.

Theses factors include inhibitors to the real-time PCR. The F-test calculations were done in

the Excel program of Microsoft Office.

3.7.3 X2test

9 9

The X test returns the test for independence. The X test returns the value from the chi-

squared (y2) distribution for the statistic and the appropriate degrees of freedom. These tests

are used to determine whether hypothesized results are verified by an experiment. This test

was used under the assumption that the Ct's are not different and the efficiency of the PCR

for both alleles is equal. Therefore the average of MAOA2b-4 is corrected (0.537) before

using the X2 test. X2 tests were calculated in the Excel program of Microsoft Office.

3.7.4 Degree of Skewing based on CT difference

Degree of skewing was expressed as a percentage calculated from the corrected average Ct of

each allele for each sample. The following formula was used to calculate the percentage of

skewing:

y=2x

where x is the difference of the mean Ct's of the two alleles.

This number is converted to percentage to calculate the degree of skewing.

A =100/(1+y)
B= 100-A

where A is the percentage of allele 1 and B is the percentage of allele 2.
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3.8 Cytogenetics

3.8.1 Blood Cultures

A growth medium consisting of 15% FCS, 2 mM L-glutamine, 0.8 ug/ml pokeweed

(mitogen) and 1% ABAM and 80%> RPMI medium was prepared one day before adding

peripheral blood. 0.8 ml of blood was added to 10 ml of growth medium in a T-25 cm

culture flask. The flasks were incubated uncapped for 1 hour at 37 °C in C02. The flasks

were closed and incubated for 72 hours.

To stop mitosis, 150 ul of (0.025 ug/ml) colcemid was added to the flask and

incubated in C02 at 37 °C, 45 min before harvesting. The blood cultures were transferred to

15 ml falcon tubes and centrifuged for 5 min at 1500 rpm. The supernatant was removed until

approximately 2 ml remained. KCl (0.075 M) was added and mixed well until the pellet was

resuspended in an end volume of 10 ml. The sample was centrifuged for 8 minutes at 1200

rpm and the supernatant removed to 2 ml, in which the pellet was resuspended.

The fixative consisting of acetic acid and methanol (1:3) was prepared and added to

the cell suspension to a final volume of 10 ml a few drops at a time. The sample was

centrifuged for 10 min at 1200 rpm at 4 °C. These steps were repeated 3-5 times until the

colour of the solution was clear. Approximately 18 ul of the solution was dropped on a clean

wet slide.

3.8.2 R-banding

To incorporate BrdU in the replicating DNA during the terminal period of the S-phase, 100

ug/ml of BrdU was added 6 h before harvesting the cells. The slides were put into a 0.2%

acridine orange solution for 45 sec, rinsed with dH20 and air dried. The slides were mounted

with S0rensen solution (pH 6.8) and observed under UV light. Chromosomes were

photographed with a Quantix Camera (Photmetrics, Tuson, Arizona, US) and stored

(IPLab, Scanalytics for Windows, Version 2.311).

3.8.3 G-banding

Seven day old slides were dipped into 0.25% Trypsin for 2-5 min, rinsed with ddH20 and

then stained with 2% Giemsa solution for 5-10 minutes at room temperature.
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3.9 Fluorescence in situ hybridization (FISH)

3.9.1 Isolation of BAC DNA

BAC clone colonies containing the bovine trophinin gene provided by INRA were picked and

were used to inoculate 10 ml of LB medium, completed with chloramphenicol at a final

concentration of 12.5 ug/ml. Cells were incubated for 8 hours at 37 °C in shakers at 250 rpm.

The cells were transferred to 100 ml of LB medium and shaken overnight at 37 °C. The

BACs were pelleted and resuspended in 250 ul of PI buffer. RNase A was added at a final

concentration of 20 ug/ml. 300 ul of P2 solution was added and mixed, then incubated at

room temperature for 5 min. After adding 300 ul of chilled P3 buffer and incubating on ice

for 5 min, the sample was centrifuged twice for 15 min. An equal volume of chilled

isopropanol was added and the sample was stored overnight in -20 °C. The sample was

centrifuged at 14000 rpm for 20 min and the supernatant was discarded. 200 ul of chilled

70%) ethanol was added. The sample was centrifuged again at 4 °C for 5 min, supernatant

discarded and air dried until the ethanol had evaporated. The pellet was then resuspended in

50 ul lOx TE buffer and stored in 4 °C.

3.9.2 Random priming Probe labelling

Approximately 200-400 ng of BAC DNA was digested in a mixture with lOx Buffer, 0.5 U of

Sau3AI, and H20 in a total of 10 ul. The mixture was incubated for 2-3 hours at 37 °C.

Approximately 50-100 ng of the digested DNA was used to for labelling with biotin-16-dUTP

by the random priming method using the Prime-it® Fluor Fluorescence Labeling Kit

(Stratagene, Amsterdam, Netherlands) according to the manufacturer's instructions. A

volume of 4 ng of salmon sperm DNA and 6 ng of bovine competitor DNA were added to the

labelled DNA to prevent unspecific signal from repetitive sequences. The labelled probe was

precipitated with 0.1 volumes of 3M NaAc pH4.5-5.5 and 2.5 volumes of absolute ethanol.

The tube was incubated at -80 °C for 10 min followed by centrifugation for 30 min at 4 °C at

12500 x g. The supernatant was discarded and the pellet was washed with 70%> ethanol. The

pellet was air-dried and resuspended in 5 ul of TE (pH8.0).
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3.9.3 Slide preparation

Hybridization was performed on the next day after G-banding. The slides were washed once

in xylol for 5 min and twice in fixative (acetic acid: methanol 3:1), air dried and washed in

PBS/50 mM MgCl for 5 min. The slides were fixed in 3.7% formaldehyde for 10 min and

washed in 2x SSC for 5 min. For the dehydration step, the slides were placed in 70%, 80%>,

and 95%) ethanol solutions for 2 minutes each. The slides were treated with 150 ul of

RNaseA (100 ug/ml in 2x SSC) for 1 hour at 37°C. The slides were washed 3 times in 2x

SSC for 5 min and air dried. For denaturation, the slide was placed in 70% formamide at

70 °C for 2 min and then immediately placed into cold 70%, 80%, 90%, and 100% ethanol

solutions for 3 minutes each and dried at room temp.

3.9.4 Hybridisation

3.9.4.1 In situ hybridization

The mixture was denatured at 75 °C for 5 min and reannealled at 37 °C for 15 min. The

hybridisation mix was immediately placed on the slide and covered with an 18 x 18 cm

coverslip and sealed with parafilm. The slide was placed in a moist chamber and incubated

overnight at 37 °C. After 16-20 hours the coverslip was removed and the slide was washed 3

times in 50% formamide for 5 min at 42 °C followed by three subsequent washes in 2x SSC

at 42 °C.

3.9.4.2 Equilibration

The equilibration step involved incubation of the slide for 15 min in 4x SSC/0.05%>

Tween 20. Then, the slide was placed into a preincubation buffer of 3% BSA/4x SSC/0.05%>

Tween 20 for 15 min.

3.9.4.3 Amplification of signal

The slides were treated with avidin-FITC followed by biotinylated goat anti-avidin and again

with avidin-FITC. All three steps included the same procedure: 60 ul of either avidin-FITC

or anti-avidin at a concentration of 10 ug/ml in preincubation buffer, was applied to the slide,
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covered with a coverslip and incubated in a moist chamber for 45 min at 37 °C. The slide was

washed three times for 5 min at 45 °C in equilibration buffer.

3.9.5 Chromosome counterstaining

The slides were rinsed with ddH20 and dried at room temperature in the dark. The slides

were then stained in 200 ng/ml 4'6-diamidino-2-phenylindole dihydrochloride (DAPI)

solution for 10 min and rinsed with dH20. Approximately 20 ul of anti-fade solution was

placed on the slide and covered with a coverslip. The metaphases were examined with a

fluorescence microscope and photographed with a Quantix camera.
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4 RESULTS

4.1 Characterisation of Aneuploids

4.1.1 XXX cow

The XXX female was discovered during routine karyotyping of a family of purebred

Simmental. Metaphase spreads from blood and muscle biopsies showed three X

chromosomes (Figure 4.1). Using the X-linked microsatellite marker BMS911, the cow was

shown to have three different alleles confirming that she has at least three different X

chromosomes (Figure 4.2).

Figure 4.1. Metaphase spread ofXXX female with R-banding.
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Figure 4.2. Genotypes for the aneuploid family using X chromosome

microsatellite markers BMS911 (bold) andXBM7 (italics).

4.1.2 Non-mosaic Klinefelter (XXY) bull

Chromosome preparations from both blood and muscle biopsies of the son of the XXX female

showed the presence of two X chromosomes for a karyotype of 61, XXY (Figure 4.3). Using

the X chromosome specific microsatellite marker BMS911, it was shown that the XXY male

has two different alleles, verifying the present of at least two X chromosomes. The

Simmental family was also genotyped for the XBM7 microsatellite (Figure 4.2). The XXX

dam has the alleles 197, 197, 199 on her three X chromosomes and the sire has the allele 199.

The XXY male is homozygous for the 197 allele which demonstrates that both alleles have

been inherited from the dam.
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Figure 4.3. Metaphase spread ofXXY male with R-banding.

4.2 Sequencing of the bovine X chromosome

Twenty-seven genes on the X chromosome were partially sequenced from both DNA and

cDNA or both (Table 4.1). Twenty-four genes were obtained from GenBank sequences from

Bos Taurus. Three genes were sequenced using primers designed from human sequences.

Primers for the androgen receptor (AR) gene were designed using both bovine and porcine

sequences.
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Table 4.1. DNA and cDNA sequenced ori the bovine X chromosome

Gene DNA # animals cDNA # animals Accession number

(bp) sequenced (bp) sequenced

Bovine

AR 450 10 1820 2 Z75313, Z75314, Z75315, AF161717*

BGN 750 4 360 2 AW487443

ED1 460 2 1320 3 AJ300468, AJ300469, AJ278907

ELF4 109 10 180 2 AW354939

EMD 235 12 935 2 NM203361, AY195839

FACL4 60 4 - - AW261146

GJB1 - - 190 3 X95311

HADH - - 445 1 AB002156

HPRT - - 355 1 AF176419

IL2RG 400 3 320 2 NM 174359

MAOA 235 42 1715 2 X15609

PLP1 95 6 330 1 X03098

SAT 320 7 220 1 AW266989

TIMP1 - - 470 1 AF144763

XIST - - 1250 2 AF104906

ZFX - - 450 6 AF032866

Human

PDHA 170 3 460 3 NM000284

Trophinin -100 8 830 4 BC026914

UBE2A - - 630 1 NM00336,AF132075

Bovine ESTs

A146143 100 2 - - INRA

DMD 120 5 - - INRA

F9 - - 95 1 INRA

GLRA 70 1 - - INRA

L08239 100 9 100 1 INRA

PGK1 - - 120 1 INRA

SLC25A 140 3 - - INRA

TMSB4X 95 4 - - INRA

porcine sequence

4.2.1 Trophinin (TRO)

Using primers designed from the human trophinin sequence (GenBank accession no.

NM_177555), a partial sequence of 532 nucleotides from the bovine mRNA was identified

and submitted to GenBank under the accession no. AY444495. The bovine trophinin showed

81% similarity with the human sequence (Figure 4.4)
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bovine 4 aagtttccagggctaagaaggctgataataaggtcatagctagtgccact 53

human 703 aagcttccaaggctaagaaggctgcaaataaggccatagctagtgccacc 752

bovine 54 gatatctcactggctccatccactatttacacagctaccacccacagcca 103

human 753 gaggtctcgctggctgcaactgccacccatacagctaccacccaaggcca 802

bovine 104 aatta cctccatccgaa 120

human 803 aattaccaatgagacagccagtatccacaccacagcagcctccatccgaa 852

bovine 121 ctaagaaaggctctaaagccaagaaggcaattttattgttaagggcacaa 170

human 853 ccaagaaagcctccaaagccaggaagaca attgctaaggtcataa 897

bovine 171 atactgatactgagctcccggaggcctcagatgccactgagatagctacc 220

human 898 atactgacactgagcatatagaggctctaaatgtcactgacgcagctacc 947

bovine 221 aggcagactgaggcctcagcagcagctatctggcccccaaaatccaaggg 270

human 948 aggcagattgaggcctcagtagtggctatcaggcccaaaaaatccaaggg 997

bovine 271 caagaaggttgtctacgaaggcccaaaatctgcctgtgagatctctgagg 320

human 998 caagaaggctgccagcaggggcccaaattctgtctctgagatctctgagg 1047

bovine 321 ccctacctgccagtcaaatggtcacaaaccaacccctagcagccaccctc 370

human 1048 ccccacttgccactcagatagtcacaaaccaagccctggcagccaccctg 1097

bovine 371 tgggtcaagagagggtacaggggtcagaaggtgaccactaagacccaaac 420

human 1098 cgggtcaagagagggtctagggctcggaaggctgccactaaggctcgggc 1147

bovine 421 aaccaaaagccagactc aagttgaccaagggatccaggccaagatgg 467

human 1148 aactgaaagccagactccaaatgctgaccaaggggcccaggccaagatag 1197

bovine 468 atacctctcagacccacataagttctcttgagactcaggttgctgcttct 517

human 1198 cctctgctcagaccaacgtaagtgcccttgagactcaggttgctgctgct 1247

bovine 518 gtccaggccctggca 532

human 1248 gtccaggccctggca 1262

Figure 4.4. Bovine trophinin mRNA sequence compared with human

trophinin variant 1 mRNA (NM_177555)

The primers were also used to screen a bacterial artificial chromosome (BAC) library The

obtained BAC clone was labelled and hybridised to bovine fibroblast culture-derived

metaphase spreads Trophinin was localised to BTXq25-33 (Figure 4 5) (Asai et al 2002)
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Figure 4.5. GTG banded bovine metaphase spread (left). Metaphase after fluorescence in situ

hybridization (FISH) with a BAC containing the trophinin gene as a probe. Arrow points to X

chromosome.

4.2.2 Androgen Receptor (AR)

Three exons of the AR gene have so far been sequenced in bovine, namely exons 1 (Z75313),

4 (Z75314), and 8 (Z75314). cDNA was amplified using primers designed from both bovine

and porcine AR sequences (AF161717). Approximately 96% of the AR coding sequence has

been determined. No polymorphisms were detected in the bovine sequence.

4.3 Single nucleotide polymorphism

Several nucleotide differences between bovine sequences deposited in GenBank and those

sequenced for this study were found. Several were found to be sequencing errors in which

resequencing confirmed the error. Eight putative SNPs were found in silico of genes on the X

chromosome (Table 4.2). Only the SNP in MAOA had both homozygous and heterozygous

alleles present.
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Table 4.2. Putative SNPs found in silico in expressed sequences of the bovine X

chromosome.

Gene Primer Accession

number

Position

number

Base in

GenBank

SNP Number of

animals

ED1 ED4R AJ278907 35273 T TT

AA

6

2

EMD1 EMD1F NM203361 92 T CC 3

EMD1 EMD1F NM203361 214 A GG 3

MAOA MAOAR4 X15609 1674 G GG

AG

AA

16

14

8

SAT SATF AW266989 133 G TT 8

UBE2A UBE2AF1 AF132075 354 A GG 2

ZFX ZFX4R AF032866 2014 T TT

TC

2

4

ZFX ZFX4R AF032866 2115 A GG 6

4.3.1 Zinc finger protein (ZFX) polymorphism

Primers were designed using the B. taurus sequence for ZFX (Accession no. AF032866). A

putative polymorphism was identified from the reverse sequence at position 2014 of the

bovine ZFX gene using the primer pairs ZFX4 (Appendix A). Sequencing of six animals

showed that two animals with the heterozygous TC alleles (Figure 4.6). No animals were

found with the homozygous CC (GG) allele.

a. b.

TG S TJCSCA T T T T66TS» TTT

IIÏte tli» uk1! vfi

Figure 4.6. Sequence chromatogram of a putative SNP in bovine ZFX from the

reverse sequence, a) heterozygous TC (AG) cow b) homozygous TT (AA) cow.
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4.3.2 Monoamine oxidase A (MAOA) polymorphism

A polymorphism in the MAOA gene was found using primers MAOAF4 and MAOAR4

(Appendix A) designed from bovine sequence NM_181014 The SNP was located at position

1674 in the GenBank sequence (Figure 4 7) The SNP was found at the beginning of the

reverse sequence and all animals were subsequently sequenced from the reverse sequence for

genotyping (Figure 4 8)

Bovine 1 agatcacccccagcttctgggagagaaacctgccttccgtatcaggcctgctgaagattg 6 0

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
GBseq 1480 agatcacccccagcttctgggagagaaacctgccttccgtatcaggcctgctgaagattg 1539

Bovine 61 ttgggttttccacatcgataactgccctgtggtttgtgatgtacagattcaggctgctaa 120

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
GBseq 1540 ttgggttttccacatcgataactgccctgtggtttgtgatgtacagattcaggctgctaa 1599

Query 121 gccgatcctgaagttttggcttcatgctttttgcttatccttccccggtatcatcaaaag 180

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
Sbjct 1600 gccgatcctgaagttttggcttcatgctttttgcttatccttccccggtatcatcaaaag 1659

Query 181 caaattgctgacccatagaacagccgtgcaatcagatcatctttaagtgaactgaattta 240

llllllllllllll lllllllllllllllllllllllllllllllllllllllllllll
Sbjct 1660 caaattgctgacccgtagaacagccgtgcaatcagatcatctttaagtgaactgaattta 1719

Figure 4.7 Sequence alignment ofMAOA sequence and GenBank submitted sequence NM181014

TC TA C G G G

b.

TC TA TG G G

C.

TC TA CTG G G

Figure 4.8 Sequence chromatogram of the MAOA SNP using the reverse primer a) cow

homozygous for C (G) allele b) cow homozygous for T (A) allele c) heterozygous cow
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A total of 8 TT, 16 CC and 14 CT animals were genotyped in Brown Swiss, and Holstein

(Switzerland, random samples); Simmental, Charolais, Angus Limousin, Belgian Blue, and

Hereford (Canada, CCA herd). The cloned cattle were of the Holstein breed (Germany,

clones) and the XX and XXY animals were Simmental (Switzerland, aneuploids). These

alleles were found to be in Hardy-Weinberg equilibrium (Appendix F).

Table 4.3. MAOA SNP genotypes. Clones from the same donor were

counted as 1 genotype. The Klinefelter and XXX female counted as one

genotype.

Genotypes Totals

Animal TT cc TC

Random 5 13 10 28

CCA 1 3 3 7

Clones 1 0 1 2

Aneuploid 1 0 0 1

Total 8 16 14 38

4.4 Establishment of an allele-specific real-time PCR

4.4.1 Primer specificity

The real-time PCR was established using genomic DNA of known heterozygous cows of the

polymorphism in MAOA. The two different forward primers each with the variation of the

allele MAOA in the last nucleotide at the 3'end were designed to amplify DNA along with a

common reverse primer. However, the forward primer MAOA22F was not specific for

corresponding allele which means that the other allele was amplified as well (Figure 4.9).
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Figure 4.9. Unspecific amplification of alleles using primer MAOA22 specific for TT allele.

Mismatch primers were subsequently designed in addition to the allele specific difference in

the forward primer to amplify each allele specifically and with high efficiency (Table 4.4).

Table 4.4. MAOA real-time primers and Taqman® probe

Probe Name Sequence

Forward A MAOA22F caa aag caa att get gac CC3

(allele A) MAOA22-2F caa aag caa att get gac cga

MAOA22-3F caa aag caa att get gac gca

MAOA22-4F caa aag caa att get gag cca

MAOA22-5F caa aag caa att get gtc C> C> ct.

Forward B MAOA22b-2F caa aag caa att get gac egg

(allele G) MAOA022b-3F caa aag caa att get gac gcg

MAOA22b-4F caa aag caa att get gag ccg

MAOA22b-5F caa aag caa att get gtc ccg

Reverse MAOA22R taa gga ggt cat aca ctg aga tta aac tg

Taqman probe MAOATP22 cag ccg tgc aat cag ate ate ttt aag tga act

The most specific amplification at the lowest Ct values were achieved using the forward

primers with a mismatch at position -4 at a concentration of 60 nM and an annealing

temperature of 62 °C (Figure 4.10).
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TTCCCCGGTA TCAÏ CääääG CÄAäTTGCTG äGCCSTAGAA

ATCAGATCAT CTTTAAGTGA ACIGATTTAA CCCCTfcAGTI TAATCTCAGT

mismatch

polymorphism

CAGCCGTGCA

Gm
» m/i» f% f«&m jT<& firnm| 71 rprprp /"i/"i TV

\ Forward primer \ZZZZ1 Reverse primer Taqman® probe

Figure 4.10. Taqman® probe and forward and reverse primer locations for the

amplification of the A allele ofMAOA gene. A mismatch is located at the -4 position of

the forward primer.
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Figure 4.11. Results of real-time PCR on homozygous AA animal and homozygous GG animals,

a) MAOA22-4F and MAOA22R primer pairs, specific for the A allele, b) MAOA22b-4F and

MAOA22R primer pairs, specific for the G allele.

4.4.2 Range of PCR stability and reproducibility

To examine the stability of the system, dilutions of 1:10, 1:100, and 1:1000 were made from

DNA of six animals (Figure 4.11). A system is called stable if it reaches 80% (2.66) of the

optimum stability (3.32). The average difference between the 1:10 and 1:100 dilutions was

3.33 for MAOA22-4 and 2.66 for MAOA22b-4 (Table 4.5). The average difference between
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the 1:100 and 1:1000 dilutions was 3.37 for MAOA22-4 and 3.31 for MAOA22b-4. This

indicates that the system is stable in this range and that higher Ct values (lower DNA

amounts) give less reproducible results.
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Figure 4.12. Dilution curves of DNA from heterozygous animal.

Table 4.5. CT values of dilutions of DNA from seven animals.

Animal Ct's from MAOA22F-4 primer Ct's from MAOA22bF-4 primer
1:10 1:100 1:1000 1:10 1:100 1:1000

8352 27.781 31.218 35.231 27.955 31.082 35.069

7990 27.198 30.749 34.968 27.218 29.193 34.266

7989 29.219 32.07 35.696 28.515 32.249 34.915

AN2 27.331 30.728 34.202 26.780 29.400 33.001

BB19 27.889 31.064 34.110 27.281 30.340 33.003

LM7 26.115 29.666 31.337 25.490 29.096 32.054

Ave 27.589 30.916 34.287 27.742 30.405 33.718

4.4.3 Primer Bias

Using two different forward primers to create an allele-specific amplification introduces

differences in PCR efficiency. Dilutions of DNA to 1:10, 1:100 and 1:1000 were used to

correct to differences between the primer amplification. From the results of three dilutions
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and seven animals, the average difference between the two alleles was 0.54 with a standard

deviation of 0.58 (Table 4.6).

Table 4.6. Difference of CT's between allele-specific primers MAOA22-4F and

MAOA22b-4F in DNA of seven animals.

Animal Dilutions

Ave.1:10 1:100 1:1000 SD

8352 -0.174 0.136 0.162 0.041 0.187

7990 -0.020 1.556 0.702 0.746 0.789

7989 0.704 -0.179 0.781 0.435 0.533

AN2 0.551 1.328 1.201 1.027 0.417

BB19 0.608 0.724 1.107 0.813 0.261

LM7 0.625 0.570 -0.717 0.159 0.759

Ave 0.382 0.689 0.539 0.537 0.584

Therefore a Ct difference less than 0.537 ± 0.585 between two alleles amplified using specific

forward primer was considered to correspond to equal expression of MAOA meaning non-

skewed inactivation. MAOA real-time primers were used to amplify cDNA derived from

liver, kidney, muscle and heart, as well as fibroblast cell cultures, which were created using

the AMV RT. Allele-specific amplification was achieved using the same conditions as for

DNA (Figure 4.12).
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Figure 4.13. Real-time amplification of cDNA using primer pairs MAOA22-4F and MAOA22R (red)

and MAOA22b-4F and MAOA22R (green) a) cDNA from Brown Swiss ovary MAOA heterozygote

(GA) b) cDNA from Holstein ovaryMAOA homozygote (AA).
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AAA Pre-amplification PCR of cDNA

Low amounts of cDNA cause problems in quantitative real-time PCR because results will be

out of range of 80% stability of the system. To increase the low amounts of cDNA,

transcripts were amplified with MAOAF3 and MAOAR4 creating a fragment of 780 bps.

Real-time PCR amplification was conducted on the products from dilutions of 1:100 and

1:1000 and 1:10000. However, consistent results were not observed in animal 7990. Ct's

were high and not reproducible.

4.5 Degree of skewing in MAOA

4.5.1 Skewing in normal population

Samples collected from liver, kidney, muscle and heart were analysed with the real-time PCR.

Table 4.7 shows the results of selected samples, which showed amplification. Some samples

did not amplify.

Using the F test, no difference in variation between the two alleles was observed in 14

of the 26 samples analysed by real-time PCR. Of the 14 samples, using the X test, 11

samples showed no skewing, one sample showed definite skewing and two samples were

undetermined.
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Table 4.7. Allele-specific real-time PCR results of random animals with F-test and X2

test results.

Animal Tissue F-test * X2-test Degree of skewing (%)

913 Kidney 0 500 1.000 40 60

Muscle 5.77E-07 0 986 47 53

918 Kidney 1.19E-05 0 689 18 82

Heart 9.63E-08 0 965 45 55

925 Liver 0 656 0.998 24 75

Kidney 0 428 0.988 18 82

Muscle 0 463 0.997 22 78

Heart 0.002 0819 9 91

932 Liver 0.003 0 998 32 68

Kidney 3.85E-04 0 957 16 84

Muscle

Heart

U D»4

0.006 0710 9 91

935 Muscle 0 016 0.995 19 81

Heart 2.06E-04 0 990 23 77

943 Liver 1.33E-05 0 902 12 88

Kidney 0 245 0.973 51 49

Muscle 0 925 0.998 32 68

Heart 0 059 0.985 18 82

945 Muscle 1.11E-08 0 886 32 68

Heart 0.004 1 000 44 56

946 Muscle 0011 IÊÊÊÊÊÊÊÈÈÈÈÈÈÈÈÊÊÊË BMMMiMMMMi

Heart 0 255 0.959 14 86

949 Muscle 0 036 0.974 19 81

Heart 8.70E-08 0 522 8 92

971 Muscle 0 083 0.980 12 88

Heart 0 017 4.09E-15 0 100

*bolded numbers showed a difference in the variances of calculated results at a significance level

of 0 01

| | no differences in alleles observed undetermined skewing skewing observed

4.5.2 Skewing in cloned cattle

No skewing was observed in the cloned cows. The X2 test showed that three samples had no

skewing and three were undetermined (table 4.8). A difference in variation was seen in one

sample from the F-test.
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Table 4.8. Allele-specific real-time PCR results of cloned animals with F-test and X2 test.

Animal Tissue F-test X2-test Degree of skewing (%)

7989 Biopsy 1 0.758 0.999 73 26

Biopsy 2 0.172 1.000 62 38

7990 Biopsy 1 0.126 1.000 45 55

Biopsy 2 0.050

8352 fibroblast 0.270

7989 Biopsy PAP 1.45E-09 0.223 11 89

8352 Biopsy PAP 0.552

*bolded numbers showed a difference in the variances of calculated results and DNA at a significance
level of 0.01.

I I no differences in alleles observed undetermined skewing

4.5.3 Skewing in bovine embryos

RNA from hatched and unhatched embryos produced from somatic cell nuclear transfer was

extracted using DynaBeads®. The extracted RNA was then subjected to a single RT and

subsequent real-time PCR in triplicate. However, results were not consistent between the

three real-time PCR runs (Figure 4.14).
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Figure 4.14. Real-time analysis of cDNA of a hatched bovine cloned embryo in triplicate.
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5 DISCUSSION

5.1 Aneuploid characterization

In a study of X chromosome inactivation in XXY patients, 5 of 16 were skewed (Iitsuka et al.

2001). Three of the cases showed preferential inactivation of one of the maternal

chromosomes. Here we proposed to examine two aneuploid individuals and the degree of

skewing. The female Tanja, was shown to be XXX from her metaphase spread and was

confirmed by genotyping with the X-linked microsatellite marker BMS911. This

microsatellite showed three different alleles - two X chromosomes inherited from her dam,

Wilma, and one X chromosome from the sire, Tarzan. This shows that non-disjunction

occurred in meiosis I of gametogenesis in Wilma and therefore that Tanja's two X

chromosomes from Wilma are not isochromsomes.

One hundred metaphases of Tanja's son were analyzed and all of them showed an

XXY karyotype which suggests that Boris is non-mosaic Klinefelter. The XXY bull was

shown to have both XX alleles from the XXX dam (Fig 4.2). Boris had two alleles of the

microsatellite BMS911 (101/110) from Tanja. However the father also had the 101 allele,

therefore another microsatellite XBM7 was used to demonstrate that both alleles have been

inherited from the XXX dam (Fig 4.2). Therefore we could also conclude that the X

chromosomes from Boris were also not isochromosomes.

The incidence of XXX, and non-mosaic XXY in cattle is not common, although

several reports have been made (reviewed by Eldridge 1985; Schmutz et al. 1994; Molteni et

al. 1999; Slota et al. 2003). Due to sterility of non-mosaic XXY males (Schmutz et al. 1994;

Molteni et al. 1999) and the subfertility of the XXX females (Buoen et al. 1981), it is difficult

to find such animals. Basrur et al. (2004) compared the expression of X-linked genes in our

XXX female to expression in male and female cattle with normal sex chromosomal

complements.
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5.2 Sequencing of genes

5.2.1 Trophinin (TRO)

Trophinin, tastin and bystin belong to a group of membrane proteins known to mediate cell

adhesion in attachment of the blastocyst to the endometrial surface epithelia of the uterus

during embryo implantation (Suzuki et al. 1998; 1999). This gene was previously neither

sequenced in cattle, nor has it been mapped. In this study, we obtained a partial sequence of

the trophinin gene and mapped it to BTXq25-33 (Asai et al. 2004). The high sequence

homology to the human trophinin as well as the FISH mapping location indicates that this

sequence is bovine trophinin. A comparative RH study between human and bovine X

chromosomes showed that although there is a conservation of synteny, there are

rearrangements of genes within the chromosome (Figure 5.1). The trophinin gene was

mapped to Xpll.21-pll.22 in humans (Pack et al. 1997). Genes SYN1, SYP and HADH2

have been mapped to Xpll.23 (Hagemann et al. 1994), Xpl 1.23-pi 1.22 (Ozcelik et al. 1990)

and Xpl 1.2 (He et al. 1998) respectively on the human chromosome. These genes were

mapped to BTXq25-32 (Amaral et al. 2002) and the location is in agreement with our

physical mapping of the bovine trophinin. Although the region Xpl 1.21-pi 1.22 on the

human X chromosome was found to have a domain which escapes X inactivation, trophinin is

a gene which is X inactivated in humans (Miller and Willard 1998). By mapping and

sequencing the gene, we had hoped to establish its X inactivation status using the real-time

PCR method. However, no SNPs were found between the animals sequenced in this study.

The sequence of the trophinin gene was found to be 81% similar to the human variant

1 (NM177555). The major difference in the sequences is a region of 33 bps that is not found

in the cattle sequence. Interestingly, the cattle sequence has a five base pair insert, confirmed

in six different genomic DNA sequences and two cDNA sequences, which is not found in

humans or mice. This would cause a frameshift mutation and subsequently a stop codon 20

amino acids after the insert. Theoretically, this premature stop codon would cause a truncated

protein. Further analysis on the protein structure and sequence of the trophinin protein is

required to determine the variant found in bovine.
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Figure 5.1. A radiation hybrid map of the bovine and human X chromosomes TRO is mapped near

genes SYN1, SYP and HADH2 (grey bar) in the human, which are mapped to the q arm of the bovine X

chromosome (according to Amaral et al. 2002).
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5.2.2 Androgen Receptor(4/?)

The sequence of androgen receptor in cattle was obtained using primers designed from pig

(AF161717), human (M23263) and mouse (X59592) AR sequences. Bovine sequences were

only available in GenBank for exons 1 (Z75313), 4 (Z75314) and 8 (Z75315) which

constitute less than 50% of the full mRNA sequence of the androgen receptor in pig. In this

study, approximately 96% of the bovine androgen receptor mRNA has been sequenced

(Figure 5.2). In the human AR gene, exon 1 shows structural polymorphism due to the

variable numbers of glutamine (Q) and glycine (G) repeats (Hickey et al. 2002). The number

of Q residues varies from 11 to 35 with an average of 21 consecutively positioned glutamines

in the normal human population. The variability of the repeats is used to differentiate

between the maternal and paternal alleles. This variability was exploited to create an assay to

determine X inactivation status, known as the HUMARA assay, which uses the methylation

sensitive restriction enzyme Hpall to cleave unmethylated (active X) fragments. Only

methylated (inactive X) will not be digested and remain intact for PCR amplification. The

allele ratio between digested and undigested is determined, which is expressed as a degree of

inactivation.

However, in the bovine sequence the number of CAG repeats encoding for glutamine

was examined and no variation was found as in the human AR sequence. All bovine

sequences showed eight CAG repeats and subsequently, eight Q residues.
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5.2.3 Zinc finger protein (ZFX)

ZFX is mapped to the distal end of the long arm of the X chromosome at Xq34 in cattle (Xiao

et al. 1998). In humans, this gene is mapped to Xp22.1. Although the gene is not located in

the pseudoautosomal region, ZFX was shown to escape X inactivation. Sequencing of the

ZFX in our animals showed a putative SNP at position 2054 of the bovine ZFX gene

(Accession no. AF032866). The change in the nucleotide would cause a subsequent change

in the amino acid from a histidine (H) to an argenine (R) (Figure 5.3). However, both

histamine and argenine are categorized in the basic amino acid group based on their

physicochemical properties. The putative SNP found in the bovine sequence could be used

for a real-time PCR assay to confirm the findings of Basrur et al. (2004) that ZFX also escapes

X inactivation in bovine.

a) GKKMHQCRHCDFKIADPFVL

2 041 ggtaaaaaaatgeaecagtgtagacattgtgactttaagattgcagatccttttgttcta 2100

b) GKKMRQCRHCDFKIADPFVL

2 041 ggtaaaaaaatgcgccagtgtagacattgtgactttaagattgcagatccttttgttcta 2100

Figure 5.3. Sequence and translation of (a) bovine ZFXgene (b) with putative SNP

5.2.4 Monoamine oxidase A (MAOA)

MAOA was mapped to cattle Xpll.4-pll.3 by radiation hybrid mapping (Band et al. 2000).

In humans, this gene is located on Xpll.4-pll.3 (Ozelius et al. 1988) and is known to be X

inactivated (Benjamin et al. 2000). Expression of the MAOA protein was found in many

tissues including bone marrow, spleen, brain, heart, muscle, liver, pancreas, kidney and lung

(www.genecards.com). In this study, we found that this gene was expressed in all tissues

examined including skin, heart, liver, muscle, and kidney in cattle. An SNP was found at the

3' UTR in a group of various breeds which included Angus, Charolais, Limousin, Hereford,

Belgian Blue, Simmental, Holstein, and Brown Swiss. This appears to be the same SNP

reported by Xue et al. (2002), which was reported in the 3'UTR. They used this SNP for an

allele specific expression study using PCR-RFLP assay digested with restriction enzyme Rsal.

Using monoclonal fibroblast cell cultures of a heterozygous donor, they found random and
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mono-allelic expression of the gene which indicates that the gene is subject to inactivation as

in humans (Brunner et al. 1993) and mice (Cases et al. 1995).

5.3 Single nucleotide polymorphisms on the bovine X chromosome

In this study, we have found several in silico polymorphisms when comparing sequences to

GenBank deposited sequences. Most were sequencing errors caused by faulty proofreading of

the Taq polymerase or may be errors in the Genbank submitted sequences. Two SNPs found

in this study were candidates for developing an allele-specific real-time PCR - ZFX and

MAOA. ZFX had heterozygote (TC) and one homozygous (TT) genotypes. No homozygous

CC animals were found leaving this still as a candidate SNP. Because ZFX is a gene which

escapes X inactivation (Basrur et al. 2004), no further investigation was done on this

candidate SNP.

The lack of SNPs found in the genes of the X chromosome was an interesting feature.

Single nucleotide polymorphisms are estimated to occur once in every 1000 bp in the human

genome when any two chromosomes are compared (Cooper et al. 1985). However, the

distribution of SNPs across the genome is not uniform. It has been shown that there are more

SNPs found in the non-coding regions (5' UTR, 3'UTR, introns) than in the coding sequences

(exons) (Cargill et al. 1999; Haga et al. 2002). Alterations in the exonic sequence increase the

chance of changing the amino acid, possibly creating deleterious mutations which will be

selected against, therefore only synonymous (non amino acid changing) SNPs will remain.

Since the goal of this study was to examine expression of X inactivated genes, the intronic

sequences were not usable. Since there was less chance of finding an SNP in the coding

sequence, SNP localization was concentrated on areas such as 3' and 5' UTRs. However, it is

more difficult to amplify 5' or 3' areas and there are few cattle sequences available to the

public that include these regions. Designing cross-species primers in these areas is also

problematic as these sequences are not as conserved as the coding sequences.

It has also been shown that the distribution of SNPs between chromosomes is also

unequal, where the SNP frequency on the X chromosome is much lower compared to the

autosomes (McVean and Hurst 1997; Nachmann 2001). Haga et al. (2002) showed that

compared to all the autosomes (average ~1 SNP per 900 bps), the sex chromosomes had much

less frequency of SNPs (average of ~1 SNP per 2000 bps). This low frequency may be

because of the hemizygous state of the male which makes deleterious mutations which would
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cause lethality or other abnormalities affecting reproductive capacity. However, McVean and

Hurst (1997) found that there were significantly lower amounts of synonymous (silent)

substitutions in X-linked genes as well, which would not affect the function of the protein. A

possible explanation may lie in the evidence that there is an increase in DNA variability in

areas of high recombination (Lercher and Hurst 2002). The authors suggest that DNA

sequences which recombine more frequently have a higher mutation rate because of a faulty

repair mechanism of the double strand breaks that initiate recombination.

The results of Schiebel et al. (2000) support this theory, which showed high sequence

diversity in the pseudoautosomal region of the human X and Y genes which recombine during

male meiosis. Sequencing and comparison of the region of the phosphotase PPP2R3L gene

revealed a nucleotide exchange of one in every 120-180 bps. In B. taurus, ZFX has a

homologue on the Y chromosome, ZFY, and is putatively located in the PAR and our finding

of two candidate SNPs in the ZFXgene support this theory.

Therefore finding SNPs for allele-specific amplification to examine X inactivation is

limited by many factors including requirement for 1) coding sequences 2) genes on the X

chromosome and 3) genes that are X inactivated which all amount to less variability. In

addition, we required SNPs in specific animals. The XXY bull and XXX dam come from a

long line of purebred Simmental, which already limits the variability. More offspring were

required but we were limited to the subfertility that is known in XXX females. XXX females

were reported as having low reproductivity or sterility (Buoen et al. 1981). This dam was

fertile producing three calves between 2000 and 2004, however attempts to create an embryo

transfer family from this dam were not successful.

Recently, a database of in silico bovine SNPs was established (Hawkin et al. 2004)

which combines bovine EST and mRNA sequences to identify putative SNPs. The SNPs are

categorised on their likelihood of being real and amino acid changing. This database also

compares the bovine sequence to human sequences and identifies possible intron-exon

boundaries based on the comparison. A database such as this provides a great advantage

allowing a faster way to assemble SNPs for the development of allele-specific real-time

PCRs.
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5.4 Allele-specific real-time PCR

The allele-specific real-time PCR method described here provides an effective way to

examine differential gene expression from the paternal and maternal X chromosomes. To

study the effects of imprinting and subsequent skewing, a polymorphism must be present in

the expressed transcripts and the animal must be heterozygous for the polymorphism. Using

DNA of known heterozygotes and homozygotes for the SNP in MAOA, we were able to

establish a method for measuring gene expression. Mismatches in the forward primer as well

as an increase in annealing temperature were required to optimise the allele-specific

amplification.

Stability of the system was demonstrated using dilutions of 1:10, 1:100 and 1:1000 of

DNA. High consistency was maintained in the Ct ranges from 24 to 34. It is important that

the PCR is stable at higher Ct ranges, where only a few copies of template are available in

small amounts of cDNA, or if an allele is expressed at low levels. Reproducibility was also

shown through the repetitions of amplification at different dilutions.

Using the DNA dilutions, differences in amplification using allele-specific primers

were determined. Because the primers were designed to amplify a specific allele, a primer

bias was introduced. The average of these differences were taken and used to correct for the

differences in primer efficiency. This allowed both primer sets to work under the same

conditions, thus reducing factors causing variance in the results. Correction of the primer bias

so that the PCR efficiency is the same is necessary to interpret the results. Using an equation

for PCR efficiency,

P= T(l+E)n

where P is the product, T is the template E is the efficiency of the PCR (where 1 is the

maximum efficiency and 0 is the minimum) and n the cycle number, Freeman et al. (1999)

showed that small differences in the amplification efficiency are compounded exponentially.

The authors calculated that a 5% difference in amplification efficiency between two initially

equal targets can result in one appearing two times the amount of the other after 26 cycles

(Freeman et al. 1999). DNA would have the same amount of copies for both alleles and

comparisons of amplification with each specific primer were therefore used to correct for the

primer bias.
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In the normal animals, an F-test (p< 0.01) was first used to examine the variance in the

allele-specific real-time PCR. The F-test results showed that there were twelve samples with

a difference in the variances. The source of variance may come from several factors during

the RNA extraction, reverse transcription and real-time PCR steps.

Factors such as tissue sampling and purification procedures during the RNA extraction

method can affect the variance between samples. Salt contamination from the RNA

precipitation can also affect the variance (Freeman et al. 1999). However, the source of

variance due to RNA extraction can be eliminated because the reverse transcription reaction

was performed using the same RNA sample. During the RT step, a source of variability may

come from the sensitivity of the enzymes involved in cDNA synthesis to salts, alcohols or

phenols remaining from the RNA isolation (Freeman et al. 1999). Inhibitors from the reverse

transcription reaction also play a role in the amplification of the subsequent PCR.

Primer design is important to the PCR reaction as described previously. Ideally, the

primers are designed over introns so that DNA contamination will not affect the PCR. Since

the real-time primers and Taqman® probe span only 100 bps, this is not an option. The

RNeasy Qiagen kit used for RNA extraction provides the extractions of RNA with minimal

copurification of DNA. Furthermore, DNase treatment of the RNA was performed to remove

any remaining amounts of DNA.

When possible, for the random samples and the clone tissues, at least three reverse

transcription reactions of each sample were made. Three real-time PCRs from each of the

three cDNA samples were then done, giving a total of nine reactions per sample. An average

of the Ct's for each sample was then taken.

Samples that were significantly different based on variance were indeterminate for

skewing. In the normal population based on the X test (p> .05), there were 11 samples that

showed no skewing. In one sample, the heart of animal 971, expression of MAOA was

extremely skewed. However, expression in the muscle sample from the same animal was not

skewed. The biopsy is taken from a portion of the heart. This can be evidence of tissue

specific skewing as shown in other studies (Fey et al. 1994; Gale et al. 1994; Azofeifa et al.

1996). Because X inactivation is known to take place early in embryonic development, whole

tissues or large portions of the tissue can arise from a small number of progenitor cells present

in the ICM (Fialkow et al. 1973). Thus, an individual may have a skewed pattern of X

inactivation by chance. Therefore, tissue sampling is an important factor in the analysis of

skewing of an individual.
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In a study by Sharp et al. (2000), X inactivation patterns of 270 normal women were

examined in three sources - blood, buccal epithelia and urinary epithelia. They found that in

some individuals, extreme skewing of X inactivation was present in one tissue but random X

inactivation was observed in another. Having an X inactivation pattern which differs between

tissues is in agreement with our findings.

5.5 Somatic cell nuclear transfer and X inactivation

The failure to reprogram the epigenetic status of the nuclei from a somatic cell to a

newly fertilized zygote may be one of the causes of the developmental problems often found

in nuclear transfer embryos (Roemer et al. 1997). As a result of the reprogramming process

there are three possible outcomes:

1) no reprogramming resulting in death of the embryo;

2) partial reprogramming, resulting in an abnormal embryo;

3) complete reprogramming, where normal animals are produced (Rideout et al.

2001).

Although X inactivation has been extensively studied in view of epigenetic regulation,

recent studies have focused the impact of genome-wide epigenetic reprogramming (Cezar et

al. 2003; Dindot et al. 2004; Zhang et al. 2004). Imprinting disruptions are implicated in the

high frequency of embryonic loss for bovine embryos produced by nuclear transfer. Zhang et

al. (2004) examined the maternally expressed H19 gene which showed skewing of expression

in deceased nuclear transfer calves whereas naturally reproduced calves had normal

expression of the imprinted gene. Further analysis of a calf from a cloned cow showed

maternal expression of H19, which was similar to the expression of the control animals.

Examination of the maternally imprinted insulin-like growth factor II (IGF2) and paternally

imprinted gene trap locus 2 (GTL2) in bovine interspecies hybrid clones showed normal

allelic expression in the liver of three cloned fetuses (Dindot et al. 2004). However, the

chorion of the clones showed biallelic expression ofXIST (Dindot et al. 2004). Thus, not only

X inactivation is important for proper development but also imprinting. However, imprinted

genes are not commonly found on the autosomes.
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There are contradictory results about X chromosome inactivation status in the early

zygote, however the paternal X chromosome is shown to be inactivated shortly after

fertilization. The epigenetic marks are then removed in the epiblast, which becomes the

embryo, and random X inactivation occurs, whereas in the cells of the trophectoderm the

paternal X chromosome remains inactivated (reviewed in Heard 2004). In clones, one X

chromosome is already inactivated, so epigenetic marks must be removed and re-established

for proper embryonic development. Eggan et al. (2000) have shown that in mouse embryos

produced by nuclear transfer, either X chromosome can be chosen for inactivation, regardless

of the X inactivation status of the donor nucleus. However, in this study active status of the X

chromosome was determined only by expression of an X-linked transgene with green

fluorescent protein (GFP), therefore it is not clear if the inactive X chromosome was

reactivated completely. It is also not known if the cloned embryos would have survived to

birth as all of them were recovered from the recipient mother at embryonic day 12.5. In

cloned cattle, expression studies were performed with several X-linked genes. Abnormal

expression of X-linked genes in different organs were found in deceased clones as compared

with live clones and controls, cows born from natural reproduction, where expression of genes

were indistinguishable (Xue et al. 2002). The authors reported that placentas of the live

clones and control animals had monoallelic expression of MAOA suggesting paternal X

inactivation as found in mice (Takagaki et al. 1978), whereas deceased clones had expression

of both alleles showing aberrant expression. Thus it can be concluded that cloned females

survive and develop properly when the epigenetic program is erased and properly re¬

established so that the process of X inactivation resembles the pattern of normal females

(Eggan and Jaenisch 2003). This is consistent with our results, where no skewing of X

inactivation was observed in the healthy clone animals.

5.6 Further perspectives

The aim of this research was to establish an allele-specific real-time PCR to obtain

information on the skewing of gene expression on the X chromosome in bovine and to

compare different populations of cattle using this technique. We were able to examine the

allele-specific expression of the X inactivated gene MAOA in the tissue samples from muscle,

liver, heart, kidney, and skin of a random sample of cattle and cloned cattle. Purity of the

cDNA was an issue for the amplification which increases variance. Purification of the cDNA
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in order to decrease variance prior to real-time PCR is an option for further studies, however

this may be difficult with samples of low cDNA concentration such as the bovine cloned

embryos.

Due to the lack of SNPs in the coding sequence of X inactivated genes examination of

only one gene and its X inactivation status in our cattle samples was possible. Recently, a

SNP database for bovine has become available. The Interactive Bovine In Silico SNP

(IBISS) database is an online catalogue created from publicly available bovine EST

sequences. "Low quality" SNPs are marked when any variant is observed. Variants that

appear more than once are denoted as putative SNPs, 50% of which are estimated to be real

(http://www.livestockgenomics.csiro.au/IBISS3/snpdetection.html). This database is useful

for faster and easier SNP detection. The allele-specific real-time PCR technique can be easily

adapted for other genes on the X chromosome to examine X inactivation status. The assay

can also be used to investigate expression of imprinted genes such as IGF2 and the callipyge

gene which have economic importance in livestock.





References 75

6 REFERENCES

Adler DA, Rugarli EI, Lingenfelter PA, Tsuchiya K, Polsinski D, Liggitt HD, Chapman VM,
Elliott RW, Ballabio A and Disteche C, 1997. Evidence of evolutionary up-regulation of the

single active X chromosome in mammals based on Clc4 expression levels in Mus spretus and

Mus musculus. Proc Natl Acad Sei USA 94: 9244-9248.

Agulnik AI, Mitchell MG, Mattei MG, Borsani G, Avner PA, Lerner JL and Bishop CE,
1994. A novel X gene with a widely transcribed Y-linked homologue escapes X-inactivation

in mouse and human. Hum Mol Genet 3: 879-884.

Allen RC, Zoghbi HY, Moseley AB, Rosenblatt HM and Belmont JW, 1992. Methylation of

Hpall and Hhal sites near the polymorphic CAG repeat in the human androgen-receptor gene

correlates with X chromosome inactivation. Am J Hum Genet 51: 1229-1239.

Amaral MEJ, Kata SR and Womack JE, 2002. A radiation hybrid map of bovine X

chromosome (BTAX). Mamm Genome 13: 268-271.

Amory JK, Anawalt BD, Paulsen CA and Bremner WJ, 2000. Klinefelter's syndrome.
Lancet 356: 333-335.

Asai M, Graphodatskaya D, Stranzinger G and Joerg H, 2004. Assignment of bovine

trophinin (TRO) to the q arm of the X chromosome by fluorescence in situ hybridization.
Anim Genet 35: 157-158.

Ashworth A, Rastan S, Lovell-Badge R and Kay G, 1991. X-chromosome inactivation may

explain the difference in viability of XO humans and mice. Nature 351: 406-408.

Avner P and Heard E, 2001. X chromosome inactivation: counting, choice and initiation.

Nature Reviews Genet 2: 59-67.

Azofeifa J, Waldherr R and Cremer M, 1996. X-chromosome methylation ratios as indicators

of chromosomal activity: evidence of intraindividual divergencies among tissues of different

embryonal origin. Hum Genet 97: 330-333.

Band MR, Larson JH, Rebeiz M, Green CA, Heyen DW, Donovan J, Windish R, Steining C,

Mahyuddin P, Womack JE and Lewin HA, 2000. An ordered comparative map of the cattle

and human genomes. Genome Res 10: 1359-1368.

Basrur PK, Farazmand A, Stranzinger G, Graphodatskaya D, Reyes ER and King WA, 2004.

Expression pattern of X-linked genes in sex chromosome aneuploid bovine cells.

Chromosome Res 12: 263-273.

Basrur PK, Pinheiro LEL, Berepubo NA, Reyes ER and Popescu PC, 1992. X chromosome

inactivation in X autosome translocation carrier cows. Genome 35: 667-675.



76 References

Beever C, Lai BPY, Baldry AEL, Penaherrera MS, Jiang R, Robinson WP and Brown CJ,
2003. Methylation of ZNF261 as and assay for determining X chromosome inactivation

patterns. Am J Med Genet 120: 439-441.

Belmont JW, 1996. Genetic control of X inactivation and processes leading to X-inactivation

skewing. Am J Hum Genet 58: 1101-1108.

Belyaev ND, Keohane AM and Turner BM, 1996. Differential underacetylation of histones

H2A, H3 and H4 on the inactive X chromosome in human female cells. Hum Genet 97: 573-

578.

Benjamin D, Van Bakel I and Craig IW, 2000. A novel expression based approach for

assessing the inactivation status of human X-linked genes. Eur J Hum Genet 8: 103-108.

Bird AP, 1986. CpG-rich islands and the function ofDNA methylation. Nature 321: 209-213.

Boggs BA, Cheung P, Heard E, Spector DL, Chinault AC and Mis CD, 2002. Differentially
methylated forms of histone H3 show unique association patterns with inactive human X

chromosomes. Nat Genet 30: 73-76.

Boggs BA and Chinault AC, 1994. Analysis of replication timing properties of human X-

chromosomal loci by fluorescence in situ hybridisation. Proc Natl Acad Sei USA 91: 6083-

6087.

Bourc'his D, Le Bourhis D, Patin D, Niveleau A, Comizzoli P, Renard JP and Veigas-

Pequigno E, 2001. Delayed and incomplete reprogramming of chromosome methylation

patterns in bovine cloned embryos. Curr Biol 11: 1542-1546.

Boyd Y and Fraser NJ, 1990. Methylation patterns at the hypervariable X-chromosome locus

DXS255 (M27 beta): correlation with X-inactivation status. Genomics 7: 182-187.

BrockdorffN, 1998. The role of Xist in X-inactivation. Curr Op Genet Dev 8: 328-333.

Brockdorff N, Ashworth A, Kay GF, McCabe VM, Norris DP, Cooper PJ, Swift S and Rastan

S, 1992. The product of the mouse Xist gene is a 15kb inactive X-specific transcript

containing no conserved ORF and located in the nucleus. Cell 71: 515-526.

Brown CJ, Ballabio A, Rupert JL, Lafreniere RG, Grompe M, Tonlorenzi R and Willard HF,
1991a. A gene from the region of the human X inactivation center is expressed exclusively
from the inactive X chromosome. Nature 349: 38-44.

Brown CJ, Hendrich BD, Rupert JL, Lafreniere RG, Xing Y, Lawrence J and Willard HF,
1992. The human XIST gene: analysis of a 17 kb inactive X-specific RNA that contains

conserved repeats and is highly localized within the nucleus. Cell 71: 527-542.

Brown CJ, Lafreniere RG, Powers VE, Sebastio G, Ballabio A, Pettigrew AL, Ledbetter DH,

Levy E, Craig IW and Willard HF, 1991b. Localization of the X inactivation centre on the

human X chromosome in Xql3. Nature 349: 82-84.



References 77

Brown CJ and Robinson WP, 2000. The causes and consequences of random and non-

random X chromosome inactivation in humans. Clin Genet 58: 353-363.

Brown CJ and Willard HF, 1994. The human X-inactivation centre is not required for

maintenance of X-chromosome inactivation. Nature 368: 154-156.

Brunner HG, Nelen M, Breakefield XO, Ropers HH and van Oost BA, 1993. Abnormal

behaviour associated with a point mutation in the structural gene for monoamine oxidase A.

Science 262: 578-580.

Buoen LC, Seguin BE, Weber AF and Shoffner RN, 1981. X-trisomy karyotype and

associated infertility in a Holstein heifer. J Am Vet Med Assoc 179: 808-811.

Busqué L, Mio R, Mattioli J, Brais E, Biais N, Lalonde Y, Maragh M and Gilliland DG, 1996.

Nonrandom X-inactivation patterns in normal females: lyonization ratios vary with age.

Blood 88: 59-65.

Bustin S, 2000. Absolute quantification of mENA using real-time revesre transcription

polymerase chain reaction assays. JMol Endocr 25: 169-193.

Cargill M, Altshuler D, Ireland J, Sklar P, Ardlie K, Patil N, Lane CR, Lim EP,

Kalyanaraman N, Nemesh J, Ziaugra L, Friedland L, Rolfe A, Warrington J, Lipshutz R,

Daley GQ and Lander ES, 1999. Characterization of single-nucleotide polymorphisms in

coding regions of human genes. Nature 22: 231-238.

Carrel L, Cottle AA, Goglin KC and Willard HF, 1999. A first-generation X-inactivation

profile of the human X chromosome. Proc Natl Acad Sei USA 96: 14440-14444.

Carrel L and Willard HF, 1996. An assay for X inactivation based on differential methylation
at the fragile X locus, FMR1. Am J Med Genet 64: 27-30.

Carrel L and Willard HF, 1999. Heterogeneous gene expression from the inactive X

chromosome: an X-linked gene that escapes X inactivation in some human cell lines but is

inactivated in others. Proc Natl Acad Sei USA 96: 7364-7369.

Cases O, Seif I, Grimsby J, Gaspar P, Chen K, Pournin S, Müller U, Aguet M, Babinet C,
Shih JC and De Maeyer E, 1995. Aggressive behavior and altered amounts of brain serotonin

and norepinephrine in mice lacking MAOA. Science 268: 1763-1766.

Cezar GG, Bartolomei MS, Forsberg EJ, First NL, Bishop MD and Eilertsen KJ, 2003.

Genome-wide epigenetic alterations in cloned bovine fetuses. Biol Reprod 68: 10096-11014.

Chao W, Huynh KD, Spencer RJ, Davidow LS and Lee JT, 2002. CTCF, a candidate trans¬

acting factor for X-inactivation choice. Science 295: 345-347.

Chavatte-Palmer P, Heyman Y, Richard C, Monget P, LeBourhis D, Kann G, Chilliard Y,

Vignon X and Renard JP, 2002. Clinical, hormonal and hematologic characteristics of bovine

calves derived from nuclei from somatic cells. Biol Reprod 66: 1596-1603.



78 References

Cheng MK and Disteche CM, 2004. Silence of the fathers: early X inactivation. BioEssays
26: 821-824.

Chureau C, Prissette M, Bourdet A, Barbe V, Cattolico L, Jones L, Eggen A, Avner P and

Duret L, 2002. Comparative sequence analysis of the X-inactivation center region in mouse,

human, and bovine. Genome Res 12: 894-908.

Clemson CM, McNeil JA, Willard HF and Lawrence JB, 1996. XIST RNA paints the

inactive X chromosome at interphase: evidence for a novel RNA involved in

nuclear/chromosome structure. J Cell Biol 132: 259-275.

Clerc P and Avner P, 1998. Role of the region 3' to Xist exon 6 in the counting process of X-

chromosome inactivation. Nat Genet 19: 249-253.

Cline TW and Meyer BJ, 1996. Vive la difference: males vs females in flies vs worms. Annu

Rev Genet 30: 637-702.

Cooper DN, Smith BA, Cooke HJ, Niemann S and Schmidtke J, 1985. An estimate of unique
DNA sequence heterozygosity in the human genome. Hum Genet 69: 201-205.

Cooper DW, Johnston PG, Watson JM and Graves JAM, 1993. X-inactivation in marsupials
and monotremes. Sem Dev Biol 4: 117-128.

Csankovszki G, Nagy A and Jaenisch R, 2001. Synergism of Xist RNA, DNA methylation,
and histone hypoacetylation in maintaining X chromosome inactivation. J Cell Biol 153: 773-

784.

De La Fuente R, Hahnel A, Basrur PK and King WA, 1999. X inactive-specific transcript

(Xist) expression and X chromosome inactivation in the pre-attachment bovine embryos.
Biol Reprod 60: 769-775.

Debrand E, Chureau C, Arnaud D, Avner P and Heard E, 1999. Functional analysis of

DXPas34 locus, a 3' regulator of Xist expression. Mol Cell Biol 19: 8513-8525.

Dindot SV, Farin PW, Farin CE, Romano J, Walker S, Long C and Piedrahita JA, 2004.

Epigenetic and genomic imprinting analysis in nuclear transfer derived Bos gaurus/Bos taurus

Hybrid fetuses. Biol Reprod 71: 470-478.

Disteche CM, 1995. Escape from X inactivation in human and mouse. Trend Genet 11: 17-

22.

Disteche CM, Carrano AV, Ashworth LK, Burkhart-Schultz K and Latt SA, 1981. Flow

sorting of the mouse Cattanach X chromosome, T (X; 7) 1 Ct, in an active or inactive state.

Cytogenet Cell Genet 29: 189-197.

Disteche CM, Filppova GN and Tsuchiya KD, 2002. Escape from X inactivation. Cytogenet
Genome Res 99: 36-43.

Eggan K, Akutsu H, Hochedlinger K, Rideout WM, Yanagimachi R and Jaenisch R, 2000. X

chromosome inactivation in cloned mouse embryos. Science 290: 1578-1581.



References 79

Eggan K and Jaenisch R, 2003. Micromanipulating dosage compensation: understanding X-

chromosome inactivation through nuclear transplantation. Sem Cell Dev Biol 14: 349-358.

Eldrige FE, 1985. Cattle Chromosomes. In Cytogenetics of Livestock. Connecticut: AVI

Publishing Co, Inc, pp 153-158.

el Kassar N, Hetet G, Li Y, Briere J and Grandchamp B, 1995. Clonal analysis of

haemopoietic cells in essential thrombocythaemia. Br J Haematol 90: 131-137.

Fey MF, Liechti-Gallati S, von Rohr A, Borisch B, Theilkäs L, Schneider V, Oestreicher M,

Nagel S, Ziemiecki A and Tobler A, 1994. Clonality and X-inactivation patterns in

hematopoietic cell populations detected by the highly informative M27B DNA probe. Blood

83:931-938.

Fialkow PJ, Klein E, Klein G, Clifford P and Singh S, 1973. Immunoglobulin and clucose-6-

phosphate dehydrogenase as markers of cellular origin in Burkitt lymphoma. J Exp Med 138:

89-101.

Freeman WM, Walker SJ and Vrana K, 1999. Quantitative RT-PCR: pitfalls and potentials.
BioTechniques 26: 112-125.

Gale RE, Wheadon H, Boulos P and Linch DC, 1994. Tissue specificity of X-chromosome

inactivation patterns. Blood 83: 2899-2905.

Gardiner-Garden M and Frommer M, 1987. CpG islands in vertebrate genomes. J Mol Biol

196: 261-282.

Gartler SM, Dyer KA and Goldman MA, 1992. Mammalian X chromosome inactivation.

Mol Genet Med 2: 121-160.

Gartler SM and Riggs AD, 1983. Mammalian X chromosome inactivation. Ann Rev Genet

17: 155-190.

Gilbert SL and Sharp PA, 1999. Promoter-specific hypoacetylation of X-inactivated genes.

Proc Natl Acad Sei USA 96: 13825-13830.

Gilliland DG, Blanchard KL, Levy J, Perrin S and Bunn HF, 1991. Clonality in

myeloproliferative disorders: analysis by means of the polymerase chain reaction. Proc Natl

Acad Sei USA 88: 6848-6852.

Goodfellow PJ, Mondello C, Darling SM, Pym B, Little P and Goodfellow PN, 1988.

Absence of methylation of a CpG-rich region at the 5' end of the MIC2 gene on the active X

and inactive X and the Y chromosome. Proc Nat Acad Sei USA 85: 5605-5609.

Goto T, Wright E and Monk M, 1997. Paternal X-chromosome inactivation in human

trophoblastic cells. Mol Hum Reprod 3: 77-80.

Goto T and Monk M, 1998. Regulation of X-chromosome inactivation in development in

mice and humans. Microbiol Mol Biol Rev 62: 362-378.



80 References

Graves JAM, 1982. 5-azacytidine-induced re-expression of alleles on the inactive X

chromosome in a hybrid mouse cell line. Exp Cell Res 141: 99-105.

Graves JAM, 1996. Mammals that break the rules: genetics of marsupials and monotremes.

Annu Rev Genet 30: 233-260.

Graves JAM, 2003. Sex and death in birds: a model of dosage compensation that predicts
lethality of sex chromosome aneuploids. Cytogenet Genome Res 101: 278-282.

Greco E, Rienzi L, Ubaldi F and Tesarik J, 2001. Klinefelter's syndrome and assisted

reproduction. Fertil Steril 76: 1068-1069.

Greenfield A, Carrel L, Pennisi D, Phillippe C, Quaderi N, Siggers P, Steiner K, Tarn PPL,
Monaco AP, Willard HF and Koopman P, 1998. The UTX gene escapes X inactivation in

mice and humans. Hum Mol Genet 7: 737-742.

Grützner F, Deakin J, Rens W, El-Mogharbel N and Graves JAM, 2003. The monotreme

genome: a patchwork of reptile, mammal and unique features? Comp Biochem Physiol A

136: 867-881.

Gurdon JB and Byrne JA, 2003. The first half-century of nuclear transplantation. Proc Natl

Acad Sei USA 100: 8048-8052.

Gurdon JB and Coleman A, 1999. The future of cloning. Nature 402: 743-746.

Haga H, Yamada R, Ohnishi Y, Nakamura Y and Tanaka T, 2002. Gene-based SNP

discovery as part of the Japanese millennium genome project; identification of 190562 genetic
variations in the human genome. J Hum Genet 47: 605-610.

Hagemann T, Surosky R, Monaco AP, Lehrach H, Rosen FS and Kwan SP, 1994. Physical
mapping in a YAC contig of 11 markers on the human X chromosome in Xpl 1.23. Genomics

21:262-265.

Harrison KB, 1989. X-chromosome inactivation in the human cytotrophoblast. Cytogenet
Cell Genet 52: 37-41.

Hawken R, Barris W and Dalrymple B, 2004. A bovine SNP database (IBISS: an interactive

bovine in silico SNP database). International Plant and Animal Genome XII Conference, San

Diego, California, USA.

He XY, Schulz H and Yang SY, 1998. A human brain L-3-hydroxyacyl-coenzyme A

dehydrogenase is identical to an amyloid beta-peptide-binding protein involved in

Alzheimer's disease. J Biol Chem 273: 10741-10746.

Heard E, 2004. Recent advances in X-chromosome inactivation. Curr Opin Cell Biol 16: 1-

19.

Heard E, Clerc P and Avner P, 1997. X chromosome inactivation in mammals. Annu Rev

Genet 31: 571-610.



References 81

Heard E, Rougeulle C, Arnaud D, Avner P, Allis CD and Spector DL, 2001. Methylation of

histone H3 at Lys-9 is an early mark on the X chromosome during X inactivation. Cell 107:

727-738.

Hecimovic S, Barisic I, Müller A, Petkovic I, Baric I, Ligutic I and Pavelic K, 1997. Expand
long PCR for fragile X mutation detection. Clin Genet 52: 147-154.

Heid CA, Stevens J, Livak KJ and Williams PM, 1996. Real time quantitative PCR. Genome

Res 6: 986-994.

Hendriks RW, Chen ZY, Hinds H, Schuurman RK and Craig IW, 1992. An X chromosome

inactivation assay based on differential methylation of a CpG island coupled to a VNTR

polymorphism at the 5' end of the monoamine oxidase A gene. Hum Mol Genet 1: 187-194.

Hickey T, Chandy A and Norman RJ, 2002. The androgen receptor CAG repeat

polymorphism and X-chromosome inactivation in Australian Caucasian women with

infertility related to polycystic ovary syndrome. J Clin Endocrinol Metab 87: 161-165.

Hill JR, Burghardt RC, Jones K, Long CR, Looney CR, Shin T, Spencer TE, Thompson JA,

Winger QA and Westhusin ME, 2000. Evidence for placental abnormality as the major cause

of mortality in the first-trimester somatic cell cloned bovine fetuses. Biol Reprod 63: 1787-

1794.

Hill JR, Roussel AJ, Cibelli JB, Edwards JF, Hooper NL, Miller MW, Thompson JA, Looney

CR, Westhusin ME, Robl JM and Stice SL, 1999. Clinical and pathologic features of cloned

transgenic calves and fetuses (13 case studies). Theriogenology 51: 1451-1465.

Humphreys D, Eggan K, Akutsu H, Hochedlinkger K, Rideout III WM, Biniszkiewicz D,

Yanagimachi R and Jaenisch R, 2001. Epigenetic instability in ES cells and cloned mice.

Science 293: 95-97.

Hyunh KD and Lee JT, 2003. Inheritance of a pre-inactivated paternal X chromosome in

early mouse embryos. Nature 426: 857-862.

Iitsuka Y, Bock A, Nguyen DD, Samango-Sprouse CA, Simpson JL and Bischoff FZ, 2001.

Evidence of skewed X-chromosome inactivation in 47, XXY and 48, XXYY Klinefelter

patients. Am J Med Genet. 98: 25-31.

Jeppesen P and Turner BM, 1993. The inactive-X chromosome in female mammals is

distinguished by a lack of H4 acetylation, a cytogenetics marker for gene expression. Cell 74:

281-289.

Jiang L, Carter DB, Xu J, Yang X, Prather RS and Tian XC, 2004. Telomere lengths in

cloned transgenic pigs. Biol Reprod 70: 1589-1593.

Joerg H, Janett F, Schlaft S, Mueller S, Graphodatskaya D, Suwattan D, Asai M and

Stranzinger G, 2003. Germ cell transplantation in an azoospermic klinefelter bull. Biol

Reprod 69: 1940-1944.



82_ References

Johnston CM, Nesterova TB, Formstone EJ, Newall AET, Duthie SM, Sheardown SA and

Brockdorff N, 1998. Developmentally regulated Xist promoter switch mediates initiation of

X inactivation. Cell 94: 809-817.

Johnston PG, Watson CM, Adams M and Pauli DJ, 2002. Sex chromosome elimination, X

chromosome inactivation and reactivation in the southern brown bandicoot Isoodon obesulus

(Marsupialia:Peramelidae). Cytogenet Genome Res 99: 119-124.

Kang Y, Koo D, Park J, Choi Y, Chung A, Lee K and Han Y, 2001. Aberrant methylation of

donor genome in cloned bovine embryos. Nat Genet 28: 173-177.

Kaslow DC and Migeon BR, 1987. DNA methylation stabilizes X chromosome inactivation

in eutherians but not in marsupials: evidence for multistep maintenance of mammalian X

dosage compensation. Proc Natl Acad Sei USA 84: 6210-6214.

Kay GF, Penny GD, Patel D, Ashworth A, Brockdorff N and Rastan S, 1993. Expression of

Xist during mouse development suggests a role in the initiation of X chromosome

inactivation. Cell 72: 171-182.

Keohane AM, O'Neill LP, Belyaev ND, Lavender JS and Turner BM, 1996. X-Inactivation

and histone H4 acetylation in embryonic stem cells. Dev Biol 180: 618-630.

Korenberg JR and Rykowski MC, 1988. Human genome organization: Alu, Lines, and the

molecular structure of metaphase chromosome bands. Cell 53: 391-400.

Kubota C, Tian XC and Yang X, 2004. Serial bull cloning by somatic cell nuclear transfer.

Nature Biotechnol 22: 693-694.

Kutsche R and Brown CJ, 2000. Determination of X-chromosome inactivation status using
X-linked expressed polymorphisms identified by database searching. Genomics 65: 9-15.

Lahn BT and Page DC, 1999. Four evolutionary strata on the human X chromosome.

Science 286: 964-967.

Lanza RP, Cibelli JB, Blackwell C, Cristofalo VJ, Francis MK, Baerlocher GM, Mak J,
Schertzer M, Chavez EA, Sawyer N, Lansdorp PM and West MD, 2000. Extension of cell

life-span and telomere length in animals cloned form senescent somatic cells. Science 288:

665-669.

Lee JT, Davidow LS and Warshawsky D, 1999. Tsix, a gene antisense to Xist at the X-

inactivation centre. Nat Genet 21: 400-404.

Lee JT and Lu N, 1999. Targeted mutagenesis of Tsix leads to non-random X inactivation.

Cell 99: 47-57.

Lercher MJ and Hurst LD, 2002. Human SNP variability and mutation rate are higher in

regions of high recombination. Trend Genet 18: 337-340.

Lock LF, Takagi N and Martin GR, 1987. Methylation of the Hprt gene on the inactive X

occurs after chromosome inactivation. Cell 48: 39-46.



References 83

Loebel DA and Johnston PG, 1996. Methylation analysis of a marsupial X-linked CpG island

by bisulfite genomic sequencing. Genome Res 6: 114-23.

Looijenga LH, Gillis AJ, Verkerk AJ, van Putten WL and Oosterhuis JW, 1999.

Heterogeneous X inactivation in trophoblastic cells of human full term female placentas. Am

J Hum Genet 64: 1445-1452.

Luikenhuis S, Wutz A and Jaenisch R, 2001. Antisense transcription through the Xist locus

mediates Tsix function in embryonic stem cells. Mol Cell Biol 21: 8512-8520.

Lyon, M, 1961. Gene Action in the X-chromosome of the mouse (Mus musculus L.) Nature

190: 372-373.

Lyon M, 1998. X-chromosome inactivation a repeat hypothesis. Cytogenet Cell Genet 80:

133-137.

Mak W, Nesterova TB, de Napoles M, Appanah R, Yamanaka S, Otte AP and Brockdorff N,
2004. Reactivation of the paternal X chromosome in early mouse embryos. Science 303:

666-669.

Mann MR, Chung ZG, Nolen LD, Verona RI, Latham KE and Bartolomei MS, 2003.

Disruption of imprinted gene methylation and expression in cloned preimplantation stage

mouse embryos. Biol Reprod 69: 902-914.

Mc Vean GT and Hurst LD, 1997. Evidence for a selectively favourable reduction in the

mutation rate of the X chromosome. Nature 386: 388-392.

Mermoud JE, Carl Costanzi C, John R, Pehrson JR and Brockdorff N, 1999. Histone

MacroH2A1.2 relocates to the inactive X chromosome after initiation and propagation of X-

Inactivation. J Cell Biol 147: 1399-1408.

Migeon BR, 1983. Glucose-6-phosphate dehydrogenase as a probe for the study of X-

chromosome inactivation in human females. Isozymes Curr Top Biol Med Res 9: 189-200.

Migeon BR, 1998. Non-random X chromosome inactivation in mammalian cells. Cytogenet
Cell Genet 80: 142-148.

Migeon BR, Moser HW, Moser AB, Axelman J, Sillence D and Norum RA, 1981.

Adrenoleukodystrophy: evidence for X linkage, inactivation, and selection favoring the

mutant allele in heterozygous cells. Proc Natl Acad Sei USA 78: 5066-5970.

Miller AP and Willard HF, 1998. Chromosomal basis of X chromosome inactivation:

Identification of a multigene domain in Xpl 1.21-pi 1.22 that escapes X inactivation. Proc

Natl Acad Sei USA 95: 8709-8714.

Molteni L, De Giovanni Macchi A, Meggiolaro D, Sironi G, Enice F and Popescu P, 1999.

New cases of XXY constitution in cattle. Anim Reprod Sei 55: 107-113.



84 References

Mondello C, Goodfellow PJ and Goodfellow PN, 1988. Analysis of methylation of a human

X located gene which escapes X inactivation. Nucleic Acids Res 16: 6813-3824.

Morey C, Navarro P, Debrand E, Avner P, Rougeulle C and Clerc P, 2004. The region 3' to

Xist mediates X chromosome counting and H3 Lys-4 dimethylation within the Xist gene.

EMBO J 23: 594-604.

Nachmann MW, 2001. Single nucleotide polymorphisms and recombination rate in humans.

Trends Genet 17:481-485.

Nanda I, Shan Z, Schartl M, Burt DW, Joehler M, Nothwang HG, Grützner F, Paton IR,
Windsor D, Dunn I, Engel W, Staeheli P, Mizuno S, Haaf T and Schmid M, 1999. 3000

million years of conserved synteny between chicken Z and human chromosome 9. Nat Genet

21:258-259.

Naumova AK, Olien L, Bird LM, Smith M, Verner AE, Leppert M, Morgan K and Sapienza
C, 1998. Genetics mapping of X-linked loci involved in skewing of X chromosome

inactivation in the human. Eur J Hum Genet 6: 552-562.

Naumova AK, Plenge RM, Bird LM, Leppert M, Morgan K, Willard HF and Sapienza C,
1996. Heritability of X chromosome - inactivation phenotype in a large family. Am J Hum

Genet 58: 1111-1119.

O'Neill LP, Keohane AM, Lavender JS, McCabe V, Heard E, Avner P, Brockdorff N and

Turner BM, 1999. A developmental switch in H4 acetylation upstream of Xist plays a role in

X chromosome inactivation. EMBO J 18: 2897-2907.

Ohno S, 1967. Sex chromosomes and sex-linked genes. Springer-Verlag:Berlin.

Ohno S, Kaplan WD and Kinosita R, 1959. Formation of the sex chromatin by a single X-

chromosome in liver cells of Rattus norvegicus. Exp Cell Res 18: 415-418.

Okamoto I, Otte AP, Allis CD, Reinberg D and Heard E, 2004. Epigentic dynamics of

imprinted X inactivation during early mouse development. Science 303: 644-649.

Ozcelik T, Lafreniere RG, Archer BT 3rd, Johnston PA, Willard HF, Francke U and Sudhof

TC, 1990. Synaptophysin: structure of the human gene and assignment to the X chromosome

in man and mouse. Am J Hum Genet 47: 551-561.

Ozelius L, Hsu YP, Bruns G, Powell JF, Chen S, Weyler W, Utterback M, Zucker D, Haines

J, Trofatter JA, Conneally PM, Gusella JF and Breakefield XO, 1988. Human monoamine

oxidase gene (MAOA): chromosome position (Xp21-pll) and DNA polymorphism.
Genomics 3: 53-58.

Pack SD, Tanigarni A, Ledbetter DH, Sato T and Fukuda MN, 1997. Assignment of

trophoblast/endometrial epithelium cell adhesion molecule trophinin gene TRO to human

chromosome bands Xpl 1.22~>p 11.21 by in situ hybridization. Cytogenet Cell Genet 79:

123-124.



References 85_

Peippo J, Farazmand A, Kurkilahti M, Markkula M, Basrur PK and King WA, 2002. Sex-

chromosome linked gene expression in in-vitro produced embryos. Mol Hum Reprod 8: 923-

929.

Penny GD, Kay GF, Sheardown SA, Rastan S and Brockdorff N, 1996. Requirement for Xist

in X chromosome inactivation. Nature 379: 131-137.

Plenge RM, Hendrich BD, Schwartz C, Arena JF, Naumova A, Sapienza C, Winter RM and

Willard HF, 1997. A promoter mutation in the XIST gene in two unrelated families with

skewed X-chromosome inactivation. Nat Genet 17: 353-356.

Ponce De Leon FA, Ambady S, Hawkins GA, Kappes SM, Bishop MD, Robl JM and Beattie

CW, 1996. Development of a bovine X chromosome linkage group and painting probes to

asses cattle, sheep, and goat X chromosome segment homologies. Proc Nat Acad Sei USA

93:3450-3454.

Popescu PC, 1990. Chromosomes of the cow and bull. In McFeely RA, ed. Domestic

Animal Cytogenetics, Advances in Veterinary Science and Comparative Medicine. New

York: Academic Press, pp 41-71.

Racchi O, Mangerini R, Rapezzi D, Rolfo M, Gaetani GF and Ferraris AM, 1998. X

chromosome inactivation patterns in normal females. Blood Cell Mol Dis 24: 439-447.

Rasmussen TP, Mastrangelo MA, Eden A, Pehrson JR and Jaenisch R, 2000. Dynamic
relocalization of histone MacroH2Al from centrosomes to inactive X chromosomes during X

inactivation. Cell Biol 150: 1189-1198.

Rastan S, 1982. Primary non-random X-inactivation caused by controlling elements in the

mouse demonstrated at the cellular level. Genet Res 40: 139-147.

Rastan S, 1983. Non-random X chromosome inactivation in mouse X-autosome translocation

embryos - location of the inactivation centre. J Embryol Exp Morph 78: 1-22.

Rideout WM, Eggan K and Jaenisch R, 2001. Nuclear cloning and epigenetic reprogramming
of the genome. Science 293: 1093-1098.

Riggs AD, 1990. Marsupials and mechanisms of X chromosome inactivation. Aust J Zool

37:419-441.

Roemer I, Reik W, Dean W and Klose J, 1997. Epigenetic inheritance in the mouse. Curr

Biol 7: 277-280.

Rozen S and Skaletsky HJ, 2000. Primer3 on the WWW for general users and for biologist

programmers. In Krawetz S, Misener S, ed. Bioinformatics Methods and Protocols: Methods

in Molecular Biology. Totowa, NJ: Humana Press, pp 365-386.

Rupert JL, Brown CJ and Willard HF, 1995. Direct detection of non-random X chromosome

inactivation by use of a transcribed polymorphism in the XIST gene. Eur J Hum Genet 3:

333-343.



86 References

Salido EC, Li XM, Yen PH, Martin N, Mohandas TK and Shapiro LJ, 1996. Cloning an

expression of the mouse pseudoautosomal steroid sulphatase gene (Sts). Nat Genet 3: 83-86.

Schiebel K, Meder J, Rump A, Rosenthal A, Winkelmann M, Fischer C, Bonk T, Humeny A

and Rappold GA, 2000. Elevated DNA sequence diversity in the genomic region of the

phosphatase PPP2R3L gene in the human pseudoautosomal region. Cyto Cell Genet 91: 224-

230.

Schmutz SM, Barth AD and Moker JS, 1994. A Klinefelter bull with a 1;29 translocation

born to a fertile 61,XXX cow. Can Vet J 35: 182-184.

Sharp A, Robinson D and Jacobs P, 2000. Age- and tissue-specific variation of X

chromosome inactivation ratios in normal women. Hum Genet 107: 343-349.

Sharp AJ, Spotswood HT, Robinson DO, Turner BM and Jacobs PA, 2002. Molecular and

cytogenetic analysis of the spreading of X inactivation in X;autosome translocations. Hum

Mol Genet 11: 3145-3156.

Sheardown SA, Duthie SM, Johnston CM, Newall AET, Formstone EJ, Arkell RM,
Nesterova TB, Alghisi G, Rastan S and Brockdorff N, 1997. Stabilization of Xist RNA

mediates initiation of X chromosome inactivation. Cell 91: 99-107.

Shi W, Zakhartchenko V and Wolf E, 2003. Epignetic reprogramming in mammalian nuclear

transfer. Differentiation 71: 91-113.

Shiels PG, Kind AJ, Campbell KHS, Waddington D, Wilmut I, Colman A and Schnieke AE,
1999. Analysis of telomere lengths in cloned sheep. Nature 399: 316-317.

Simmler MC, Cattanach BM, Rasberry C, Rougeulle C and Avner P, 1993. Mapping the

murine Xce locus with (CA)n repeats. Mamm Genome 4: 523-530.

Sims M and First NL, 1994. Production of calves by transfer of nuclei from cultured inner

cell mass cells. Proc Natl Acad Sei USA 91: 3143-3147.

Slota E, Kozubska-Sobocinska A, Koscielny M, Danielak-Czech B and Rejduch B, 2003.

Detection of the XXY trisomy in a bull by using sex chromosome painting probes. J Appl
Genet 44: 379-382.

Spencer JA, Sinclair AH, Watson JM and Graves JA, 1991. Genes on the short arm of the

human X chromosome are not shared with the marsupial X. Genomics 11: 339-345.

Steffen P, Eggen A, Dietz AB, Womack JE, Stranzinger G and Fries R, 1993. Isolation and

mapping of polymorphic microsatellites in cattle. Anim Genet 24: 121-124.

Stone RT, Pulido JC, Duyk GM, Kappes SM, Keele JW and Beattie CW, 1995. A small-

insert bovine genomic library highly enriched for microsatellite repeat sequences. Mamm

Genome 6: 714.



References 87_

Suzuki N, Nakayama J, Shih I-M, Aoki D, Nozawa S and Fukuda MN, 1999. Expression of

trophinin, tastin and bystin by trophoblast and endometrial cells in human placenta. Biol

Reprod 60: 621-627.

Suzuki N, Zara J, Sato T, Ong E, Bakhiet N, Oshima RG, Watson KL and Fukuda MN, 1998.

A cytoplasmic protein, bystin, interacts with trophinin, tastin and cytokeratin and may be

involved in trophinin-mediated cell adhesion between trophoblast and endometrial epithelial
cells. Proc Natl Acad Sei USA 95: 5027-5032.

Takagaki N, Sugawara O and Sasaki M, 1978. Cytologic evidence for preferential
inactivation of the paternally derived X chromosome in XX mouse blastocysts. Cytogenet
Cell Genet 20: 240-248.

Tamashiro KLK, Wakayama T, Akutsu D, Yamazaki Y, Lachey JL, Wortman MD, Seeley
RJ, D'Alessio DA, Woods SC, Yanagimachi R and Sakai RR, 2002. Cloned mice have an

obese phenotype not transmitted to their offspring. Nat Med 8: 262-267.

Thompson MW, Mclnnes RR and Willard HF, 1991. Genetics in medicine, 5th ed.

Philadelphia: Saunders, pp 238.

Tilghman SM, 1999. The sins of the fathers and mothers: genomic imprinting in mammalian

development. Cell 96: 185-193.

Tribioli C, Tamanini F, Patrosso C, Milanesi L, Villa A, Pergolizzi R, Maestrini E, Rivella S,
Bione S and Mancini M, 1992. Methylation and sequence analysis around EagI sites:

identification of 28 new CpG islands in XQ24-XQ28. Nucleic Acids Res 20: 727-733.

Uehara S, Tamura M, Nata M, Ji G, Yaegashi N, Okamura K and Yajima A, 2000. X-

chromosome inactivation in the human trophoblast of early pregnancy. J Hum Genet 45: 119-

126.

Wakefield MJ, Keohane AM, Turner BM and Graves JAM, 1997. Histone underacetylation
is an ancient component of mammalian X chromosome inactivation. Proc Natl Acad Sei

USA 94: 9665-9668.

Weaver DD, Gartler S, Boue A and Boue JG, 1975. Evidence for two active X chromosomes

in a human XXY triploid. Humangenetik 28: 39-42.

White WM, Willard HF, Van Dyke DL and Wolff DJ, 1988. The spreading of X inactivation

into autosomal material of an X;autosome translocation: evidence for a difference between

autosomal and X-chromosomal DNA. Am J Hum Genet 63: 20-28.

Wrenzycki C, Lucas-Hahn A, Herrmann D, Lemme E, Korsawe K and Niemann H, 2002. In

vitro production and nuclear transfer affect dosage compensation of the X-linked gene

transcripts G6PD, PGK, and Xist in preimplantation bovine embryos. Biol Reprod 66: 127-

134.

Wutz A and Jaenisch R, 2000. A shift from reversible to irreversible X inactivation is

triggered during ES cell differentiation. Mol Cell 5: 695-705.



88 References

Xiao C, Tsuchiya K and Sutou S, 1998. Cloning and mapping of bovine ZFX gene to the

long arm of the X chromosome (Xq34) and homologous mapping of the ZFY gene to the

distal region of the short arm of the bovine (Yql3), ovine (Ypl2-13) and caprine (Ypl2-13) Y

chromosome. Mamm Genome 9: 125-130.

Xue F, Tian C, Du FL, Kubota C, Taneja M, Dinnyes A, Dai YP, Levine H, Pereira LV and

Yang XZ, 2002. Aberrant patterns of X chromosome inactivation in bovine clones. Nat

Genet 31: 216-220.

Yeh CC, Taylor JF, Gallagher DS, Sanders JO, Turner JW and Davis SK, 1996. Genetic and

physical mapping of the bovine X chromosome. Genomics 32: 245-252.

Zeng SM and Yankowitz J, 2003. X-inactivation patterns in human embryonic and extra¬

embryonic tissues. Placenta 24: 270-275.

Zhang S, Kubota C, Yang L, Zhang Y, Page R, O'Neill M, Yang X and Tian XC, 2004.

Genomic imprinting of H19 in naturally reproduced and cloned cattle. Biol Repr 71: 1540-

1544.



Appendix 89

7 APPENDIX

Appendix A: Primers

Table 7.1. Primers used to amplify genes and ESTs on the bovine X chromosome.

Primer Forward Reverse Product Annealing
size (# bp) temp (°C)

Bovine

A146143 tggctccggaagatgttag

AR-1 tagggctggggagggtctac

AR-5 gatgaccagatggcagtcattc

AR-7 cagtatccgaaggcaacagcag

AR-9 aatttgtggagatgaagcttctgg

AR-11 ggacagcagccttcacaac

AR-13 cagtggatgggctgaaaaatc

AR-14 ggacgaggtagcagcttatcagac

BGN-1 cagacctcaagctcctcca

BGN-3 aagccttctgggacttcacc

BGN-4 cgtgaacaacaagatctccaag

BGN-5 gtgggaatcccctggagaac

BGN-7 ggatggagaccccactaagc

DMD gtgaaattgaagctcacacag

ED1-1 tgcttcaaggaaaagcaaacc

ED1-3 gctccagaaaaccacagcac

ED1-4 tctgttcttccccagcattg

ED1-5 ggagctagattcaccccttgg

ELF4 ccaaccgtccgaccaat

caatcccgctattttgaggta

caccgacactgccttacacaa

cttgggcacttgcacagagat

atagtccagtgggttctccagctt

actcattgaaaaccaggtcaggag

aggactcagatgctccaacg

gtagctggcacacagcacag

tcaatggtgcaatcatttctgc

ccccacctgcacacttg

aggcgtagaggtgctggag

aatgcagttcatgttgcgaag

ctggaggagcttgaggtctg

ttattgcacagtgtttctttaattg

ccgaagttcactccacttg

agcctaaggaaaggggcaag

gagcctctctgcgtttctcc

ccgtgctagcctcagctttc

gaaatgacatatcccaactccac

gttccctgagggtctcttca

-100 55

689 60

525 58

584 60

638 57

457 58

652 58

718 58

387 57

583 59

202 55

650 60

466 57

-100 55

805 56

818 58

810 58

804 58

-180 56
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Table 7.1. Primers used to amplify genes and ESTs on the bovine X chromosome (continued).

Primer Forward Reverse Product

size (# bp)

Annealing

temp (°C)

EMD-1 ctccgaggccgtcgtctc

EMD-2 tatcccacatcctcctccac

F9 gctcacccgtgctgagac

FACL4 tggggtatttgggattgg

GJB1-1 gagggactgggctgacagta

GJB1-2 tcttcacggtcttcatgctg

GLRA2 gagcctgctccttctctcca

HADH2-1 aacaagatggcagctgcttg

HADH2-2 ccagcgtagctgcctttgag

HPRT cccaatcattatgctgagga

IL2RG-1 acacagtcaacacccagggaac

IL2RG-2 cactttgcggaagtgctcag

L08239 ctacggcatggcatacac

MAOA-1 gcaaccagagcatggagagtc

MAOA-2 tgcagtggaatgggataagatg

MAOA-3 tttggaagaaaaaggattactgtgg

MAOA-4 ggatccaagaacctgaagctg

PFKFB1 tcagaaccccagcacacctc

PGK1 ggattgttctgttcttgaagg

PLP1-3 ccagtatgtcatctatggaac

SAT gactcttcaagatcgacaagga

SLC25A6 tccttctggcggggcaacct

agtgggacctggcgatcc

tccacgaaaacaaactcagg

cagcatcttcgccaccaac

tttttgataacatgggtggattt

ccacattgaggatgatgcag

ccaccaatgtgactccagaa

gccggaaataacggtcgtag

caatgtcatgcccactatgc

cgtgagaaacagagactttattagg

ggcatatcccacaacaaact

tgaagtattgctgccccagtg

aaattgggagggagggacag

atcagtggcaccctgag

cctcatggggttcagaggtc

gcagtgatccatctggcttg

ggaaaacccaacaatcttcagc

tcttcgtggaaattaaggaggtc

gtgcggctctggatatggtc

cttgttcccagaagcatctt

cagatggtggtcttgtagtc

tcaaaacagaaactctaagtaccagtg

tagacgaagcacagggagt

755 60

600 56

-150 59

205 52

716 56

673 55

287 58

546 55

472 58

504 55

810 59

681 58

-180 55

576 56

596 57

584 60

328 67

857 60

-180 54

122 55

372 56

-200 59
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Table 7.1. Primers used to amplify genes and ESTs on the bovine X chromosome (continued).

Primer Forward Reverse Product Annealing
size (# bp) temp (°C)

TIMP1-2

TMSB4X

XIST-1

XIST-2

XIST-3

XIST-4

ZFX-1

ZFX-2

ZFX-3

ZFX-4

Human

PDHA-2

PDHA-3

TRO-2

TRO-4

TRO-5

UBE2A-1

UBE2A-2

ttctgcaactccgatgtcgt gctctggaaccccttgtcag

ccgatatggctgagattgagaag atgtacagtgcatactggcggtg

ctgcgaccgccatatttc aaaaagaggcaggtatccattg

gtgtaccccctctctccctaac ttttgaacactgcgcctaattc

tggtatcatgaggtgggaaaac ccaatcctgactggctgaatag

agaatcggtcacagccagttag aatccgaccccagcattag

tgaattacaaccacaagaacca agtcctcacagttgcctttg

agcagtcatagatgccaacg attccggttttcaattccat

gtgccctcttgcacatagat tactggcactggtacggttt

aaaccgtaccagtgccagta cacaacaggtgagggtagtct

cagggccagatattcgaagc

gaggatgcgcccagtttg

aaaaatccaagggcaagaagg

gccaatgagtcagccagttc

aagcatctgaatggggatgag

tcatgcgggacttcaagag

aaagaggtgtgggagcagag

gatccactgattggcaccac

cactcaataattcatcttttaatgcac

gctcaactgagccagatagtcatc

as above

ccagagtgtagcttgctcgttc

tttgcaagtaacccaggtacag

ttgtgcaaagttagatttggaag

450 58

-150 58

600 55

663 58

655 57

483 56

599 54

562 55

604 56

616 57

552 58

326 56

302 57

636 58

610 58

655 56

479 55
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Appendix B: Media and solutions

Acridine orange

Agarose gel

OC-medium

Acndme orange

S0rensen buffer

TBE

Agarose
Ethidium bromide

a-medium

Sodium hydrogenbicarbonate
Filter m sterile conditions

05g
50 ml

0 5x

l%-2%

0 1 ug/ml

10 16 g/1
2 2 g/1

Anti-fade solution

BrdU (0.5%)

Cryopreservation medium

DEPC H,0

l,4-Diazo-bicyclo-2,2,2-octane
Tris HCl pH8 0

5-bromo-2-deoxy uridine

Dissolve m PBS buffer (0 5%)

a-medium

FCS

DMSO

Diethylpyrocarbonate
Stir for 30 mm and autoclave

2 3% (w/v)
20 mM

5 g/1

10 parts
2 parts
1 part

0 5 ml/1

Denaturing Agarose gel

Ethidium Bromide plates

DNA loading dye
XCFF

Hybridization buffer

LB medium

Lysis Buffer

MOPS

Acrylamide 29% (w/v)

N,N'- methylene-bis-acrylamide 0 8% (w/v)

Agarose 0 8% (w/v)
TBE m 0 5x

ethidium bromide

XCFF

1 |J.g/ml

0 25 (w/v)

Orange G 0 26 (w/v)

D(+)-sucrose 40% (w/v)

dextranesulfate 10%

20XSCC

formamide

10%

50%

Tween 20

NaCl

10%

10g/l

Tryptone 10g/l
Yeast extract 5g/l

Agar

NaOH

20g/l

02 N

SDS 1% (w/v)

3-Mopholmo propane sulfonic acid 83 7 g/1
sodium acetate tnhydnde 13 6 g/1
EDTA 3 7 g/1
Autoclave



Appendix 93

PI

P2

P3

PBS

PBS+++

Polyacrylamide gel

RNA loading dye

RPMI 1640 growth medium

RNaseA

Sorensen solution

PH6.8 (0.067M)

Tris HCl lmMpH80
EDTA (0 5 M)

Na OH(5 M)
Sodium dedocylsulfate

KAc (5M)
Glacial acetic acid

dH20

PBS

ABAM

Kanamycm

amphotericin

4 5% acrylamide bis (29 1)
Urea

APS

TEMED

Mixed with TBE

Bromophenol blue

EDTA pH8 0

Glycerol

RPMI 1640

FSC

Pokeweed

L-Glutamme

ABAM

RNase A

20x SSC

KH2P04

Na2HP04 * 2H20

15 mM

10 mM

02M

1%

60 ml

11 5 ml

28 5 ml

9 55 g/1

1%

1%

1%

4 5%

6M

0 007%

0 03%

0 04% (w/v)
ImM

50% (w/v)

80%

15%

0 8 u.g/mL
2mM

1%

0 5 jug/jxl
10%

9 073 g/1
11 87 g/1

SSC buffer (20X) pH 6.8

TBE 10X

TE buffer

NaCl

Tn-Sodium citrate dehydrate

Adjust pH to 6 8 and autoclave

Tnzma base

Boric acid

EDTA pH 8 0

Tns-HCl

EDTA p8 0

175 3 g/1
88 2 g/1

09M

0 88 M

20 mM

10 mM

ImM

Tris HCl Tris base (IM stock solution)
Tnzma HCl (IM stock solution)

121 16 g/1
157 6 g/1
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Appendix C: Chemicals and Reagents

100 bp ladder

ABAM

ABI Prism Big Dye terminators

Acetic acid (glacial)
Acridine orange

Acrylamide/bis 29:1

Agarose
Ammonium persulfate (APS)
AMV reverse transcriptase
Anti-avidin

Avidin-FITC

Biotin-16-UTP

Bovine serum albumin

5-Bromo-2-deoxyuridine (BrdU)

Chloramphenicol
Colcemid

4,'6 Diamidino-2-phenylindole (DAPI)

Diethyl pyrocarbonate (DEPC)

NJN-Dimethyl-formamide

Dimethylsulfoxide (DMSO)
Dnase I

dNTPs

DTT

Dynabeads® mRNA DIRECT Micro kit

Ethanol (absolute)
Ethidium Bromide

Ethylenediaminetetraacetic acid (EDTA)
Fetal Calf Serum (FCS)
Ficoll

Formaldehyde
Formamide

GeneClean

Giemsa

Glycerol (87%)

halJBD (Half Big Dye)

High Pure PCR Template Preparation Kit

Hydrochloric acid

Isopropanol

Kanamycin
Kilobase DNA marker

Klenow (-) enzyme

Loading buffer for sequencing

Magnesium chloride anhydrous (MgC12)
Methanol

ß-Mercaptoethanol
Pepsin

A,-phage DNA standards (Stratagene)
Pokeweed mitogen
Potasium chloride (KCl)
Prime-It

®
random primer labelling kit

Proteinase K

qPCR Mastermix

Rnasin

Rnase A

RNeasy kit (Qiagen
RPMI 1640 medium

Amersham Pharmacia Biotech (27-4001)
Gibco (15240-096)

Applied Biosystems (439024807006)
Merck (1 00063 2500)
Fluka (01660)
Fluka (01699)

Gibco, Invitrogen AG (1551-027)
Fluka (09915)

Promega(M5101)
Vector, Reactorlab SA (BA-0300)

Vector, Reactolab SA (A-2011)
Roche Diagnostics AG (1093070)

Sigma (A-9647)
Fluka (16880)
Fluka (23275)
Seromed (L 6221)
Biochemka (32670)
Fluka (32490)
Fluka (40250)
Fluka (41640)
Fluka (31133)
Amersham Pharmacia Biotech (27-2025-01)

Sigma (D-555)

Dynal Biotech ASA, Hamburg (610 21)
Merck (1 00983)

Sigma (E-8751)

Sigma (E-5134)
Seromed (0113)

Sigma-Aldnch Chemie (F-4375)
Fluka (47629)
Fluka (47670)
Biol01® Systems, Qbiogene
Fluka (48900)
Fluka (49782)
Genomics Genetix (K1110)
Roche (1732668)
Merck (1 00319)
Fluka (59300)
Seromed (A2510)
Pharmacia Biotech (27-4004-01)

Stratagene (600-069)

Applied Biosystems (36097407008)
Fluka (63063)
Merck (1 06009)

Sigma (M-6250)

Sigma-Aldnch (P-6885)
Amersham Pharmacia Biotech (27-4118-01)
Seromed (M 5060)
Merck (1 04936)

Stratagene (300-385)

Sigma (P-0390)

Eurogentec, ETG Group (RTQP2X-03)

Promega(P1440)
Fluka (83832)

Qiagen (75162)
Seromed (Fl215)
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Salmon sperm DNA

Sau3AI

Sodium acetate trihydrate
Sodium chloride (NaCl)
Sodium dedocylsulfate (SDS)
Sodium hydroxide (NaOH)
Sodium pyrophosphate
Sodium pyruvate

Taq DNA polymerase

Taqman Universal Mastermix

TEMED

Tris base

Trizma HCl

Trypsin
Tween 20

Urea

Xylene cyanol FF standard (XCFF)

Eurobio (017543)
Amersham Pharmacia Biotech (El0824)
Fluka (71188)
Merck (1 06404)
Fluka (71729)
Merck (6498)
Fluka (71514)
Fluka (15990)
Parmacia (27-0799-03)

Applied Biosystems (P/N 4304437)
Amresco (110-1-9)
Biosolve Ltd (20092391)

Sigma (T-l503)

BiochromKG(L2123)
Fluka (93774)
Fluka (51459)
Fluka (95600)

Appendix D. Equipment

ABI Prism" 7700 Sequence Detector

ABI PRISM 377 DNA Sequencer

Cryofuge 8000

Homogenizer

Magnetic particle Concentrator

MicroAmp® Optical tubes

Microcentrifuge

Quantix Camera

Spectrophotometer
Thermal cycler machine

Applied Biosystems
Perkm Elmer, Applied Biosystems
Heraeus

Ultra turrax
®
T25 basic, IKA Labortechnik

Promega

Applied Biosystems

Biofuge pico, Heraeus

Photometncs

Lambda Bio UV/VIS, Perkm Elmer

Techgene, Techne
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Appendix E: Formulas

Melting temperature of primers

Tm =81.5 +16.6(loglO([Na+])) + 0.41 x (%GC) - 600/length

where [Na+] is the molar sodium concentration, (%GC) is the percent of G and C nucleotides

in the primer sequence and length is the total number of nucleotides in the primer sequence.

Hardy-Weinberg Equilibrium

(p+q)2=p2 + 2pq + q2

where p represents the frequency of one allele in the pool and q is the frequency of another

allele. Therefore,

p+q = 1

and p is the fraction of the population homozygous for p; q is the fraction homozygous for q

and 2pq is the fraction of heterozygotes.
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