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A MOLECULAR STUDY OF X CHROMOSOME INACTIVATION IN HUMANS

by Andrew James Sharp

Using DNA extracted from blood samples from 270 informative females, I
determined that severely skewed X-inactivation in normal women is relatively
common and increases with age (P<0.05). Samples of both buccal and urinary
epithelia were also obtained from 88 of the females studied. Although there was a
significant association of the X-inactivation ratios between different tissues in most
individuals, wide variations were apparent in some cases, making accurate
extrapolations between tissues impossible. The degree of correlation between tissues
fell markedly with age. Overall, these data suggest that the mdjor factors in the
actiology of skewed X-inactivation are secondary selection processes.

Previous studies in cases of trisomy rescue for a number of autosomes show a strong
association with skewed X-inactivation. Data from the control group was used to test
the hypothesis that trisomy 7 mosaicism causes Silver-Russell syndrome, a syndrome
which has previously been attributed to imprinted genes. Consistent with the
hypothesis, results showed a significant increase in the frequency of completely
skewed X-inactivation in SRS patients (3 of 29) when compared to controls (3 of
270), suggesting the presence of undetected trisomy 7 in SRS patients.

Detailed studies of the spreading of X-inactivation into autosomal DNA in five
unbalanced human X;autosome translocations were also performed. Using allele-
specific RT-PCR long-range silencing of autosomal genes located up to 45Mb from
the translocation breakpoint was observed, directly demonstrating the ability of X-
inactivation to spread in cis through autosomal DNA. Spreading of gene silencing
occurred in either a continuous or discontinuous fashion in different cases, suggesting
that some autosomal DNA is resistant to the X-inactivation signal. Observations of
late-replication, histone acetylation, histone methylation and XIST RNA show that X-
inactivation can spread in the absence of cytogenetic features of the inactive X,
although these histone modifications were found to be better cytogenetic correlates of
the spread of X-inactivation than late-replication. Overall, there was good correlation
between the pattern of gene silencing and the attenuation of clinical phenotype
associated with each partial autosomal trisomy. Sequence analysis showed significant
enrichment of LINE and LTR repeats within autosomal genes silenced by the spread
of X-inactivation, providing compelling evidence that these are ‘booster elements’
which promote the spread of X-inactivation in cis, and explaining the variable spread
of X-inactivation which is seen in X;autosome translocations. The association of
LINEs and LTRs with X-inactivation fulfils Lyon’s prediction that X-inactivation
might represent a form of repeat-induced silencing, indicating that X-inactivation may
have originally evolved from a genome defence mechanism against the invasion of
transposable elements and ascribing functional significance to what is often called
“junk DNA”.
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Section 1 — Introduction

1.1 Introduction

The process of X-inactivation is a method of dosage compensation which occurs in
females of all mammalian species. While the human X chromosome is large both in
size and genetic content, the human Y chromosome is one of the smallest and contains
only a handful of functional genes. Therefore there exists an inequality of gene content
between males (46,XY) and females (46,XX). In order to compensate for this
difference, one of the two X chromosomes in every somatic cell of female mammals is
inactivated early in embryonic development. This inactivation causes the
transcriptional silencing in cis of most of the genes on the inactive X chromosome (the
Xi)-

Analogous methods of dosage compensation have also been adopted in other
species besides mammals. In the nematode Caenorhabditis elegans functional
equivalence is achieved by halving the level of transcription from both X chromosomes
in hermaphrodite XX individuals. Meanwhile in the fruit fly Drosophila melanogaster
transcription from the single X chromosome of males is doubled in order to achieve
equality with XX females. While there are obvious differences between these species
and man, in each case there are close parallels in the molecular mechanisms by which
transcriptional regulation is achieved. However, while all species achieve dosage
compensation by influencing whole chromosomes as a single entity, the X-inactivation
of mammals functions at an increased level of complexity by treating the two X
chromosomes present in a single nucleus differently.

The process of X-inactivation was first proposed by Mary Lyon in 1961, based
on the observation that while female mice that were heterozygous for X-linked coat-
colour genes showed mottled patterns of expression, males were always uniform in
colour (Lyon, 1961). Two years earlier, Ohno et al. (1959) had suggested that the
Barr body represented a single heterochromatic X chromosome. Lyon proposed that
this mosaic pattern of expression in females was a result of one or other of their X
chromosomes being inactivated during embryonic development. Similar observations

in humans were also made for females heterozygous for both ocular albinism and the
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enzyme glucose-6-phosphate dehydrogenase (Beutler ef al., 1962), both of which are
X-linked traits. As it is now commonly known, the ‘Lyon hypothesis” was composed

of four main proposals:

i) In normal females only one of the two X chromosomes present is
genetically active, the other being inactivated.

i) X-inactivation occurs early in development.

iit) The inactive X can be either maternal or paternal in origin, and the
choice of which X to inactivate is random with respect to parental
origin and independent of the choice in other cells of the embryo.

iv) X-inactivation is irreversible in somatic cells, such that the inactive X in

a particular cell remains inactive in all descendants of that cell.

In the four decades since its inception, this theory has remained as the
backbone of research into the process of X-inactivation. Recent work, in particular the
identification of the gene Xist and its antisense partner Tsix as the likely mediators of
the inactivation cascade, has shed light on how each of these processes occur.

It should be noted that much of the study of mammalian X-inactivation has
been carried out in mice. Although the features of X-inactivation in mice mirror that m
humans in many respects, several important differences are evident between the two

species.

1.2 X-inactivation in the early embryo

During the earliest stages of female embryogenesis in placental mammals, both of the
X chromosomes contributed to the zygote are active (Singer-Sam ef al., 1992). The
earliest signs of X-inactivation are first seen in the extra-embryonic cells of the
trophoectoderm and primitive endoderm, between 3.5 and 4.5 days post fertilisation in
the mouse. In these first tissues to differentiate, X-inactivation - at least in the mouse -
is imprinted such that the paternal X chromosome is preferentially inactive (Takagi et
al., 1982). In humans however it seems no such imprinting occurs. In the mouse, X-
inactivation in the inner cell mass which is destined to form the embryo proper occurs

at the late blastocyst stage, at 5.5-6.5 days post fertilisation (McMahon and Monk,
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1983). In these tissues the paternal imprint no longer operates and the choice of which
chromosome to inactivate is essentially random. On the basis of biochemical studies,
X-inactivation in the mouse appears to be complete by the onset of gastrulation, at
~6.5 days post fertilisation (Monk and Harper, 1979). The presence of additional
active X chromosomes is lethal beyond 10 days post fertilisation, presumably due to
the increased levels of transcripts from dosage-sensitive X-linked genes (Takagi and
Abe, 1990).

Once established the inactivation status remains stable throughout all
subsequent somatic cell divisions. However, in the germline of female embryos the X
is subsequently reactivated prior to meiotic division, at around 12.5-13.5 days post
fertilisation (Kratzer and Chapman, 1981). It has been proposed that this reactivation
may represent a requirement for a euchromatic state for normal meiotic chromosome
pairing. Once reactivated the X chromosome then remains active in oocytes
throughout ovulation and fertilisation until inactivation occurs in the developing
zygote. Conversely in the male germline the single X chromosome is sequestered in
the sex vesicle along with the Y chromosome and becomes transcriptionally inactive at
the pachytene stage of meiosis (Lifschytz and Lindsley, 1972). It is unclear whether
this inactivation during spermatogenesis is analogous to true X-inactivation seen in
somatic cells, but such chromatin condensation is thought to prevent aberrant
recombination events that might otherwise occur between the unpaired regions of the

X and Y (McKee and Handel, 1993).

1.3 Features of the inactive X

Conformation - As identified by Barr and Bertram (1949), the Barr body is a
condensed heterochromatic structure located at the nuclear periphery, characteristic of
transcriptionally silent chromatin. This suggests that changes in the higher order
packaging of the chromatin of the X; occur which act to make it inaccessible to the
transcriptional machinery of the cell. Indeed FISH studies have shown that sequences
on the X are spatially compacted, while those on the active X chromosome (the X.)
tend to be decondensed (Dyer ef al., 1989). This is supported by experiments using
DNA nucleases, which show that the X; has a much higher resistance to DNAse
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digestion than the X, (Kerem ef al., 1983), and that DNA nuclease hypersensitive sites
are present at the promoters of genes on the X,, but not on the X; (Yang and Caskey,
1987). While suggestive of changes in chromatin density, detailed studies using
chromosome painting and 3-dimensional imaging have failed to find any significant
differences in the volume occupied by the inactive X compared to its active
counterpart (Eils ef al., 1996). Instead, it seems that changes in chromatin packaging
and conformation occur, probably via alterations of nucleosome structure. This
conclusion is supported by 3-D imaging studies of the X-linked genes ANT2 and
ANT3, which showed that the X-inactivated gene ANT2 is positioned internally within
the 3-D structure of the X; but on the periphery of the X,. In contrast ANT3, which is
pseudoautosomal and therefore escapes X-inactivation, is located peripherally on both
the X; and X, (Dietzel ef al., 1999).

The localisation of the X at the edge of the nucleus may also be an important
component in its silencing. Recent reports have emphasised the significance of nuclear
compartmentalisation in the regulation of transcription and replication, and in
particular how the perinuclear localisation of chromatin can facilitate its transcriptional
silencing (Andrulis ef al., 1998; Wei ef al., 1998). The telomeres of the X; may
function in this respect by anchoring it to the nuclear envelope, and perhaps account

for its characteristic bend seen in metaphase spreads (Walker et al., 1991).

Replication Timing - Studies of replication timing show that the X; both initiates and
completes its replication later in the cell cycle than the X, (Willard and Latt, 1976).
This late replication is the most precocious characteristic of the X; to appear during
embryonic development (Takagi ef al., 1982), preceding the conformational and
biochemical modifications which all occur secondarily. Studies in female embryonic
stem cells (ES cells), a good model system for studies of X-inactivation, have shown
that a late replicating X is detectable immediately after the upregulation of Xist
expression which initiates the X-inactivation process (Keohane et al., 1996), and thus
intimately linking transcriptional activity with changes in replication timing. This link is
further strengthened by more detailed analyses of the replication timing of single X-
linked genes. In the case of genes such as FMR1, HPRT and G6PD, all of which are
subject to X-inactivation, the copy on the X; was found to replicate later than the

corresponding homologue on the X, (Boggs and Chinault, 1994; Hansen et al., 1996;
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Torchia et al., 1994). Conversely, analysis of the genes RPS4.X, ZFX, ANT3 and ST,
all of which escape X-inactivation, revealed that the genes on the X, and X; both
replicate early in the cell cycle (Boggs and Chinault, 1994). Therefore the replication
timing of individual genes on the X appears to reflect their transcriptional activity, and
is independent of the replication and transcriptional status of the chromosome on

which they reside.

DNA Methylation - A number of studies have now shown that methylation of key
sequences on the X; plays an important role in the maintenance of its inactive status.
Although the X; and X, have very similar global levels of methylation (Bernadino et
al., 1996), the CpG islands of genes subject to X-inactivation tend to be heavily
methylated on the X; and unmethylated on the X, (Tribioli ef al., 1992). Meanwhile
the CpG islands of genes that escape X-inactivation remain unmethylated on both the
X; and the X,. CpG islands are regions of DNA with a high G and C content,
particularly of GC doublets, which are associated with the 5° ends of genes. Once
such sequences become methylated it is thought that they act to recruit the repressor
proteins MeCP1 and MeCP2 (Boyes and Bird, 1992; Nan ef al., 1997), which bind
solely to methylated DNA and inhibit the initiation of transcription.

The importance of methylation in the maintenance of X-inactivation has been
demonstrated by experiments in which cells have been treated with the demethylating
agent 5-azacytidine. This has been shown to cause the X; to decondense with a
concomitant increase in DNAse I sensitivity (Haaf, 1995), replicate earlier in the cell
cycle (Jablonka et al., 1985), and in one study using somatic cell hybrids also led to the
reactivation of previously silenced genes (Hansen et al., 1996). Additionally the
relative instability of X-inactivation seen in marsupials and cultured human chorionic
villi has been attributed to a lack of methylation (Cooper et al., 1993; Migeon et al.,
1986).

However a number of observations now point to the fact that while methylation
obviously plays an important role in the X-inactivation process, it is not in itself a
primary cause of inactivation. Crucially, it is clear that the X chromosome is able to
inactivate and silence transcription without methylation (Driscoll and Migeon, 1990).
Studies into the chronological appearance of different features of the X; also show that

CpG island methylation often occurs late in embryonic development, well after X-
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linked genes have inactivated (Lock et al., 1987; Keohane et al., 1998). Therefore, it
seems that the primary function of methylation in X-inactivation is to stably maintain or
‘lock’ the X; in its silent state. Importantly this methylation also acts as a mechanism
for transmitting the inactivation signal through mitotic division, as any hemi-methylated
CpG islands on newly replicated DNA are quickly methylated by DNA

methyltransferases.

Histone Acetylation — Immunofluorescence studies have shown the X; of both
marsupial and eutherian mammals to be depleted of acetylated isoforms of histones
H2A, H3 and H4 along most of its length (Wakefield ef al., 1997; Belyaev et al.,
1996). This same biochemical modification is associated with silent chromatin across
many species, including the constitutive heterochromatin found in mammals, reflecting
its fundamental role in chromatin dynamics. The correlation of transcriptional activity
with histone acetylation status of the X; is also maintained for those genes known to
escape X-inactivation. Regions of residual histone H4 acetylation have been noted in
the pseudoautosomal region and in Xp11.2-p11.3, both of which contain groups of
genes which are transcribed from the X; (Jeppesen and Turner, 1993). More detailed
acetylation studies of the X chromosome show that differences between the X; and X,
occur specifically at the promoters of individual genes. While genes that escape X-
inactivation have highly acetylated promoters, the promoters of X-inactivated genes
are markedly hypoacetylated in a way which mirrors the methylation of adjacent CpG
dinucleotides (Gilbert and Sharp, 1999). However, as has been shown for methylation,
hypoacetylation of the X; does not appear to be an initiator of the X-inactivation
process, but is more likely to be involved in the stable maintenance of inactive state.
The chronological appearance of deacetylated histone H4 occurs several days after
gene silencing is first detectable (Keohane et al., 1996). Furthermore, this
hypoacetylation of histones has recently been linked to the process of DNA
methylation by the discovery that the methyl-CpG binding protein MeCP2 resides in a
complex with histone deacetylase (Nan et al., 1998; Jones et al., 1998). Histone
deacetylation has also been shown to act synergistically with DNA methylation in gene
silencing (Cameron et al., 1999) and therefore probably functions on the X; to stably

maintain its inactive state.
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Histone Methylation — Immunofluorescence studies show that the active and inactive
X chromosomes are differentially methylated at specific lysine residues of histone H3.
While the X; is enriched for H3 methylated at Iysine 9, it is depleted of H3
dimethylated at lysine 4 along most of its length (Boggs et al., 2001; Heard et al.,
2001), consistent with its heterochromatic nature (Jenuwein and Allis, 2001).
Mirroring observations of histone acetylation on the X, residual H3 lysine 4
dimethylation is also apparent in Xp11 and at the Xp pseudoautosomal region, both of
which are regions known to contain genes transcribed from the X;. Punctate H3 lysine
4 dimethylation also occurs at approximately Xq25-26, suggesting this as a candidate
region which may also contain genes escaping X-inactivation. Indeed, analysis by
chromatin immunoprecipitation shows that H3 histones located at the promoters of
genes subject to X-inactivation are methylated at lysine 9 and depleted of lysine 4
dimethylation on the X;, whereas H3 methylation at the promoters of genes escaping
X-inactivation shows the opposite distribution (Boggs et al., 2001; Heard er al.,
2001). Temporal analysis of the enrichment of H3 lysine 9 methylation and depletion
of H3 lysine 4 dimethylation on the X; in differentiating ES cells show that these
histone modifications are early events in the X-inactivation cascade and occur
apparently co-ordinately. H3 lysine 9 methylation is visible on the X; immediately after
the initiation of the X-inactivation process, preceding the transcriptional silencing of X-
linked genes, and is also a mitotically stable epigenetic mark (Heard ef al., 2001).
Thus H3 methylation may play an important role in both the spread and maintenance of

the X-inactivation signal.

1.4 Genes that escape X-inactivation

Some X-linked genes are expressed from both the active and the inactive X
chromosome, and are said to ‘escape’ the inactivation process. Their existence was
predicted on the basis that individuals with X chromosome aneuploidy show an
abnormal phenotype, despite still having only a single active X chromosome. For
unknown reasons, the number of genes that escape X-inactivation is much larger in
man than in the mouse. This phenomenon may explain the relatively mild phenotype of
the 45,X mouse compared to its human counterpart.

A gene is considered to escape X-inactivation if there is a detectable level of
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expression from the X;. The first such gene to be discovered was the XG blood group
locus at the pseudo-autosomal region (PAR) in Xp22.3 (Fialkow, 1978). Lack of
inactivation of such PAR genes was expected based on the fact that most have
functional Y chromosome homologues that recombine during male meiosis. Their
expression from both X chromosomes therefore maintains dosage equivalence between
XY males and XX females. An interesting exception to this rule is the SYBLI gene
located in the Xq PAR, which in contrast to most other pseudoautosomal genes is
subject to X-inactivation and achieves dosage compensation by inactivation of the Y-
linked copy (D’Esposito et al., 1996).

However, not all genes that escape X-inactivation have corresponding
homologues on the Y. Both UBE/ and DXS423E located on the proximal short arm
of the X lack Y-homologues (Brown and Willard, 1989; Brown er al., 1995). The
significance of the potentially increased level of transcription of such genes in females
is unclear. Several studies in both man and mouse indicate that escape from
inactivation may be a partial phenomenon in some cases. In the case of steroid
sulphatase the actual level of expression may be lower from the copy on the X than
from that on the X, (Migeon ef al., 1982). Similarly for the Smcx gene in the mouse,
transcription from the allele on the X; is only 30-70% of that from the X, (Carrel ef al.,
1996a). Additionally expression of Smcx from the X; was found to vary between both
different individuals and different tissues.

Most assays of the inactivation status of X-linked genes have relied upon the
use of mouse/human somatic cell hybrid systems which retain either an active or an
inactive X chromosome, and have made little attempt to quantify relative levels of
transcription. Preliminary results of such a survey identified 31 out of 125 genes along
the X chromosome which are expressed from both the X, and X; (Carrel ef al., 1998).
By extrapolation, this suggested that as many as one quarter of X-linked genes may
escape inactivation. This systematic survey was later extended to include a total of
224 genes and expressed sequence tags (EST’s), or approximately 10% of all X-linked
transcripts (Carrel ef al., 1999). Of these, 28 (12.5%) were expressed in all X;-
containing hybrids tested, 147 (65.5%) were silenced, while 49 (22%) were
heterogeneous in their expression, being silent in some hybrids but expressed in others.
This heterogeneity of inactivation might reflect natural variation in X-inactivation, as

found for Smex and REPI (Carrel ef al., 1996a; Carrel and Willard, 1999), reactivation
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in the mouse/human hybrid cells studied, or perhaps an innately unstable inactive state.
Importantly, the genes that escaped X-inactivation were distributed non-randomly
along the X chromosome, the majority being clustered in the short arm, particularly in
distal Xp. By taking an unbiased sample of the genes analysed, Carrel et al. estimated
that 19% of genes in Xp escape X-inactivation, compared to only 1% of those located
in Xq.

Many of these genes known to escape inactivation are clustered within regions
of the X chromosome, particularly in proximal Xp and in the PARs. This clustering
has led to the suggestion that X-inactivation, and escape from it, may be a regional
effect with entire blocks of genes being regulated in a co-ordinate fashion. Two genes
which escape inactivation, PCTK1 and UBE]I, are separated by less than 5kb (Carrel ef
al., 1996b), and lie within a larger 1Mb region which contains at least three other
genes also known to escape inactivation (Brown et al., 1995). This region however
also contains a number of genes which are subject to X-inactivation (Miller ef al.,
1995), and therefore it seems unlikely that any such co-ordinate control mechanism
might operate at the megabase level.

Instead, this grouping of genes which escape inactivation probably reflects the
evolutionary origins of the sex chromosomes. There is good evidence to suggest that
most of the short arm of the human X chromosome resulted from a translocation of
autosomal material to the ancestral sex chromosomes (Graves and Schmidt, 1992), and
the PARs are similarly thought to have arisen by way of translocation (Graves et al.,
1998). By comparing the age and location of X-Y homologous gene pairs, Lahn and
Page (1999) determined the human X chromosome to be composed of four distinct
evolutionary strata. The oldest of these strata, the ancestral X chromosome, makes up
the long arm of the X. As determined by Carrel et al. (1999), nearly all genes within
this region are subject to X-inactivation. In contrast, the three more recent X
chromosome strata define the proximal, medial, and distal regions of Xp respectively.
These regions contain much higher numbers of genes escaping X-inactivation (Carrel
et al., 1999), and therefore, the density of genes escaping X-inactivation in each strata
of the X chromosome inversely models its evolutionary age.

This distribution is consistent with prevailing evolutionary theory of how
differentiation of the X and Y chromosomes occurred in the mammalian lineage. In

this model, four separate chromosomal inversion events on the Y are thought to have
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altered its gene order relative to the X, suppressing recombination between the two
chromosomes (Lahn and Page, 1999). Lack of X-Y recombination within each
stratum led to decay and eventual loss of genes in the affected region of the Y,
providing a strong adaptive pressure for a mechanism of dosage compensation. Most
likely, reduced or restricted expression from a Y-homologue caused a selective
pressure in males for up-regulation of X-linked expression in order to maintain optimal
gene activity. Subsequently, X-inactivation then acted as a counter-response to
maintain optimal gene expression in females (Adler et al., 1997; Jegalian and Page,
1998).

Recent evidence now points to a possible mechanism involved in propagating
the spread of X-inactivation, and which forms further links between the evolution of
the mammalian X chromosome and the distribution of genes upon it which escape
inactivation (Bailey et al., 2000). Gartler and Riggs (1983) first proposed that the X
chromosome contains putative ‘booster elements’ or ‘way stations’ along its length
that serve to promote the spread of the X-inactivation signal in cis. However, the
exact nature of these ‘booster elements’ was then unknown. In 1998, Lyon put
forward a “repeat hypothesis™ in which she proposed the long interspersed repeat
element (LINE) as a potential candidate. This hypothesis was based largely upon
earlier FISH studies that had indicated that the X chromosomes of both mice and
humans are greatly enriched for LINE elements when compared to the autosomes
(Korenberg and Rykowski, 1988; Boyle ef al., 1990). In addition, Lyon had also
noted that the extent of spread of X-inactivation in a number of murine X;autosome
translocations seemed to correlate with cytogenetic bands that were rich in LINEs
(Lyon, 1998). Lyon speculated that X-inactivation might therefore represent a form of
repeat-induced silencing (a phenomenon whereby the expression of a serially arrayed
DNA element is reduced as copy number increases, reviewed in Wolffe, 1997),
mediated by LINE elements.

Using data published by the Human Genome Mapping Project, Bailey ez al.
(2000) directly compared the distribution of LINE elements on the X with that of the
autosomes. As had been indicated by earlier FISH studies, their analyses found that
the density of LINE elements on the X chromosome is overall some 2-fold higher than
the rest of the genome. More specifically, classification of these repeats showed that

almost all of this enrichment on the X is due to certain subfamilies of LINE-1 (L1)
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elements that proliferated relatively recently in mammalian evolution. While older L1
forms showed only slight enrichment on the X, the younger 1.1M1 and L1P4
subclasses were between 3 and 5-fold more abundant on the X than on the autosomes.
These subclasses are thought to have proliferated in the mammalian genome between
60 and 100 million years ago, corresponding with the radiation of the eutherian lineage
and the evolution of their more complex X-inactivation cascade (Smit et al., 1995;
Wakefield et al., 1997). In addition, Bailey ez al. found that the distribution of these
younger L1 elements showed strong clustering along the oldest stratum of the X
chromosome. The cytogenetic band Xq13, containing the X/C, showed the highest
density, with 45% of its sequence composed entirely of L1 repeats. Similar clusters of
L1 elements were also located at bands Xq22, Xq24-25 and Xq27, thus satisfying the
prediction of Gartler and Riggs’ original model of a dense cluster at the site of
initiation, with regularly spaced ‘booster elements’ to promote the spread of
inactivation. In contrast, the band Xp22 was markedly reduced in L1 content (15.3%),
and, consistent with its recent autosomal origin (Lahn and Page, 1999), very similar to
the genomic average (15.6%). Further analyses of .1 composition along the X also
demonstrated that the L1 content of segments that escape inactivation was significantly
lower than those that contain genes which are subject to X-inactivation (10.3% vs.
20.5%). Taken together, Bailey et al. proposed that this non-random distribution of
L1 elements on the X chromosome serves to propagate the X-inactivation signal iz cis,
perhaps by acting as binding sites for an XIS7 RNA/protein complex.

Despite these findings, the exact mechanism by which certain genes escape X-
inactivation is currently unclear. It has been speculated that escape from inactivation
may occur either primarily at the initiation of the X-inactivation process, such that
certain genes are skipped over during the spread of inactivation, or secondarily through
reactivation by a lack of appropriate maintenance. Studies into the patterns of
expression of Smex through embryonic development favour the latter explanation.
Lingenfelter et al. (1998) found that Smcx was first inactivated in a proportion of cells
in the early mouse embryo but progressively became expressed from every cell,
implying that it becomes reactivated with time. The authors speculated that Smex and
other genes which escape X-inactivation are subject to fewer transcriptional controls

than genes which are stably inactivated, thus allowing for their escape and expression.
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1.5 Identification of the X-inactivation centre (XIC)

Early studies of sex chromosome aneuploidy showed a relationship between the
number of X chromosomes in a cell and the presence of sex chromatin bodies. In
1959, Ford et al. found that the cells of a woman with Turner syndrome (45,X)
contained no Barr bodies. In the same year, Jacobs ef al. (1959) observed the
presence of two Barr bodies in many cells of a ‘superfemale’ with a 47, XXX
karyotype. These observations initially led B66k and Santesson (1960) to suggest that
the autosomes might act to suppress the formation of a single sex chromatin body,
with any additional X chromosomes being inactive. However, later studies showed
that in cultured polyploid cells of an individual with Klinefelter syndrome multiple X
chromosomes remained active (Harnden, 1962). As a result B66k and Santesson’s ‘n-
1’ rule was refined, invoking the existence of a counting mechanism which acts to
somehow maintain one active X chromosome per diploid set of autosomes in every
cell. Thus, Harnden put forward the following equation to express the relationship
between the number of sex chromatin bodies (B) and the number of X chromosomes
(x):

B =x-(p+2), where p is the ploidy of the cell.

The presence of a specific locus required for X-inactivation was first proposed
by Therman et al. (1974), who observed that when an X chromosome is involved in a
translocation with an autosome, only one of the two remaining portions of the
translocated X is able to inactivate. They noted that while inactivation occurred
normally when many large segments of the X were deleted, the presence of the
proximal long arm of the X was always required. This immediately suggested that X-
inactivation requires the presence in cis of a central control region, termed the X-
Inactivation Centre or XIC. Analysis of a number of such structurally abnormal X
chromosomes in man resulted in the identification of a common minimal region of
~1Mb located in the proximal long arm of the X at Xq13.2 (Brown ef al., 1991a). At
least two copies of this XIC are required for X-inactivation to occur, which must be
located on different chromosomes (Muscatelli ez al., 1992), therefore implicating the

XIC as a component of the counting mechanism invoked by the ‘n-1 rule’.
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1.6 The XIST Gene

Following the definition of the XIC, in 1991 Brown et al. localised a number of
markers to the candidate minimal region in Xq13.2. One of these was the X-Inactive
Specific Transcript or XIST gene. They found that an XIST cDNA probe hybridised to
RNA prepared from females or somatic cell hybrids containing an inactive human X
chromosome, but not to RNA from males or hybrid cells containing only an active X
chromosome. Additionally, quantitative RNA blotting experiments showed that the
level of XIST expression was proportional to the number of inactive X chromosomes
present, thus demonstrating that X757 is expressed specifically from inactive, but not
active, X chromosomes (Brown ef al., 1991b). In situ hybridisation further
demonstrated that XIST is located at band Xq13. On the basis of its unique expression
profile and chromosomal location, it was hypothesised that X7ST is either primarily

involved in, or uniquely influenced by, the X-inactivation process.

Analysis of the XIST gene showed that it is unusually large, comprising at least
eight exons totalling 17kb of transcribed sequence. XIST is expressed ubiquitously in
adult female somatic tissue, and has several alternatively spliced transcripts whose
significance remains unknown. XIST also lacks any significant open reading frames
(ORFs) and so does not appear to encode for any protein. Consistent with this,
fluorescent in situ hybridisation (FISH) studies showed that the XIST RNA remains
located within the nucleus in a position coincident with the Barr body (Brown ef al.,
1992). This lack of translation and association of the XIST RNA with the X; from
which it is transcribed implicated XIST RNA as a possible structural component of the
Barr body. The nuclear association of XIST RNA with the X; was later confirmed by
detailed three-dimensional FISH analysis (Clemson ef al., 1996). These studies
showed that XIST RNA essentially paints the X; during interphase in a particulate
manner. Additionally Clemson ef al. showed that XIST RNA is not bound to the DNA
or chromatin of the X, but instead binds to part of the nuclear matrix, supporting the

postulation that it may play a structural role in the architecture of the Barr body.

While observations of XIST RNA in human cells have shown that it remains
associated with the X; only during interphase (Clemson et al., 1996), studies of murine

Xist have found that this relationship is maintained until much later in the cell cycle
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(Lee and Jaenisch, 1997). Duthie et al. (1999) utilised this dichotomy to study the
localisation of Xist transcripts on rodent metaphase chromosomes. They found that
Xist RNA exhibits a banded pattern on the X, binding preferentially to the gene-rich
Giesma negative (G-light) bands in a number of different rodent species, and was
excluded from regions of heterochromatin. Analysis of two murine X;autosome
rearrangements also showed that Xist RNA associated with cis-linked autosomal
chromatin much less readily, spreading some way into the attached autosomes in only a
minority of cells. Similar observations were also made in two cases of human
X;autosome rearrangements (Keohane et al., 1999), leading Duthie et al. to postulate
that factors required for the binding of Xist/XIST RNA and spread of inactivation are

either absent or reduced on autosomes, relative to the X.

At about the same time as the discovery of XIST by Brown et al., work in the
mouse isolated the murine homologue, Xist. Like XIST, Xist is located in the murine
Xic (Borsani et al., 1991), is expressed exclusively from the X; (Brockdorffef al.,
1991), lacks any significant ORFs, and remains within the nucleus associated
specifically with the Barr body (Brockdorff et al., 1992). Although XIST and Xist
share a similar size and overall structure, comparisons between the human and murine
homologues of XIST/Xist showed a relatively high level of sequence divergence
between the two genes along most of their length, indicating no specific requirement of
base composition for their function. However the 5’ end of exon 1 was found to
contain a stretch of tandem repeats which show strong homology and sequence
conservation between the two species, suggestive of some functional significance

(Brown et al., 1992).

In 1993 Kay et al. provided further evidence in support of the involvement of
Xist in the X-inactivation process. By studying the expression of Xist in the early
mouse embryo, they found that Xist transcripts were first detectable at the 4-8 cell
stage, at least one day prior to the earliest signs of an inactive X chromosome.
Additional studies were also carried out using female mouse embryonic stem (ES)
cells, a good model system for the study of X-inactivation. Prior to differentiating,
female ES cells contain two active X chromosomes. However, upon differentiation

they undergo X-inactivation in a way which is thought to mirror the developing
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embryo (Martin ef al., 1978). Kay et al. found that Xist expression was up-regulated
markedly in female ES cells upon their differentiation in vitro. Thus, by demonstrating
that the onset of Xist expression precedes X chromosome inactivation, these
observations indirectly suggested a causal role for Xist in the initiation of X-

inactivation.

The first piece of evidence which directly proved the requirement of Xist for X-
inactivation came in 1996, when a targeted deletion of 7kb of exon 1 and part of the
promoter sequence was made on one of the two X chromosomes in female mouse ES
cells (Penny et al., 1996). When these cells were allowed to differentiate, X-
inactivation occurred, indicating that the counting function of the deleted Xic was
unaffected. Importantly however, only the normal X chromosome without the deletion
was able to undergo inactivation, thus demonstrating that this knockout of Xis¢
destroys its ability to cause X-inactivation in cis and proving the absolute requirement
for Xist in X-inactivation. Furthermore, Penny ef al. concluded that their targeted
deletion did not affect the selection process of which X chromosome was to remain
active. They suggested that elements that are required for counting the number of X
chromosomes and choosing which to inactivate are located in regulatory elements
either 5 or 3’ to Xist. These in vitro results were later confirmed in vivo by
Marahrens ef al. (1997) who studied the phenotype of mice that carried an ~15kb

deletion of exons 1 to 6 of Xist.

Further attempts to define the minimal region of the X7C and its functional
elements were made by using a number of transgenic constructs. Lee et al. (1996)
introduced 450kb of the murine Xic, including Xist, as a multicopy array into several
different autosomes of male ES cells by transfection using Yeast Artificial
Chromosomes (YACs). They observed that Xist was induced upon differentiation of
the ES cells and could be expressed from either the endogenous or the ectopic loci,
indicating that the 450kb transgene included the necessary elements for both the
counting and choosing functions of the Xic. In addition, the ectopic Xist transcripts
were found to co-localise to the autosome from which they were expressed and caused
inactivation of a marker gene in cis, seemingly recapitulating X-inactivation process in

its entirety. Thus, Lee ef al. concluded that the Xic was contained entirely within their
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450kb construct, and was sufficient to complete the counting, choosing and initiation
of X-inactivation. Further studies using this same transgenic cell line showed that the
association of the ectopic Xist RNA with its autosome was accompanied by a delay in
replication timing and a marked hypoacetylation of histone H4, both characteristics of
the X;. Expression studies also showed a significant reduction in transcription from a
number of housekeeping genes located up to 50 centiMorgans from the site of Xic
insertion, although this appeared to vary from cell to cell. These latter findings
suggested that the ability of Xist RNA to associate with and inactivate chromatin is not
specific to the X chromosome, but can occur on any autosomal material that possesses

an Xic in cis (Lee and Jaenisch, 1997).

Similar work published simultaneously studied the behaviour of male ES cells
into which a multicopy cosmid containing the Xist gene and only 9kb of 5’ sequence
and 6kb of 3’ sequence had been transfected (Herzing ef al., 1997). As was seen with
the larger 450kb transgene generated by Lee ef al., this minimal Xist construct was
also induced upon differentiation of the transgenic cell line - the Xist RNA associating
with the autosome from which it originated accompanied by the silencing of a reporter
gene in cis. In addition, Herzing et al. observed that some cells which contained the
autosomal Xist insert appeared to inactivate the endogenous native Xist gene,
suggesting that the transgene contained at least some of elements required for Xic
counting. Therefore, based on its ability to seemingly carry out the processes of
counting and cis-limited gene inactivation, it was suggested that the Xic is composed

solely of the Xist gene alone.

However, it must be noted that the experiments of both Lee et al. (1996) and
Herzing ef al. (1997) generated ES cells which contained multiple copies of the Xic in
tandem arrays, perhaps as many as 28 in one case, all located on a single autosome.
While it is unclear exactly what effects this multicopy nature may have on the
inactivation process, a number of observations made in these transgenic cell lines, such
as a proportionate increase in Xist RNA levels with Xic copy number, indicates that
their results should be interpreted with caution. Indeed, similar transgenic constructs
containing almost identical fragments of the Xic, but present in only single or low copy

number, have failed to express Xist or recapitulate any of its functions (Heard et al.,
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1996; Matsuura et al., 1996).

The continued expression of Xist and its association with the X; in somatic cells
implies that Xist plays a role in the maintenance of the inactive state. However, several
observations now indicate that this is not the case. Brown and Willard (1994) found
that portions of the X; lacking XIST retained an inactive state in mouse/human somatic
cell hybrids. Similarly, Rack ef al. (1994) observed the continuing inactivation of
rearranged inactive X chromosomes in leukaemic cells of two women. More recently,
Csankovski ef al. (1999) created murine fibroblasts heterozygous for a somatic
deletion of Xist. Despite abolishing Xist transcription, the mutant X; remained late
replicating, hypoacetylated, and transcriptionally silent. Therefore, as had been
indicated by earlier observations, Csankovski ef al. concluded that the transcription

and coating of the X; by Xist is not required for the maintenance of X-inactivation.

1.7 The developmental expression of XIS7/Xist

As demonstrated by Kay et al. (1994), Xist transcripts are first detectable by RT-PCR
in the mouse embryo at the 4-cell stage, preceding the appearance of an inactive X.
During the early cleavage stages, both X chromosomes of female embryos and the
single X chromosome of male embryos are active (Epstein ez al., 1978), with X-
inactivation occurring as cells differentiate from their totipotent state (Monk and

Harper, 1978).

In 1995, studies by Beard et al. showed that prior to X-inactivation, Xist
appeared to be expressed at very low levels from both alleles in undifferentiated female
ES cells, and from the single X of undifferentiated male ES cells. This low level of
expression was detectable only by the sensitive technique of RT-PCR, not by RNase
protection, and could also be visualised directly by FISH as a small pinpoint signal over
each Xist gene (Lee et al., 1996). This low level of expression from all X
chromosomes in undifferentiated ES cells contrasts dramatically with the situation
following the onset of X-inactivation. Here Xist RNA is expressed only from the X,
and is present in relatively large quantities coating the chromosome from which it is

transcribed.
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Panning et al. (1997) studied these patterns of Xist RNA accumulation in
developing female mouse embryos. They observed that at the time of X-inactivation
these cells exhibited a transient stage of expression with low levels of Xist RNA at one
allele and high levels of Xist RNA at the other X chromosome. This suggested that X-
inactivation is mediated by a shift from low-level to high-level Xist expression at the
Xj, which occurs prior to a silencing of Xist expression from the X,. However, analysis
of the transcription rate of Xist showed no detectable differences between the two.
Instead, Panning et al. found that the half-life of Xist RNA was signiﬁcantly increased
upon differentiation, indicating that the switch from low-level to high-level expression
is not mediated by transcriptional activation but by a stabilisation of Xist transcripts at

the Xi. This conclusion was further supported by Sheardown et al. (1997).

Johnston ef al. (1998) apparently identified two novel promoters that control
Xist expression. They interpreted their results to indicate that prior to the initiation of
random X-inactivation, unstable Xist transcripts are produced from the upstream
promoter, designated Py, and that these fail to accumulate in cis. Johnston ef al.
suggested that at the onset of X-inactivation, transcription of Xist at the X; switches to
the downstream promoters P; and P, which produce stable transcripts and hence
accumulate in cis at the X;. Their results indicated that the accumulation of stable Xist
transcripts correlates with, and is mediated by, a switch in promoter usage.
Furthermore observations made in a number of Xist deletions led the authors to
suggest that transcription from the putative Py promoter is required for an Xist allele to
be registered by the counting mechanism at the onset of X-inactivation. They
suggested that the putative switch from unstable Py to stable P,/P; transcription
represents the default situation occurring at Xist alleles during development, and that
on n-1 alleles chosen to remain active this promoter switch is somehow blocked. As
suggested by Panning ef al. (1997), this block to the progress of X-inactivation could
be achieved in two ways. Either by the presence of autosomally produced factors
which are present in such limited quantities that they are able to occupy only a single
Xist locus, or alternatively by the presence of a single privileged nuclear compartment

per diploid genome which can be occupied by only one Xist allele.

However, more recent evidence now suggests that this promoter switch
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hypothesis put forward by Johnston et al. is incorrect. Initially, studies using an 80kb
transgene containing the Xist gene and only 730bp of'its 5° sequence demonstrated that
this construct was able to recapitulate X-inactivation, despite lacking the Py promoter
(Lee et al., 1999a). Subsequently, study of the nature of P; transcripts by Lee and
colleagues indicated that they are neither intrinsically stable, nor accumulate in cis, as
was suggested by Johnston ef al. Further work also proved that the results obtained
by Johnston ef al. indicating the presence of an upstream Py promoter were actually
due to non-specific PCR amplification of a ribosomal pseudogene located 5’ to Xist.
Finally, the supposed Xist transcription upstream of P; reported by Johnston et al. was
instead found to originate from the opposing strand, representing the 3’ end of the
antisense transcript T'six (Warshawsky et al., 1999). As a result of this overwhelming
evidence, Warshawsky et al. concluded that Py does not exist, and that the stabilisation
and accumulation of Xist transcripts during differentiation does not occur as a result of

a switch in promoter usage.

In contrast to the view of a block to inactivation occurring through a negative
process which inhibits the progression of X-inactivation, Marahrens et al. (1998)
hypothesised that the choice of which X chromosome to inactivate might instead be
mediated by a positive mechanism which marks the future X;. They found that in
female mouse embryos that were heterozygous for a deletion of Xist exons 1-4 every
cell had non-randomly inactivated the wild-type X chromosome. They suggested that
this primary non-random inactivation indicates the presence of a positive element
within their deletion that is required by an X chromosome for it to be chosen to
inactivate. Comparing the phenotype of their Xist deletion mice to those of Penny ef
al. (1996) that retain the random choice mechanism defines a 6kb region of Xist that
appears to be required for random choosing. Importantly, as the deletion of Penny et
al. abolishes transcription of Xist, this 6kb region most likely functions as a DNA
element rather than at the RNA level. The authors propose that this region may
represent the binding site for specific proteins that initiate heterochromatin formation,
and put forward a model in which the binding of a unique blocking factor and abundant
initiation factors to X-inactivation occurs in a mutually exclusive fashion at each Xist

allele, thus retaining a single active X per diploid cell.
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A further targeted deletion of the Xist gene was created by Clerc and Avner
(1998), extending for 65kb 3’ to exon 6. In undifferentiated heterozygous ES cells
Xist expression from the deleted allele was markedly reduced. Importantly though,
upon differentiation X-inactivation occurred, but the normal X chromosome was never
chosen to inactivate. Additionally, in cells which contained only a single deleted Xist
allele, X-inactivation could occur normally. These latter observations indicated that
the deleted 3’ region of Xist contains a repressive regulatory element which prevents
the default situation of X-inactivation, thus supporting the model proposed by

Johnston ef al. (1998).

Using strand-specific RNA FISH probes Lee ef al. (1999b) identified a
transcript anti-sense to Xist that was present in undifferentiated male and female ES
cell nuclei. Inreference to its reverse orientation, Lee ef al. named this transcript Tsix.
Tsix is apparently a single 40kb transcript which completely spans Xist, with a
transcriptional start site beginning ~15kb 3’ to Xisz. It was therefore included in the
deletion created by Clerc and Avner (1998), implicating it as a possible negative
regulator of Xist expression. Consistent with this notion, Lee ef al. found a dynamic
association in the expression patterns of Xist and Tsix during the early stages of X-
nactivation in ES cells. Prior to the onset of X-inactivation, both Xist and Tisix are bi-
allelically expressed. At the onset of X-inactivation, 7six expression becomes mono-
allelic, preceding upregulation of Xist at the future X;. At this stage, T’six is expressed
only from the future X,, and once X-inactivation is established, 7six is repressed. This
expression profile suggests that Tsix regulates the early events of X-inactivation, and
its anti-sense nature provides a mechanism through which it might block the function
of Xist RNA. Like Xist, Tsix RNA localises within the nucleus specifically at the allele
from which it is transcribed, but unlike Xist it never spreads beyond its transcription
site. It also contains no conserved ORFs, and taken together with its nuclear
localisation this strongly suggests it functions as an untranslated nuclear RNA. Lee et
al. suggest a number of possible mechanisms by which Tsix may function to inhibit Xist
RNA action - by base-pairing with Xist RNA and masking its functional sequences,
alternatively the transcription of Tsix might in itself inhibit transcription of Xist on the
opposing strand, or perhaps Tsix and Xist share a common enhancer for which they

both compete.
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Subsequent analysis of mice carrying a 3.7kb deletion encompassing the
promoter region of Tsix further implicated it as a regulator of X-inactivation (Lee and
Lu, 1999). While mice carrying this deletion failed to express 7six from the mutant
chromosome, levels of Xist expression were increased by some 50% from the mutant
allele. Importantly though, these transcripts did not accumulate prior to
differentiation. Furthermore, allele-specific RT-PCR and FISH demonstrated that at
the onset of X-inactivation, Xist RNA was expressed exclusively from the deleted
chromosome in heterozygous females, resulting in primary non-random inactivation.
These observations indicate that T’six functions as a repressor of Xist in cis, marking
the future active X by blocking Xist accumulation in differentiating cells. Importantly
however, the observation that deleting Tsix does not result in the accumulation of Xist
RNA in undifferentiated cells implies that the involvement of additional factors, other
than Xist and Tsix, are required for the initiation of X-inactivation. Similar to the
model proposed by Marahrens et al. (1998), Lee and Lu hypothesised that Xist is

regulated in a two-step pathway involving both positive and negative factors, as

follows:

1) A unique ‘blocking factor’, present as a titrated complex of X-linked and
autosomal factors, marks the future X, by blocking Xist function, probably
through T'six.

ii) A ‘competence factor’ is also required to initiate X-inactivation on the

future X;, and probably acts to stabilise Xist transcripts. Composed of
untitrated X-linked factors, this competence factor is therefore produced

only in cells with more than one X per diploid genome.

In addition, while Tsix is required for the random choice aspect of X-inactivation, the
deletion of Tsix created by Lee and Lu neither disrupted X chromosome counting, or
affected proper silencing. Therefore chromosome counting, choice, and silencing are

established as genetically distinct processes.
By searching for additional transcripts within the human X7C, Migeon ef al.

(2001) identified an overlapping transcript antisense to XIST, hence named 7SIX.
Strand-specific RT-PCR revealed TSLX is an apparently unprocessed, untranslated
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transcript approximately 35kb in length, with a start site 27kb downstream of XIS7.
TSIX is expressed in cells of foetal origin from the inactive X chromosome, but not in
adult somatic cells. Comparison with it’s murine counterpart shows that 7SLX and
Tsix have little sequence homology. More importantly however, 7SIX is truncated at
it’s 5° end and therefore is not linked to a CpG island that has been shown to be
essential for normal Tsix function in the mouse (Lee and Lu, 1999; Lee, 2000; Sado et
al., 2001), and neither does its transcription overlap the promoter of XIST. Therefore,
Migeon et al. concluded that the structural differences between 7:SIX and Tsix explain
the lack of imprinting in human placental tissues, and further suggested that 751X may
merely be a functionless evolutionary relic with little or no role in humans.

Further studies of TSLX supported this hypothesis (Migeon et al., 2002). TSILX
and XIST are co-expressed in ES-derived cells with TSZX expression persisting in
somatic cells for long periods, and do not show the dynamic relationship as seen in
murine X-inactivation. Furthermore, 7SLX expression is not imprinted, demonstrating
that TSIX does not function as an antagonist to XIST and that the preferential silencing
of the paternal X seen in the extra-embryonic tissues of the mouse does not have any

human counterpart.

1.8 X-inactivation and histone macroHZA

The unique features of the X; have led many authors to postulate the association of
specific proteins with the chromatin of the Barr body (Willard and Salz, 1997). While
studying the cellular distribution of a variant histone named macroH2A1.2, Costanzi
and Pehrson (1998) consistently observed that the nuclei of female mammals contains a
large, densely staining region, which they called the macrochromatin body (MCB).
This MCB however was absent in the nuclei of normal males. Using chromosome-
specific FISH probes, Costanzi and Pehrson demonstrated that the position of the
MCB coincides with the X;, leading to the suggestion that mH2A1.2 participates in the
process of X-inactivation, perhaps by altering chromatin structure in association with
Xist RNA.

Further studies of mH2A1.2 strengthened the case for its involvement in X-
inactivation. Csankovszki et al. (1999) studied the effects of a somatic deletion of Xist

in murine fibroblasts. Despite abolishing transcription of Xisz, the mutant X; remained
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inactivated. However, MCBs never localised to this mutant chromosome. This
observation indicated that Xist RNA mediates the preferential association of mH2A1.2
with the Xi, and that mH2A1.2 is not required for the maintenance of the inactive

state. As mH2A1.2 is tightly bound to the nucleosome (Pehrson and Fried, 1992),
while Xist RNA interacts with the nuclear matrix (Clemson ef al., 1996), Csankovski et
al. suggested that an Xist RNA/mH2A complex might act as a mediator between the
chromatin of the X; and the nuclear matrix.

Mermoud et al. (1999) studied the distribution of macroH2A1.2 during the
differentiation of murine ES cells. In contrast to somatic cells, they observed that an
MCB is present prior to X-inactivation in both XX and XY ES cell lines, and did not
associate with X chromatin. Following the initiation of X-inactivation at day 3 of
differentiation, this pattern of mH2A1.2 staining remained unchanged. However,
between days 7 to 14 of differentiation, the frequency of XY ES cells containing an
MCB declined. In contrast, in XX cells there was a dramatic relocalisation of the
MCB to the X between days 7 and 9. Furthermore, from days 12 to 16 following
differentiation of these XX cells, additional MCBs were observed in DAPI
(chromatin)-dense regions of each nucleus, with up to eight present in some cells. As
the MCB localised to the X; well after X-inactivation had occurred, Mermoud et al.
concluded that macroH2A1.2 does not play a role in the initiation or propagation of
the inactivation process, instead favouring its involvement in the maintenance of the
inactive state. However, as indicated by the lack of colocalisation in a cancer cell line,
this requirement is not absolute. Additionally, the presence of multiple non-X; MCBs
in chromatin-dense regions of many cells suggests that mH2A1.2 might play a more
general role in heterochromatin formation (Costanzi and Pehrson, 1998). Further
immunofluorescence studies demonstrated that in both male and female
undifferentiated ES cells, the MCBs observed by Mermoud ef al. actually represented
concentration of mH2A1 at the centrosomes as a nonchromatin-associated pool
(Rasmussen ef al., 2000). Rasmussen ef al. showed that following the differentiation
of female ES, accumulation of mH2A1 on the X; corresponded with a loss of
centrosomal mH2A 1, suggesting that the centrosomes act as a store for mH2A1 prior
to its incorporation into the nucleosomes.

By homology searching using the cDNA sequence of mH2A1, Chadwick and
Willard (2001a) identified a second macroH2A variant named macroH2A2. mH2A2
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shows 80% identity to mH2A1 and an almost identical genomic organisation,
suggestive of a common evolutionary origin. Like mH2A1.2, mH2A2 also forms a
macrochromatin body localised to the X; during interphase, implying that the two may
have overlapping and possibly redundant functions. The preferential association of
these H2A variants with the X; prompted Chadwick and Willard (2001a) to survey the
distribution of other known histone H2 variants in relation to the Barr body. While
H2A, H2A.X and H2B showed an apparently uniform distribution within the nuclei of
fernale cells, H2A.Z was deficient on the X; in a significant proportion of cells,
suggestive of a role in the chromatin structure of the X;.

Further investigations by Chadwick and Willard (2001b) identified a novel and
more distantly related H2A variant which also showed a unique association with the
X;. Designated H2A-Bbd (Histone H2A variant, Barr-body deficient), this histone
variant shows a diffuse localisation throughout interphase nuclei, but is excluded
specifically from the region of the Barr body. Immunofluorescence investigations of
metaphase spreads confirmed the exclusion of H2A-Bbd from most of the X;, although
some weak staining was apparent on regions of Xp and proximal Xq, similar to that
seen for acetylated histone H4. Thus H2A-Bbd is apparently a counterpart to
macroH2A with a mutually exclusive distribution, marking transcriptionally active

chromatin.

1.9 X-inactivation and imprinting

Imprinting is a mechanism of gene regulation by which the expression of a gene is
dependent upon the sex of the parent from which it is inherited. The first absolute
demonstration of genomic imprinting in mammals was shown in 1991, when the
selective maternal expression of Igf2r was shown in the mouse (Barlow ef al., 1991).
As early as 1975, it was known that X-inactivation in the extra-embryonic tissues of
the mouse showed a parental bias (Takagi and Sasaki, 1975). Similar preferential
silencing of the paternal X chromosome is also seen in most, if not all tissues of
marsupial mammals (Cooper, 1971), but evidence suggests that imprinted X-

inactivation does not occur in humans.

The first demonstration of imprinted expression of Xist was made by Kay ef al.

(1993), who showed exclusive paternal Xist expression in very early pre-implantation
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embryos. Exclusive expression of the paternal Xist allele continues in all cells of the
extra-embryonic tissues. The deletion created by Marahrens ez al. (1997)
demonstrated that such preferential inactivation in the extra-embryonic tissues is a
direct result of imprinted Xist expression. They observed that female mice that
inherited the deleted Xist allele on the maternal X developed normally, whereas mice
that inherited a paternal Xist deletion had poorly developed extra-embryonic
membranes, and died soon after implantation. These results mirrored earlier
observations made in gynogenetic and parthenogenetic mouse embryos, where both X
chromosomes are of maternal origin. Here, X-inactivation either does not occur in the
trophoblast, or does so only after a long delay (Shao and Takagi, 1990). In contrast,
in androgenetic embryos both of the paternally derived X chromosomes are inactivated
(Latham, 1996). Importantly, these observations suggest that imprinted X-inactivation
differs from random inactivation, bypassing the counting and choice mechanisms and
responding instead to parentally predetermined cues. They also indicate that it is the
maternal Xist allele that carries some form of imprint to resist X-inactivation in the

extra-embryonic tissues.

However, the fact that initial imprinted X-inactivation in the trophoectoderm is
followed by random X-inactivation in the embryo proper indicates that any imprints on
the maternal or paternal X chromosomes are developmentally labile, and are apparently
lost specifically in the inner cell mass. So what might this imprint be? DNA
methylation has been proposed by many as a likely candidate for imprinted X-
inactivation, and is almost certainly involved in the imprinted expression of many
autosomal genes (reviewed in Bartolomei and Tilghman, 1997). Additionally, the
expression status of Xist in adult somatic tissues and in male and female germ cells
correlates with its methylation status, implicating methylation as a controlling
mechanism of Xist expression in these systems. In somatic cells the promoter of the
expressed Xist allele on the X; is hypomethylated, while the silent Xist allele on the X,
is hypermethylated (Norris et al., 1994), and loss of this methylation reactivates Xist
expression (Beard ef al., 1995). Also the Xist promoter of the inactivated X
chromosome during spermatogenesis is demethylated, while the reactivated X of
female germ cells has a methylated Xist allele (Ariel ef al., 1995). As a result the
maternal Xist allele contributed to the zygote is fully methylated at its 5° end, while the
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paternal Xist allele is hypomethylated and potentially open for transcription. Using
restriction enzyme analysis, Zuccotti and Monk (1995) apparently demonstrated that
this same pattern of methylation is retained in the extra-embryonic tissues that undergo
imprinted X-inactivation in early embryogenesis. They concluded that this methylation
difference is the imprint which dictates paternal X-inactivation in the trophoectoderm.
However a re-examination of the methylation status of Xist in these tissues using an
improved bisulphite-sequencing technique produced opposing results (McDonald ez
al., 1998), and thus the involvement of methylation in imprinted Xist expression
remains unclear. Monk and McLaren (1981) proposed the alternative hypothesis that
the inactive, condensed state of the paternal X chromosome might be carried over from
spermatogenesis, hence predisposing it to preferential inactivation in early

differentiation.

A number of studies in humans have shown that, in contrast to the mouse, there
does not appear to be exclusive inactivation of the paternal X chromosome in extra-
embryonic tissues. By studying the allele-specific expression of an X-linked gene,
Harrison (1989) demonstrated that the paternal X chromosome is often active in cells
of human placental tissue, although an apparent excess of paternal inactivation was
noted. XIST expression from the maternal X chromosome has also been demonstrated
in early embryos and chorionic villi samples, apparently indicating that the X; may be of
maternal origin in these cells (Ray et al., 1997). However, these studies utilised the
highly sensitive techniques such as nested RT-PCR to assay for XIST transcription, and
it remains possible that they are simply detecting the low levels of unstable XIST RNA
produced prior to the initiation of X-inactivation (Beard et al., 1995), rather than
stable XIST transcripts which are associated with the X;. Therefore, the results of
these studies should be interpreted with caution. In contrast however, Goto et al.
(1997) utilised the androgen receptor assay to show that the paternal X chromosome
was preferentially, but not exclusively, inactivated in trophoblastic cells of the
chorionic villi from two female conceptuses.

Further evidence of a lack of imprinting of X-inactivation in humans comes
from studies of sex chromosome aneuploids. While the presence of additional
maternal X chromosomes has profound effects in mouse embryos, a reported case of

human maternal uniparental disomy of the X seemingly developed normally (Quan er
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al., 1997). Additionally in cases of trisomy X and Klinefelter syndrome (47,XXY) in
humans, the phenotype is identical irrespective of the parental origin of the
supernumery X chromosome (MacDonald et al., 1994). However in the mouse, where
an additional maternal X chromosome is present, these same chromosome
abnormalities lead to a complete failure in the development of the extra-embryonic
membranes resulting in lethality, whereas additional paternal X’s are tolerated (Tada et
al., 1993).

While studying the role of a gene named Eed in murine embryonic
development, Wang et al. (2001) observed that while female Eed double-knockout
embryos showed severe defects in trophoblast development, male embryos with the
Eed-null mutation developed apparently normally. By cross-breeding a GFP (Green
Fluorescent Protein) transgene onto the paternal X chromosome of Eed-null female
embryos, Wang ef al. observed that shortly after the initiation of X-inactivation, a
progressive reactivation of the paternally-derived X occurred in the extra-embryonic
tissues of these embryos. As Eed has been shown to reside in a complex with histone
deacetylase (van der Vlag and Otte, 1999), Wang et al. therefore concluded that Fed
acts to maintain imprinted X-inactivation in extra-embryonic tissues by mediating

hypoacetylation of the paternal X chromosome.

1.10 Skewing of X-inactivation

Non-random or skewed X-inactivation is the predominant or exclusive silencing of the
same X chromosome in all cells of a tissue, and can result from a number of different
causes. Primary non-random inactivation is the preferential choice to inactivate the
same X chromosome in all cells, and implies a distortion in the randomness of the X-
inactivation process itself. In contrast, secondary non-random inactivation implies an
initial random choice of inactivation, followed by post-inactivation selection for cells
which carry either an active or inactive X chromosome. Both of these mechanisms
operate in the mammalian embryo. An example of primary skewing is the imprinted
nature of X-inactivation seen in somatic tissues of marsupials and the extra-embryonic
cells of mice, while secondary selection effects have been shown to operate in cases of
mutations and structural abnormalities of the X chromosome. Skewed X-inactivation

is an important component in determining the clinical expression of X-linked disease in
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heterozygous females. Partial or full expression of a disease allele is occasionally
observed in such carriers, resulting from the majority of cells in an affected tissue
having inactivated the wild-type allele. The effect of this skewed X-inactivation may
therefore be to create functional nullisomy for certain X-linked genes in genotypically

heterozygous individuals.

Skewed X-inactivation may also occur as a purely stochastic process. X-
inactivation has been shown to initiate at about the 32-64 cell stage of embryogenesis
(Lyon, 1972), and estimates of the actual number of progenitor cells destined to form
any one tissue put this figure at between 10 and 20 (Fialkow, 1973). As the choice of
which X chromosome to inactivate is thought to be a purely random event in humans,
it follows that the number of cells that have inactivated the same X chromosome in any
one embryo should follow a normal distribution. As a result of the relatively small
number of progenitor cells for each tissue, this predicts that a proportion of females

will have a skewed pattern of X-inactivation purely by chance.

This theoretical prediction has since been confirmed by a number of studies.
Using the difference in the electrophoretic properties of isoforms of the X-linked
enzyme G6PD in heterozygotes, Nance (1964) was the first to demonstrate that a
significant proportion of normal women have skewed patterns of X-inactivation. More
recently, a variety of techniques have been developed which rely on the differential
sensitivity of the active and inactive X chromosomes to methylation-sensitive
restriction enzymes. When combined with restriction-fragment length polymorphisms
such as those found in the PGK and HPRT genes or variable repeat numbers such as
the locus DXS2535, this differential methylation allows the relative expression of the
two X chromosomes in a sample to be quantified molecularly. However, data obtained
by different investigators using these techniques has produced seemingly contradictory
results. Vogelstein et al. (1987) studied a population of 81 normal females using
methylation-sensitive assays at the PGK and HPRT loci, and found only 3 (4%) with
significantly skewed X-inactivation, which he defined as being ‘greater than 75%
expression of one allele’. Despite its arbitrary nature, this definition of skewing has
since found common use in many other studies of X-inactivation. Using the same

techniques however, Gale et al. (1991) studied 65 apparently normal females and
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found that 15 (23%) had skewed X-inactivation ratios in blood cells (as defined by
Vogelstein et al.). And by these same criteria, Fey et al. (1992) concluded that 33% of
their study population exhibited skewed X-inactivation patterns in blood, as
determined by use of the probe M27p at the DXS255 locus. Further investigations
have since concluded that the prevalence of skewed X-inactivation lies somewhere
between these extremes (Harris e al., 1992; Plenge et al., 1997), but the reasons for

such large discrepancies between studies remain unclear.

One possible explanation for these differences was first provided by Fey et al.
(1994). During a survey of the X-inactivation clonality patterns in women with
lymphoid disease, they observed that highly skewed X-inactivation was more frequent
in the blood leukocytes taken from an elderly control population than in their young
controls. This finding was apparently confirmed by Busque ez al. (1996), who
observed skewed X-inactivation patterns (ratios 275:25%) in 9% of neonates, 16% of
28-32 year olds, and 38% of women over 60 years of age. In contrast however, earlier
studies had failed to find any evidence of an age-related effect on skewing (Gale e al.,
1994), although this may in part be due to the small sample sizes used. A further study
by Gale et al. (1997) found that such age-related increases in skewing of X-
inactivation were present in a myeloid cell line, but absent from lymphoid cells. The
authors suggested that this difference in the degree of skewing seen in the two cell
types was a reflection of their relative longevity — neutrophils being short-lived
whereas T-lymphocytes are mainly long-lived. As a result, neutrophil stem cells must
undergo much more rapid division, which Gale et al. suggested leads to the outgrowth
of a small number of stem cell clones, resulting in skewed X-inactivation in many

instances.

In addition to these apparent variations in the degree of skewing of X-
inactivation between individuals of different ages, two studies have suggested that
similar differences can occur among tissues within an individual. Gale ef al. (1994)
compared the X-inactivation patterns in blood, skin and muscle samples collected from
twenty normal females, and found that while the results were similar for all tissues in
eleven of their patients, in the remaining nine women they observed significant

differences among tissues. While there was no consistent pattern to this in different
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individuals, they most commonly observed the presence of skewed X-inactivation in
peripheral blood, but not in skin or muscle tissue. A subsequent study by Azofeifa et
al. (1996) similarly surveyed the X-inactivation ratios in blood leukocytes, muscle,
thyroid gland and suprarenal gland taken from ten deceased women. These cells
represent descendants from the three embryonic tissue layers - the ectoderm,
mesoderm and endoderm, which are the first to differentiate in early embryonic
development. As had been reported by Gale et al. (1994), Azofeifa et al. observed
that skewed X-inactivation was more common in blood leukocytes than in other
tissues. In contrast though, Azofeifa et al. found that X-inactivation ratios in the other

tissues they examined were fairly well correlated in their study group.

It should be noted however that both of these studies utilised a number of
different techniques to measure the X-inactivation ratios in their populations, which
have been reported to give conflicting results in a proportion of cases (Fey et al.,
1994). Of the 20 individuals studied by Gale et al. (1994), 10 were analysed using the
M27pB probe, 9 at the PGK locus, and one at the HPRT locus. Similarly, Azofeifa ef
al. (1996) utilised the M27p and PGK probes in different individuals. In addition, a
further potentially confounding element in the study by Gale et al. was the wide
varjation in age between individuals of their study population, which ranged from 18 to
96 years.

In addition to these observations of tissue-to-tissue variations of X-inactivation
within individuals, anecdotal evidence suggests that X-inactivation ratios can vary even
between different regions of the same organ in some females. During a study of the X-
linked liver disease ornithine carbamoyltransferase deficiency, Reyal ef al. (2000) noted
marked variations in the X-inactivation ratios between 52 separate biopsies across

different regions of the liver from one individual, ranging from 85:15 55:45.

1.11 Familial skewed X-inactivation

While the majority of cases of skewed X-inactivation are probably attributable to
stochastic factors, several reports of multiple affected females in families in which X-
linked syndromes are segregating suggests that, at least in some cases, skewed X-
inactivation may be a heritable trait (Ropers et al., 1977; Reddy et al., 1984; Taylor er

al., 1991). It is known that in the mouse a locus called the X-controlling element
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(Xce) influences the random choice of which X chromosome is inactivated to varying
degrees (Cattanach and Williams, 1972). Three different Xce alleles have been
identified to date in the laboratory mouse Mus domesticus, named Xce’, Xce” and Xee®
(Simmler et al., 1993), and a fourth allele (Xce) in feral mouse species (Cattanach and
Rasberry, 1994). Each of these alleles is of different ‘strength’ with regards to its
probability of being inactivated, with Xce” being the strongest and Xce’ the weakest.
In mice heterozygous for Xce“/Xce” the X chromosome carrying the Xce” allele is more
likely to be inactivated than the X carrying the Xce” allele, and similarly in Xce’/Xce
heterozygotes the X chromosome carrying the Xce” allele is more likely to be inactive
in the majority of cells. Most extreme non-random inactivation is seen in Xce“/Xce

heterozygotes.

By studying early mouse embryos which were initiating X-inactivation, Rastan
(1982) demonstrated that the Xce operates through primary non-random inactivation,
influencing the actual choice of which X chromosome is inactivated, rather than
through secondary selection events. However, the actual mechanism by which it exerts
its influence is unclear. Early mapping data localised the Xce locus to a region similar
to that of the Xic, apparently in the locality of the Xist gene itself (Cattanach and
Williams, 1972). More recently though it has been shown that the Xce and Xist are
distinct entities, with the Xce lying 3° to Xist (Simmler et al., 1993). Courtier et al.
(1995) analysed this region and found that sites ~15kb distal to Xist show
hypermethylation specific to the X,, with the degree of methylation apparently
correlating with the strength of the Xce allele on that chromosome. They proposed
that such methylation might precede X-inactivation, thereby influencing the choice of
which X chromosome to inactivate. Interestingly, this region of differential
methylation identified by Courtier ef al. has since been shown to coincide with the
promoter of the anti-sense transcript Tsix (Lee ef al., 1999). While this provides an
obvious mechanism by which the choice of X-inactivation could be influenced, it is also
possible that such X,-specific methylation may instead be imposed after the X-
inactivation process, acting to repress Tsix transcription which is abolished on the X,
following the upregulation of Xist transcription. Quantitative studies of the levels of
Xist transcript produced from different Xce alleles have also failed to find any

significant or consistent differences which might contribute to its effects (Buzin ef al.,
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1994).

While there is no evidence for the existence of a homologue of the Xce in
humans, several families have been identified in which skewed X-inactivation appears
to be inherited between generations. In a screen for skewed X-inactivation in a large
number of normal females using the PCR-based androgen receptor (4R) assay,
Naumova et al. (1996) found one family in which all seven daughters and their paternal
grandmother showed completely skewed X-inactivation patterns. Naumova et al.
observed that while the same X chromosome was preferentially inactive in all seven of
the daughters, the grandmothers X-inactivation profile was discordant with the
skewing in the apparent reverse direction. This indicated that a recombination event
had occurred between the 4R locus used to assay the X-inactivation and the presumed
cis-linked locus which was responsible for the skewing. On this basis Naumova et al.
excluded linkage to the XIST gene as a candidate for the skewed X-inactivation in this
pedigree, but the presence of only a single informative meiosis precluded further

analysis.

In contrast Plenge ef al. (1997) found two unrelated families in which all
females showed preferential inactivation of the same X chromosome to varying
degrees, and showed by haplotype analysis that this trait was linked to the XIC. By
direct sequencing, Plenge et al. detected a single base-pair C to G mutation in the
minimal promoter of the XIST gene in both families, and showed that this mutation was
present on the preferentially inactive X chromosome in each case. This mutation was
shown to be absent from over 1000 normal controls, and therefore does not represent
a common polymorphism. Use of this mutant promoter to create a transgenic reporter
construct demonstrated that it had only 20-50% the activity of the wild-type XIST
promoter, establishing a functional mechanism through which this mutation might

influence the random choice of X-inactivation,

A further case of familial skewed X-inactivation was detected by Pegoraro et
al. (1997) in a large kindred with over 50 females. Sixteen of these women
demonstrated complete skewing of X-inactivation, with preferential inactivation of the
maternal X chromosome in every case. By linkage analysis this trait was localised to

Xq28, where an ~800kb deletion of the Factor VIII gene was detected which co-
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segregated perfectly with the skewed X-inactivation. Pegoraro ef al. suggested that
the Factor VIII mutation they detected is either lethal, or results in a severe growth
disadvantage, to cells which carry it. As a result, heterozygous females show a loss of
any cells which carry the mutation on their X,, while in hemizygous males the mutation
would be lethal. Consistent with this model Pegoraro ef al. observed no males
carrying the mutation, while all heterozygous females preferentially inactivated the
deleted X chromosome and showed an increased rate of spontaneous abortion when
compared to normal controls.

These studies serve to illustrate that the causes of heritable skewed X-
inactivation are most likely heterogeneous in nature, with distinct causative loci and

mechanisms of action occurring in separate pedigrees.

1.12 Skewed X-inactivation and secondary cell selection

Skewed X-inactivation often results due to selective pressures which tend to increase
the relative abundance of cells which are expressing one or other X chromosome. This
is most commonly seen in individuals with structurally abnormal X chromosomes, such
as deletions, isochromosomes or ring chromosomes. In nearly all such cases, the
structurally abnormal X chromosome is inactive in most or all cells, with the non-
random inactivation thus acting to minimise the potential genetic imbalance which
would otherwise be associated with the chromosome abnormality (Therman and Patau,

1974).

Similarly, non-random inactivation is also seen in the case of X;autosome
translocations. Where such translocations are balanced, then the normal X
chromosome is preferentially inactivated in most cases, with the two separate portions
of the translocated X remaining active and thereby maintaining a single active X
chromosome in each cell (Schmidt and DuSart, 1992). Conversely, in the case of
unbalanced X;autosome translocations it is the translocation product that is invariably
inactivated. This has been shown to result from a post-inactivation selection process
against those cells which have retained an active abnormal X chromosome (McMahon
and Monk, 1983). However, the degree of skewing may be influenced by both the
nature of the translocated autosomal material, and the extent to which the inactivation

signal may spread into it (Mattei et al., 1982). Therefore, as with structurally
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abnormal X chromosomes, the pattern of inactivation in X;autosome rearrangements

also acts to minimise the consequences of the chromosome defect.

In addition to cell selection occurring where gross chromosomal defects are
involved, secondary cell selection leading to skewed X-inactivation has also been
suggested to occur for a number of X-linked single gene mutations. Many such
instances of recessive X-linked disorders that give rise to skewed X-inactivation in the
blood of asymptomatic carrier females now exist, such as Wiskott-Aldrich syndrome,
dyskeratosis congenita, and focal dermal hypoplasia (Wengler et al., 1995; Devriendt
et al., 1997; Gorski et al., 1991). As with other structural abnormalities of the X
chromosome, this selection acts to reduce the proportion of cells which possess a

deleterious genotype.

In contrast to all other reports of skewing being the result of a negative
selection process acting against certain clones, Migeon et al. (1981) proposed that
positive selection favouring the mutant allele occurs in heterozygous carriers of
adrenoleukodystrophy. However this conclusion was based largely on observations
made in fibroblasts which had been cultured in vitro, a process which has since been
demonstrated to artifactually influence X-inactivation ratios substantially (Hatchwell ez
al., 1996). Furthermore an additional and much larger in vivo study of X-inactivation
in adrenoleukodystrophy carriers found no evidence of positive selection for cells
expressing the mutant allele (Watkiss ez al., 1993). Therefore, it seems unlikely that

any such positive selection occurs.

1.13 Skewed X-inactivation due to reduction in precursor

cell numbers

The limited number of cells present in the mammalian blastocyst at the time X-
inactivation occurs (Lyon, 1972) means that any event leading to a reduction in the
number of cells which go on to form the embryo proper will result in an increased
probability of non-random X-inactivation. Thus, observations of skewed X-
inactivation can be indicative of a “bottle-neck” in the embryonic precursor cell pool,

and are associated with a number of developmental events.
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Twinning — Female monozygous (MZ) twins discordant for Duchenne muscular
dystrophy (DMD) were first described by Gomez et al. (1977), who hypothesised that
the observed phenotypes were the result of differential X-inactivation of the normal
and mutant alleles in each individual. Since then, there have been numerous other
reports of female MZ twins discordant for X-linked disorders (Burn ef al., 1986;
Richards et al., 1990; Lupski et al., 1991; Jorgensen et al., 1992; Winchester et al.,
1992), suggesting a link between skewed X-inactivation and the formation of MZ
twins. By re-evaluating observations of mosaicism of dystrophin-negative muscle
fibres in MZ twins affected with DMD in the light of twin embryology, Nance (1990)
suggested a mechanism that could explain the apparently high frequency of discordant
skewed X-inactivation observed in MZ twins. Nance hypothesised that the X-
inactivation process is initiated before the formation of MZ twins, which occurs by the
division of a blastocyst into two separate embryos. As the commitment to inactivate
the paternally- or maternally-derived X chromosome has already been made in each
cell prior to this division, the splitting of an embryo in this way effectively reduces the
number of progenitor cells contributing to each embryo, thereby increasing the
probability that the resulting twins will have the same X chromosome inactive in an
unequal proportion of cells. Thus, the process of MZ twinning will tend to produce
more extreme X-inactivation ratios than were present in the blastocyst prior to the
twinning event, especially where the splitting of the cell mass occurs unequally. As
Nance pointed out, despite arising from approximately half the number of progenitor
cells as singletons, MZ twins are not born at half the normal size, and thus show
considerable “catch-up” growth. Singleton births heterozygous for an X-linked
mutation often show a mosaic pattern of gene expression, with small areas of tissue
derived from each progenitor cell with one or other X chromosome inactive. Nance
reasoned that the reduced number of progenitors and subsequent catch-up growth of
MZ twins should result in an increased size of each of these tissue patches. This is
consistent with the histological studies of Burn et al. and Richards et al. who observed
unusually large clumps of normal and diseased tissue in the muscle fibres of MZ twins
discordantly affected with DMD.

Data to support the hypothesis that MZ twinning occurs after the commitment
to X-inactivation came from two studies which examined X-inactivation ratios in a

large number of twins (Bamforth er al., 1996; Goodship et al., 1996). While
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discordant patterns of X-inactivation were not commonly observed in MZ twin pairs,
extremely skewed X-inactivation ratios did occur significantly more frequently in MZ
twins than dizygous twins or controls, consistent with the notion that MZ twinning is a

relatively late embryological event.

Trisomy rescue — Lau ef al. (1997) hypothesised that confined placental mosaicism
(CPM) is a deleterious condition that leads to poor embryonic growth and a restriction
in the number of foetal precursor cells. By surveying patterns of X-inactivation in
foetuses and new-borns associated with CPM for an autosomal trisomy, they observed
that 7 of 12 cases (58%) where the trisomy was of meiotic origin showed extremely
skewed X-inactivation ratios. Similarly skewed X-inactivation was also observed in 3
of 7 cases (43%) of maternal uniparental disomy (matUPD) of chromosome 15 which
also arose meiotically, consistent with the notion that a significant proportion of cases
of trisomy rescue are associated with skewed X-inactivation. Lau ef al. suggested that
this resulted from either the trisomy rescue event occurring in a single or small number
of cells after the commitment to X-inactivation had been made, or alternatively as a
result of poor growth by and/or selection against trisomic cells in early embryogenesis
causing a reduction in the precursor cell pool size. The association of skewed X-
inactivation in cases of rescue from autosomal trisomy of meiotic origin was further
strengthened by two additional studies which similarly found a significant association
between skewed X-inactivation and CPM for trisomy 16 (Penaherrera et al., 2000) and
matUPD15 (Robinson ef al., 2000), suggesting that CPM may be a relatively common

cause of skewed X-inactivation.

1.14 The spreading of X-inactivation in X;autosome

rearrangements

By studying a number of murine X;autosome translocations, Russell (1963) observed
phenotypic variegation that was coincident between the translocated autosomal
chromosome and the coat colour genes located upon it. Russell hypothesised that the
phenotype of these mice was caused by a variable spread of the X-inactivation signal
into the translocated autosomal segment, suppressing expression of coat colour alleles

upon it. Further phenotype studies suggested that the spread of X-inactivation into
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autosomal DNA occurred in a graded fashion limited in distance. Additionally, Russell
observed that this variegated phenotype only occurred in the presence of multiple X
chromosomes with the translocation involving certain regions of the X chromosome,
consistent with both the ‘n-1° rule and the later discovery of the XIC (Therman et al.,
1974; Brown et al., 1991a).

Shortly after the first confirmation of a human X;autosome translocation by
banding techniques (Buckton ef al., 1971), Allerdice et al. (1971) utilised
autoradiography to study the replication characteristics of an unbalanced X;14
translocation. Previous replication timing studies based on the differential
incorporation of tritium-labelled thymidine had shown the X to replicate later in the
cell cycle than either the X, or the autosomes (German, 1964). Using this technique,
Allerdice et al. observed that in their case the entire der(X), including the chromosome
14 segment, was apparently late-replicating, demonstrating cytologically the spreading
of the X-inactivation signal into autosomal chromatin. In 1973, Latt developed an
improved technique for studying chromosome replication timing based on the
incorporation of BrdU, a thymidine analogue, which allowed the spreading of late-
replication to be studied more easily and at much higher resolution than could be
achieved using *H-thymidine. Based largely on the presumption that the spread of late-
replication is a defining measure of the spread of X-inactivation, observations in over
60 independent cases of X;autosome translocation have since been reported (Leisti ef
al., 1975 and references therein; Camargo and Cervenka, 1984 and references therein;
Disteche et al., 1984; Keitges and Palmer, 1986; Williams and Dear, 1987; Caiulo ef
al., 1989; Schanz and Steinbach, 1989; Kulharya et al., 1995; Preis et al., 1996; Jones
et al., 1997; Canun et al., 1998; Eggermann ef al., 1998). In reviews of these cases,
Leisti ef al. and Camargo and Cervenka noted the high degree of variation in the X-
inactivation pattern, the extent of spread of late-replication, and the associated clinical
phenotype of carrier individuals. However, as pointed out by Camargo and Cervenka,
the majority of cases studied showed limited spreading of late-replication, usually
extending only a short distance into the attached autosomal chromatin. Additionally in
cases studied by Mohandas et al. (1981) and Keitges and Palmer (1986), spreading of
late-replication occurred in a discontinuous fashion, skipping some autosomal bands
and affecting others more distally, suggesting that autosomal chromatin does not either

transmit or maintain the inactivation signal as efficiently as the X chromosome.
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In 1979, Couturier ef al. provided the first direct evidence to support the
presumed relationship between the spread of late-replication into autosomal DNA and
the inactivation of genes upon it. Their observations in a carrier of an unbalanced X;21
translocation showed a delayed replication timing of the translocated segment of
chromosome 21 intermediate between that of the inactive X and the normal
chromosome 21 homologues, accompanied by an attenuated phenotype. Consistent
with this, biochemical studies of superoxide dismutase, a gene located upon the
translocated region of chromosome 21, showed it to have only mildly increased activity
that was much lower than that normally seen in individuals with trisomy 21. Three
similar studies in other X;autosome translocation carriers also found corresponding
correlations between the spread of late-replication, attenuation of clinical phenotype
and the inactivation of single autosomal genes (Mohandas er al., 1981; Mohandas et
al., 1982; Taysi et al., 1982).

By isolating an X;4 translocation chromosome using somatic-cell hybrids,
White et al. (1998) performed detailed studies of the spreading of inactivation,
analysing 20 genes along the length of the translocated autosomal region by RT-PCR.
Their results showed that while 14 of the genes analysed on the translocated 4q
segment were inactivated, 6 remained expressed, apparently escaping the spread of X-
inactivation. Although the X-inactivation signal had spread along virtually the entire
4q segment covering a distance of approximately 100Mb, these active genes were
interspersed among groups of inactive genes, demonstrating the ability of X-
inactivation to spread discontinuously as indicated by earlier replication timing studies
(Mohandas et al., 1981; Keitges and Palmer, 1986). Because of the relatively high
proportion of autosomal genes escaping X-inactivation in their case (6 out of 20),
White ef al. concluded that autosomal DNA must in some way differ from the X
chromosome in that it is relatively resistant to the X-inactivation signal.

Further evidence to support this view came from two cytogenetic studies of
X;autosome rearrangements. Duthie ef al. (1999) studied the spread of histone
hypoacetylation and Xist RNA into autosomal chromatin in two murine X;autosome
rearrangements. Both cases showed little or no spreading of these two features in the
majority of cells analysed. Similar studies in two human X;autosome rearrangements
(Keohane et al., 1999) also found no spreading of histone hypoacetylation, late
replication or XIST RNA into the attached autosomal chromatin, with all three
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parameters defining the breakpoint between the X and the autosomal material.

1.15 Aims of the study

Variations of X-inactivation ratios in normal women — Previous studies have
reported conflicting data on the prevalence of skewed X-inactivation in normal
women. In particular, it has been suggested that X-inactivation ratios may change both
with age (Fey et al., 1994; Busque ef al., 1996) and between different tissues within an
individual (Gale ef al., 1994; Azofeifa et al., 1996). It was therefore intended to study
X-inactivation ratios in a number of groups of normal women. Using DNA extracted
from blood samples, both young (defined as <20 years) and elderly (defined as >60)
populations were studied. Each was composed of approximately 100 individuals.
Study of these would define both the distribution of X-inactivation patterns in normal
women, and how this might change with age. These data would also provide a
valuable control population to test the involvement of skewed X-inactivation in genetic
disease.

Two previous studies have examined variation of X-inactivation ratios in
different tissues, and reported contradictory results. Both of these studies utilised
small numbers of individuals, some of whose ages varied widely, and used a number of
different techniques within each population. In order to clarify this issue, investigation
of tissue-specific X-inactivation ratios was also conducted using two further
populations, each of approximately 50 normal females, aged <25 and >60. It was
intended that from each individual samples of peripheral blood, buccal epithelia, and
urine would be obtained. It was hoped that these three samples would contain cells
descended from the three embryonic tissue layers - the mesoderm, ectoderm, and
endoderm respectively, and thus provide representatives from all portions of the early
embryo.

Previous studies have also indicated that skewed X-inactivation may be an
inherited trait. In some instances, this may be due to secondary selection against X
chromosomes which are carrying deleterious or lethal mutations. The data of
Pegoraro et al. (1997) suggests that deleterious mutations that cause severely skewed

X-inactivation may also cause embryonic lethality in hemizygous male offspring who
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inherit them. It was therefore also intended to determine X-inactivation ratios in the
relatives of females in the control populations. Correlation of X-inactivation ratios
between first-degree relatives would indicate the existence of heritable loci that
influence skewing, as is seen with the Xce in mouse. Furthermore, study of offspring
ratios in women with severely skewed X-inactivation would determine if their skewing

were the result of selection against lethal X-linked alleles.

Trisomy mosaicism in Silver-Russell syndrome — Silver-Russell syndrome (SRS) is
a malformation syndrome characterised by severe pre- and postnatal growth
retardation, asymmetry, craniofacial abnormalities, and other more variable features.
Although the syndrome is probably heterogeneous in nature (Wakeling ef al., 1998),
maternal uniparental disomy for chromosome 7 (matUPD7) is associated with
approximately 7% of SRS patients (Kotzot et al., 1995; Eggermann et al., 1997,
Preece et al., 1997), leading to the assumption that one or more imprinted genes on
chromosome 7 are responsible for at least a proportion of cases. More recently, the
identification of duplications of proximal chromosome 7p in SRS patients (Joyce et al.,
1999; Monk et al., 2000) suggests specifically the over-expression of gene(s) located
within this region as the pathogenic mutation. However, observations in a familial case
that both maternal and paternal inheritance of the region 7p12.1-p13 results in an SRS-
like phenotype suggests that the causative genes may not be imprinted (Joyce ef al.,
1999). Joyce et al. therefore proposed that SRS might result from the presence of an
additional copy of proximal chromosome 7p genes, either as a result of sub-
microscopic duplications of this region, or alternatively from undetected mosaic
trisomy of chromosome 7.

Duplications involving a number of candidate genes within proximal 7p have
been excluded from 87 SRS probands, (Joyce et al., 1999; Monk et al., 2000;
Martinez ef al., 2001; S. Mergenthaler, personal communication) and thus do not
represent a common cause of the disease. In addition, mutation and imprinting
analyses of numerous candidate genes have also failed to uncover any significant
defects in SRS (Abu-Amero et al., 1997; Rieswijk ef al., 1998; Eggermann et al.,
1999; Mergenthaler ef al., 2000a; Mergenthaler et al., 2001; Eggermann ef al., 2001)
and thus the underlying genetic cause remains unknown. However, the alternative

mechanism proposed by Joyce ef al., namely the possible involvement of mosaic
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trisomy 7 as a cause of SRS, has not been adequately addressed. Every case of
complete matUPD7 could have arisen by trisomy rescue (Mergenthaler er al., 2000b),
and trisomy 7 cells, apparently confined to the placenta, have been detected in five
matUPD7 SRS cases (Mergenthaler et al., 2000; Lau et al., 1997; Kotzot et al.,
2000). Thus, it is possible that mosaicism for trisomy 7 contributes towards the
phenotype in some cases of SRS, and that the occurrence of matUPD?7 is an additional
finding caused by the loss of the paternal chromosome 7 during trisomy rescue, which
would be expected in one third of such cases (Spence et al., 1988).

Previous reports have demonstrated that completely skewed X-inactivation is
frequently observed in the diploid tissues of individuals with mosaic trisomy that has
originated from a trisomy rescue event (Lau et al., 1997; Penaherrera et al., 2000;
Robinson et al., 2000). In these cases, the detected trisomic cells are often confined to
the placenta, and skewed X-inactivation presumably occurs as a result of a reduction in
the size of the disomic cell pool contributing to the developing foetus, because of
either poor growth by, or selection against, the trisomic cells. Thus, skewed X-
inactivation can act as a marker of clonality following a trisomy rescue event which has
occurred, perhaps in only a single precursor cell, during foetal development. As most
cases of matUPD7 probably originate from trisomy rescue, it was hypothesised that if
trisomy mosaicism was involved in the aetiology of SRS, the frequency of skewed X-
inactivation should be increased in a population of SRS patients when compared to
controls. In order to test this hypothesis, an analysis of the X-inactivation patterns in a
cohort of female SRS patients of unknown aetiology was performed, and the results

compared to those obtained from normal females of similar age.

The spreading of X-inactivation in X;autosome translocations — Since Russell’s
(1963) observation that in cases of X;autosome translocation, X-inactivation is capable
of spreading into attached autosomal DNA, numerous other studies have confirmed
and extended these early observations (Reviewed in Camargo and Cervenka, 1984;
Mattei et al., 1982). However, in all but a few cases evidence for the extent of spread
of X-inactivation into autosomal DNA has been based upon either replication timing
studies or the associated clinical phenotype in carrier individuals. Direct evidence to
support the presumption for an absolute correlation between the extent of spread of

late-replication and transcriptional silencing in X;autosome translocation carriers is
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weak. In particular, sporadic reports of individuals with unexpectedly mild phenotypes
in which there is no detectable spread of late-replication suggests that at least in some
cases late-replication may be a poor correlate of the spread of X-inactivation (Keitges
and Palmer, 1986; Bettio et al., 1994; Garcia-Heras et al., 1997; Bacino et al., 1999,
Keohane et al., 1999; Abuelo et al., 2000).

It was therefore intended to perform detailed studies of the spreading of X-
inactivation into autosomal DNA in a number of cases of X;autosome translocation. In
each case, isolation of transcribed polymorphisms within the translocated autosomal
segment would allow the expression status of individual genes along the translocated
segment of autosome to be determined by allele-specific RT-PCR. A combination of
immunofluorescence and FISH using whole chromosome paints would then allow the
visualisation of any accompanying spread of cytogenetic hallmarks of the X, such as
histone acetylation, histone methylation and late-replication, into the translocated
autosomal chromatin. Similarly, it was also intended to study the distribution of XIST
RNA on the der(X) in each case by a combination of RNA and DNA FISH.
Correlation of these cytogenetic observations with the spread of X-inactivation as
determined by gene expression studies would then allow an assessment of each
parameter both against one another, and as potential predictors of the phenotype
associated with each chromosome imbalance. Such studies might also provide
additional insights into how the X-inactivation signal is spread along whole
chromosomes.

Furthermore, previous observations of discontinuous spreading of late-
replication (Mohandas et al., 1981; Keitges and Palmer, 1986) and gene silencing
(White et al., 1998) in X;autosome rearrangements suggests that some autosomal
chromatin lacks features important in the spread and/or maintenance of X-inactivation.
Recently Mary Lyon proposed LINEs as candidates for these ‘booster sequences’, a
hypothesis supported by their distribution on the X chromosome (Bailey et al., 2000).
It was therefore also intended to perform a sequence analysis using data from the
Human Genome Mapping Project in an attempt to identify sequence features that
might correlate with the spread of X-inactivation, with a particular emphasis on LINEs

and other repeat sequences.
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Section 2 - Subjects, Materials and Methods

2.1 X-inactivation ratios in normal women

2.1.1 Variations of skewed X-inactivation with age

Two cohorts of unrelated females were selected from patients referred to the Wessex
Regional Genetics Laboratory for a variety of reasons between 1985 and 1997. All
samples were anonymised prior to their use in this study. Population A consisted of
98 females aged less than 20 years old (Mean age 7.3 years, standard deviation 5.5
years), as listed in Appendix 1. Ofthese 43 had been referred with a diagnosis of
Prader-Willi syndrome, 19 for Angelman syndrome, 29 for cystic fibrosis, and 7 for
polyposis coli screening. Population B consisted of 115 women aged over 60 years
old (Mean age 70.0 years, standard deviation 6.0 years), listed in Appendix 2. Of
these 60 had been referred for screening of genes involved in the genesis of breast
cancer and 55 were members of Huntington disease pedigrees. None of these
conditions are known to have any influence on the X-inactivation ratio. Stored DNA
samples from each individual had been extracted from peripheral blood collected with
EDTA or lithium-heparin anticoagulants using the following salt-precipitation

procedure:

I. In a fume cabinet the blood sample was poured into a 50ml centrifuge tube
and 4 volumes of ice cold sterile distilled water added to lyse the red
blood cells.

2. The sample was centrifuged at 3000rpm for 10 mins at 4°C (Sorvall
RT6000B, DuPont) to precipitate the remaining intact white cells.

3. Following centrifugation the supernatant containing lysed cell debris was

removed into a 2% solution of Virkon disinfectant (Antec International).

4. The cell pellet was re-suspended in 2 volumes of ice cold Sucrose Lysis
Buffer (SLB) and centrifuged at 3000rpm for 10 mins at 4°C to collect the cell
debris.

5. The supernatant was removed into a 2% solution of Virkon.

6. The pellet was re-suspended in 300ul of Resuspension Buffer (RSB) per ml of
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10.

11.

12.

original blood sample, and 15ul of 10% Sodium Dodecyl Sulphate (SDS)
{Sigma) added per ml of blood to lyse the cells, and remove the lipid fraction
and soluble proteins. 8ul of Proteinase K solution was also added to digest the
remaining cell proteins.

The sample was mixed by agitation and incubated overnight at 37°C.

150ul of 6M NaCl (Sigma) per ml of blood was added to precipitate the
non-DNA components and tubes shaken for 20 seconds.

Samples were centrifuged at 3500rpm for 30 mins at room temperature to
collect the precipitate.

Following centrifugation the supernatant was collected into a 15ml centrifuge
tube, two volumes of 100% ethanol (Sigma) added to precipitate the DNA,
and the tube inverted until DNA visibly collected as a ‘hair ball’.

Using a sterile needle, the DNA pellet was removed, washed in 1ml of 70%
ethanol to remove residual salts which might adversely affect future
manipulations, and transferred to a DNA tube containing between 50-500ul of
IxTris-EDTA (TE) Buffer (Sigma) depending upon the yield of DNA, which
improves the stability of stored DNA. If no visible precipitate was observed at
this point, the sample was incubated at -70°C for 30 mins to encourage
precipitation of nucleic acids, and then centrifuged at 14000rpm for 20 mins at
4°C. Supernatant was then removed and the remaining DNA pellet re-
suspended in 50-500ul of 1xTE Buffer .

The DNA pellet was re-suspended by incubating at 37°C for 1 hour. DNA
samples were then kept at -20°C for long-term storage, or temporarily at 4°C

whilst being studied.

(Adapted from Miller et al., 1988)

2.1.2 Tissue-specific variations of X-inactivation

Two further populations of females were recruited from individuals routinely referred

to Salisbury District Hospital Pathology Department between April 1998 and May

1999. The first cohort (Population C) consisted of 50 women aged 25 or under (Mean

age 21.5 years, standard deviation 3.3 years), listed in Appendix 3. The second

(Population D) consisted of 51 women aged 60 years or over (Mean age 73.2 years,
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standard deviation 8.5 years), listed in Appendix 4. The medical history of these
patients was unknown. All individuals were volunteers to which the nature of the
study was explained prior to their inclusion. The study was also approved by
Salisbury Research Ethics Committee, application reference SA 03/98. From each
patient three samples were obtained. Approximately 1-3ml of peripheral blood was
taken by a trained phlebotomist into a sterile sample tube (Vacutainer) containing
EDTA anticoagulant, two samples of buccal epithelia cells were taken using sterile
mouthbrushes (Medical Wire and Equipment Co.), and a urine sample of between 5-
80ml obtained in sterile sample jars. All samples were refrigerated at 4°C

immediately after being taken and DNA extracted within 48 hours.
DNA was extracted from blood samples using the following procedure:

1. Approximately 1ml of blood was transferred to a 1.5ml microfuge tube
and centrifuged at 13000rpm for 20 mins at 4°C (Sorvall RMC14, DuPont) to

collect the cellular component.

2. The supernatant was removed into a 2% solution of Virkon, 1ml of ice cold
distilled water added and the pellet gently re-suspended by pipetting.

3. The sample was centrifuged at 13000rpm for 20 mins at 4°C.

4. The supernatant was removed and the pellet re-suspended in 700ul of SLB.

5. The sample was centrifuged at 13000rpm for 10 mins at 4°C and the
supernatant removed.

6. The cell pellet was re-suspended in 350ul of RSB by vortexing, and 40ul of
10% SDS and 3pl of Proteinase K solution added. The sample was then
vortexed briefly and incubated at 37°C overnight.

7. 150pl of 6M NaCl was added, the sample was mixed by inversion, and
then placed at -20°C for 5 mins until a white precipitate formed.

8. The sample was centrifuged at 13000rpm for 20 mins at 4°C.

9. The supernatant was removed into a clean 1.5ml microfuge tube, 2 volumes of
ice cold 100% ethanol added, and the tube mixed by inversion until DNA
visibly precipitated as a ‘hairball’.

10.  Samples were centrifuged at 13000rpm for 20 mins at room temperature

to pellet the DNA, the supernatant removed, and 50-250ul of 1xTE buffer
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added depending upon the yield of DNA.
11. DNA was re-suspended by incubation at 37°C for 1 hour, and samples stored

at 4°C.

DNA was extracted from mouthbrush samples using the following procedure:

1. The two mouthbrushes from each individual were combined into a single tube.

2. 500ul of RSB was added to each sample and vortexed vigorously for 30 secs
to suspend cells in the RSB.

3. The cell suspension was transferred to a 1.5ml tube using a Pasteur pipette,
and 10pl of 10% SDS and 3pl of Proteinase K solution added.

4. The sample was vortexed briefly and incubated overnight at 37°C.

5. DNA was then precipitated as described in steps 7-11 above.
DNA was extracted from urine samples using the following procedure:

1. The volume of urine received was recorded, and if DNA was not to be
extracted within 8 hours then a quantity equal to 10% of the sample volume of
95% methanol:5% glacial acetic acid (Sigma) was added as a preservative.

2. The sample was split equally into two 50ml centrifuge tubes. Samples were
then centrifuged at 3000rpm for 10 mins at 4°C to fractionate the cellular
component.

3. The supernatant was removed into a 2% solution of Virkon, 500ul of RSB
added and the pellet resuspended by vortexing. At this point 50ul of the cell
suspension was removed into a clean tube to which 500ul of 3:1
methanol:acetic acid added to fix the cells for microscopy (method detailed
below).

4. The remainder of the sample was centrifuged at 13000 rpm for 5 mins at
4°C to pellet the cells, and the supernatant removed.

5. 10ul of 10% SDS and 3l of Proteinase K solution were added, mixed by
vortexing briefly, and incubated at 37°C overnight.

6. DNA was then precipitated as described in steps 7-11 above.
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Fixed urine samples were prepared for microscopy using the following method:

1.

150pl of fixed cell suspension was spun onto a labelled microscope slide using

a Cytospin II centrifuge (Shandon) at 3000rpm for 5 mins at room

temperature.

Slides were allowed to air dry for 5 mins and then stained using an automated

Varistain (Shandon) according to the following method:-

Step

Reagent
100% ethanol
70% ethanol
dH,0
Haematoxylin Stain
dH,O
0.5% HCl in 70% ethanol
dH20
70% ethanol
100% ethanol
Orange G 6 Stain
100% ethanol
100% ethanol
EA 50 Stain
100% ethanol
100% ethanol
Xylene

Xylene

Incubation Time
30 secs
90 secs
30 secs
150 secs
30 secs
60 secs

120 secs

30 secs
30 secs
30 secs
60 secs
60 secs
60 secs
60 secs

60 secs

(Adapted from Papanicolaou, 1963)

After staining slides were placed in a fume cabinet to air dry briefly, a small

quantity of Pertex Mounting Media (CellPath) pipetted over the stained cells

and a coverslip placed on top. Particular care was taken to exclude air bubbles

from the mounting media, which would hinder subsequent microscopy.
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4. Slides were then left for approximately 1 week to allow the mounting media to
set before being viewed and scored for approximate cell content using a light

microscope (Zeiss).

2.1.3 Offspring ratios in women with skewed X-inactivation

Seventeen further unrelated females were selected from patients referred to the
Wessex Regional Genetics Laboratory between 1984 and 1995. Named Population E,
(detailed in Appendix 5), each of these females was selected on the basis of having
produced at least twice as many daughters as sons according to available pedigree
data. The total numbers of offspring born to the females in Population E were 9 sons
and 60 daughters. Fifteen of these females were members of pedigrees containing
individuals diagnosed with Huntington disease, while the remaining two females were
referred for polyposis coli screening. While the ages of six of the females in
Population E were unknown, the ages of the remaining 11 ranged from 33 to 75
(Mean age 51 years, standard deviation 14.2 years). Stored samples of peripheral

blood DNA were available from each of these individuals.

2.1.4 Determination of X-inactivation ratios

The assay used was a PCR-based test adapted from that described by Allen ef al.
1992, and using the modifications described by Pegoraro er al. (1994). This
procedure utilises the fact that the inactive X chromosome is methylated at many of
its CpG dinucleotides at the 5 end of inactivated genes (Tribioli ef al., 1992). The
PCR primers used amplify a region in exon 1 of the Androgen Receptor gene (4R)
located at Xq12 (Shown in Figure 1). This amplified region contains a highly
polymorphic CAG triplet repeat sequence, with approximately 20 different alleles
seen in the normal population with a very high frequency of heterozygosity (~90% of
females). Also contained within the amplicon are 4 restriction enzyme recognition
sites, 2 for Hpall and 2 for Cfol. These restriction enzymes are methylation sensitive
and will only cut unmethylated DNA. It has been shown that the recognition
sequences for these restriction enzymes in this region are always methylated on the
inactive X, and always unmethylated on the active X (Allen et al., 1992). Therefore,
Hpall and Cfol will only cleave DNA from the active unmethylated X and will leave
DNA from the inactive methylated X chromosome intact. By first digesting DNA
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with these methyl-sensitive enzymes, the quantity of product generated from each
allele in the subsequent PCR will be proportional to its relative inactivation in the
sample, as the PCR will only generate products from the uncut DNA from the X;. By
using PCR primers labelled with a fluorescent dye and resolving the reaction products
on an ABI 377 automated sequencer, the amount of each allele produced could be
accurately quantified, therefore allowing the relative activity of each X chromosome,

the X-inactivation ratio, to be determined.

Figure 1 - Diagram of exon 1 of the AR gene at Xq12

Forward primer Reverse primer
pr- —
Cfol Cfol polyCAG repeat
i i

T T
Hpall Hpall

As a result of the reaction kinetics of PCR, larger alleles tend to be less well
amplified than shorter sequences of DNA. This preferential amplification becomes
even more pronounced when the amplicon composition is GC-rich, as is the case here.
The long tract of polyCAG’s tends to form a hairpin-loop structure through
complementary base-pairing between cytosine and guanine residues. The stability of
this secondary structure increases with CAG repeat number, and inhibits the action of
the DNA polymerase used in PCR. As a result, the degree of preferential
amplification in each case depends upon the difference in repeat number between the
two alleles. In order to account for this when using PCR to measure X-inactivation
each sample has to be amplified in duplicate, once using untreated DNA, and once
using DNA digested with Hpall and Cfol. The relative ratio of the alleles amplified
from the untreated DNA can then be used to adjust the result generated from the
restricted DNA, and thus account for the preferential amplification in each case.

It was found that the addition of dimethyl sulphoxide (DMSO) and 7° deaza-

dGTP to the PCR reaction gave more uniform and reliable amplification. This was
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particularly true for many old DNA samples that were otherwise difficult to amplify,
presumably because of the poor quality of the DNA. DMSO is an inhibitor of the
formation of molecular secondary structure, while 7’ deaza-dGTP is unable to form
complementary base pairs with cytosine. Therefore the inclusion of these two
compounds into a PCR reaction inhibits the formation of the hairpin-loop structures
which normally lead to long CAG repeat sequences being difficult to amplify.

Prior to PCR amplification the DNA sample to be tested was digested in a
20pl reaction mix containing 211l DNA solution (approximately 500ng DNA), 1x
Restriction Buffer L (10mM Tris-HCI, 10mM MgCl,, 50mM NaCl, ImM
Dithioerythritol, pH 7.5) (Roche), 10 units Hpa II (Roche), and 10 units Cfol (Roche)
in a 0.5ml reaction tube. A control digestion mix was also set up in parallel for each
individual containing 2pul DNA solution and 1x Restriction Buffer L in a total volume
of 20ul. Reactions were mixed by vortexing, the droplet collected by centrifugation,
and then incubated overnight at 37°C. Tubes were then incubated at 94°C for 10 mins
to inactivate any residual enzyme activity, and centrifuged briefly to collect the
droplet. A positive control digest was also set up in each batch of reactions using
DNA from a normal male. This single active X chromosome is unmethylated at the
AR locus and so should be cleaved completely by Hpall and Cfol, thus generating no
PCR product following complete restriction digestion. Visualisation of a product
from this digested male DNA therefore indicates incomplete enzymatic cleavage.

Digested DNA was then amplified in duplicate using two sets of PCR primers,
which both amplify the same region of the AR gene, but generate products of a
different size. This generated two independent results for each individual from which

a mean could be calculated. Primer sequences and modifications were as follows:

AR 1 - GCTGTGAAGGTTGCTGTTCCTCAT, labelled with 5° TET dye.
AR 2 - TCCAGAATCTGTTCCAGAGCGTGC, unlabelled.

AR 3 - GTGCGCGAAGTGATCCAGAA, labelled with 5° FAM dye.
AR 4 - CCAGGACCAGGTAGCCTGTG, unlabelled.

(Primers supplied by Oswel DNA Service, Southampton)

PCR reactions were performed in 0.2ml reaction tubes in an Applied
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Biosystems 9600 Thermal Cycler in 20ul reaction volumes containing 4l of DNA
digestion reaction, 1x PCR Buffer II (10mM Tris-HCI, SOmM KCIl, pH8.3)(Applied
Biosystems), 200uM dATP, 200puM dCTP, 200uM dTTP, 125uM dGTP (Promega),
75uM 7’ deaza-dGTP (Roche), 10% DMSO (Sigma), 50ng of 4R 1/3, 50ng of AR
2/4, and 0.25 units of Ampli7ag Gold DNA polymerase (Roche).

PCR conditions were as follows:

1. An initial denaturation step at 94°C for 15 mins. This incubation period also
functions to activate the AmpliZag Gold DNA polymerase used in the PCR.

2. 30 amplification cycles of 94°C for 30 secs, 59°C for 30 secs, 72°C for 30
secs.

3. An extension step at 72°C for 7 mins

4. A final incubation at 60°C for 60 mins. Ampli7ag Gold also has a DNA
terminal transferase activity, which occurs optimally at 60°C. As a result,
during a PCR reaction it will sporadically add an extra adenine residue at the
3’ end of some PCR products. This can result in the generation of “split
alleles’, with a proportion of the allele 1bp larger than the remainder, leading
to problems with subsequent quantification of the allele. With the inclusion of
a final prolonged incubation at the optimal terminal transferase temperature,

all PCR products should be of the same length.

Following PCR amplification, reactions were stored at 4°C in the dark. PCR
products were then resolved using an ABI Prism 377 DNA sequencer (Applied

Biosystems) using the following method:

1. 30cm gel plates were washed with a dilute detergent solution (Alconox),
rinsed thoroughly under tap water, and then rinsed with distilled water before
being left to air dry.

2. Gel plates were then assembled into a casting cassette, separated by 0.2mm
spacers.

3. 300pu1 of 10% Ammonium Persulphate (Sigma) and 30ul of TEMED (Sigma)

were added to a 4.25% denaturing polyacrylamide solution (19:1 bis
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10.

11.

12.

13.

14.

acrylamide, 7M urea, 1xTris-Borate EDTA) (Amresco) in a clean plastic
bottle and mixed gently.

This gel mix was poured between the gel plates, a 36-well shark-tooth

comb inserted in its reverse orientation and the gel left to polymerise for 1-2
hours.

Following polymerisation, the shark-tooth comb was removed, cleaned and re-
inserted in its correct orientation into the top of the gel. The bottom section of
the glass plates were thoroughly cleaned and the cassette placed into the
sequencer.

After importing a pre-prepared sample sheet, a plate check was performed to
ensure that the gel plates were thoroughly clean.

Buffer chambers were attached to the cassette, filled with 1xTris-Borate
EDTA Buffer (Sigma), and a plate heater clipped on.

The gel was pre-run for 5-15 mins to remove impurities from the gel and
ensure that the operating temperature of 50°C had been reached.

0.5pl of each PCR product was aliquoted into numbered tubes containing
0.75ul of blue dextran (Sigma) in formamide (Amresco) and 0.25pl Genescan-
500 TAMRA size standard (Applied Biosystems). This mixture was
incubated at 94°C for 5 mins to denature the DNA to a single-stranded form.
The pre-run gel was paused, each well flushed using a hypodermic needle

and syringe, and the denatured PCR products loaded into the odd-numbered
wells only using 0.2mm Miniflex flat tips (Sorenson Bioscience).

The pre-run was resumed for 3 mins and subsequently paused again. The
even numbered wells were then flushed and the remaining PCR products
loaded into each of these.

After loading was complete, the pre-run was halted and the run initiated.
Products were elctrophoresed until the 350 base-pair marker fragment was
visible.

After electrophoresis was complete, the gel data was analysed using Genescan
(Version 2.1, Applied Biosystems) and Genotyper (Version 2.0, Applied
Biosystems) software. Peak heights and areas were quantified to give a
measurement of the amount of PCR product from each allele.

The X-inactivation ratio was calculated in heterozygous individuals using
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the following method:

i) Inthe undigested track the peak height of allele 1 was divided by the peak
height of allele 2 to yield a ‘Correction Factor’. This is needed to account for
the preferential amplification of the smaller allele in the PCR reaction.

ii) Inthe corresponding track of restricted DNA, the peak height of allele 1
was divided by the peak height of allele 2. This ratio of peak heights was then
divided by the ‘Correction Factor’ calculated in step (i) to yield an X-
inactivation ratio.

iii) This figure was converted to a percentage by dividing the X-inactivation
ratio by (itself + 1) and multiplying by 100. The resultant figure gives the X-

inactivation ratio, expressed as the relative percentages of each peak height.

This can be expressed in the following equations:

X-inactivation ratio = (Allele 1b/ Allele 2b)

(Allele 1a/ Allele 2a)

Percentage inactivation of allele 1 =  X-inactivation ratio
x 100

(X-inactivation ratio + 1)

iv) In cases were the two alleles were closely spaced so that the stutter bands
from the larger allele superimposed over the smaller allele a correction was
applied. This correction was calculated from the height of the stutter band to

the major band for each allele.

2.1.5 Statistical Analysis
x* analysis, or alternatively Fisher’s exact test (where expected or observed values
were <5), were used to compare the proportion of females with severely skewed X-

inactivation ratios in different populations. In order to compare the levels of

correlation of X-inactivation ratios between different tissues within Populations C and

72



D, a number of analyses were performed. Pearson correlation co-efficients (r) were
initially calculated to test for significant association between each tissue. The co-
efficient of determination (R) yields a quantitative measure of the overall correlation
between two parameters and was used to compare the degree of association of X-
inactivation ratios in different tissues. In addition, regression analyses were
performed and 95% prediction intervals generated for each tissue distribution. All

statistical analyses were performed using Minitab, Statxact or customised software.

2.1.6 Determination of linearity of the AR assay

Samples of DNA from two normal males who possessed 4R alleles which differed in
size by 5 CAG repeats were selected and the concentration of the DNA samples
determined by spectrophotometry and diluted to equilibrium. The two DNA samples
were then mixed in serial dilutions ranging from 20:1 to 1:20 concentrations. These
samples were then amplified by PCR using primer sets AR1/2 and AR3/4 and the
relative peak height of each allele produced in this reaction determined as described
above. Results of relative input DNA dilution against relative peak height were then

plotted graphically.

2.2 X-inactivation ratios in Silver-Russell Syndrome

The study population consisted of 34 unrelated female SRS probands of unknown
aetiology, described previously (Preece et al., 1997; Mergenthaler et al., 2000b). The
population had a mean age at sampling of 8.9 years, standard deviation 9.1, range 0.8-
37, while the mean maternal age at birth was 28.6 years, standard deviation 5.5, range
19-39 (Appendix 7). A clinical diagnosis of SRS in each case was based on the
following criteria: severe pre- and post-natal growth retardation, characteristic facial
features, facial, trunk, or limb asymmetry, and a variety of other variable features
(Wollmann et al., 1995). High resolution cytogenetic examination of peripheral blood
lymphocytes had previously revealed a normal karyotype in each case. Additionally,
the analysis of 18-20 polymorphic markers along the length of chromosome 7 in each
proband and their parents found no evidence of UPD7, indicating normal biparental

inheritance of chromosome 7 in each case (Preece et al., 1997; Mergenthaler et al.,
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2000b). X-inactivation ratios in peripheral blood were determined using the AR gene
PCR assay. Each result was generated from a mean of two independent PCR
reactions.

X-inactivation ratios in two SRS patients with matUPD7 were also analysed.
SR38 and SR57 were both heterodisomic, resulting from maternal meiotic non-
disjunction of chromosome 7 followed by trisomy rescue (Eggermann ef al., 1997;
Precce et al., 1997).

Fisher’s exact test (StatXact v.3) was used to compare the proportion of
females with extreme or completely skewed X-inactivation ratios between test and
control populations. As the hypothesis being tested predicted both the direction and
magnitude (see discussion) of the increased frequency of skewed X-inactivation in
SRS individuals compared to controls, a one-tailed test was used to calculate P-

values, although the use of two-tailed tests gave similar results.

2.3 The spreading of X-inactivation in X;autosome

translocations

2.3.1 Cell Culture

EBV-transformed lymphoblastoid cell lines from five patients with unbalanced
Xsautosome translocations (ID codes DD1289, DD0003, AL0044, BO0566, DD1550
for cases 1-5 respectively) were obtained from the European Collection of Animal
Cell Cultures, Porton Down, Wiltshire, England, and grown in a 5% CO, atmosphere
at 37°C in 30ml volumes of RPMI-1640 (Sigma) supplemented with 10% heat-
inactivated foetal calf serum (Sigma), 2mM L-glutamine (Sigma), and 100U/ml each
of penicillin and streptomycin (Sigma). Cultures were fed twice weekly and split at

approximately one week intervals.

2.3.2 DNA and RNA extraction
DNA was extracted from lymphoblastoid cell lines and samples of peripheral blood

using a salt-precipitation method, as detailed in Section 2.1.1.

RNA was extracted from lymphoblastoid cell lines and samples of peripheral



blood using Trizol reagent (Invitrogen). For samples of peripheral blood, T and B

cells were separated as follows:

1. 10ml of Histopaque 1077 (Sigma) was placed in a 50ml screw cap tube.

2. The blood sample was gently layered on top of the Histopaque and centrifuged at
3000rpm for 20 mins.

3. The T and B cell layer was removed from the top of the interface layer and placed
in a 15ml tube, and the red granulocyte pellet at the bottom removed for DNA
extraction.

4. The T and B pellet was washed with PBS and centrifuged for 10 mins at 3000rpm.
5. The supernatant was removed into 2% Virkon, the cell pellet resuspended in 200ul
PBS, transfered to an eppendorf tube and centrifuged for 2 mins at 13000rpm to

pellet the cells.

6. The supernatant was removed into 2% Virkon. T and B cells, or lymphoblastoid
cells, were then resuspend in 1ml of Trizol by gentle pipetting and stored at -70°C

until ready for RNA extraction.
RNA was extracted as follows:

1. The frozen Trizol sample was defrosted for 1 hour at room temperature.

2. Samples were centrifuged at 11500rpm for 10 mins at 4°C.

3. The supernatant was transferred to a 2ml screw cap tube and 300l of chloroform
(Sigma) added.

4. This was mixed vigorously by shaking for 15 seconds, incubated for 2-3 mins at
room temperature and centrifuged at 11500rpm for 15 mins at 2-8°C.

5. Following centrifugation the upper aqueous phase was transferred to a fresh
autoclaved sterile 1.5ml eppendorf tube and 0.75ml of isopropanol (Sigma) added
to precipitate the RNA.

6. This was incubated for 10 mins at room temperature and centrifuged at 2-8°C for
10 mins at 12500rpm.

7. The supernatant was removed, the RNA pellet washed with 1ml of 75% ethanol
by vortexing, and centrifuged at 9200rpm for 5 mins at 2-8°C.

8. The supernatant was removed and the pellet allowed to briefly air dry before

75



dissolving in 50ul of RNase free water by vortexing and incubation at 55°C for 10
mins.

9. Samples were stored at -70°C until needed.

2.3.3 Determination of X-inactivation ratios
X-inactivation ratios were determined using the AR gene PCR assay as described in

section 2.1.5.

2.3.4 Identification of transcribed polymorphisms

Putative transcribed single-nucleotide polymorphisms (SNPs) and sequence length
polymorphisms contained within 10q23-qter, 11p12-pter, 7q22-qter and 6p12-pter
were isolated from The Genome Database (http://gdbwww.gdb.org/), Locuslink
(http://www.ncbi.nlm.nih.gov/LocusLink/), and HGBase
(http://hgbase.interactiva.de/). Webcutter 2.0
(http://www.firstmarket.com/firstmarket/cutter/cut2.html) was used to identify those
SNPs which either created or destroyed a restriction site, and primers to amplify these
polymorphisms were designed from mRNA sequences in Genbank
(http://www.ncbi.nlm.nih.gov/Web/Genbank) using Primer3 (http://www-
genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). In Primer3, all primer picking
settings were at default except for optimal Ty, which was set at 60°C. In total, primers
to amplify 216 putative polymorphisms in 135 genes were designed and tested for
heterozygosity in the 5 probands AH, SP, SR, AL0044 and BO0566 by PCR,

restriction digestion and agarose gel electrophoresis, as follows:

I. 50ng of genomic DNA was used as template in a 30ul PCR reaction
containing 1x PCR Buffer (10mM Tris-HCI, 50mM KCI, 2mM MgCl,, pHS.3)
(Qiagen), 200uM each of dATP, dCTP, dTTP and dGTP, 33ng of each
unlabelled primer, and 0.5U Hotstar Taq (Qiagen), using 35 cycles at 94°, 55-
60°, and 72° for 30 secs each.

2. 15u1 of this PCR reaction was digested for 2-16 hours in a 20ul reaction
containing 5-20U of restriction enzyme (New England Biolabs/Roche)
(Appendix 8) and 1x recommended buffer.

3. PCR products were resolved through 3% agarose containing 0.5ng/ml

76


http://gdbwww.gdb.org/
http://www.ncbi.nlm.nih.gov/LocusLink/
http://hgbase.interactiva.de/
http://www.firstmarket.com/firstmarket/cutter/cut2.html
http://www.ncbi.nlm.nih.gov/Web/Genbank
http://www.cgi

ethidium bromide and visualised under ultraviolet light.

Polymorphisms, restriction enzymes, and primer details of the 32 used for allele-

specific RT-PCR are detailed in Appendix 8.

2.3.5 Allele-specific quantitative RT-PCR
RNA samples (10p1) were incubated with 2U RQ1 RNAse-free DNAse (Promega) for
30 mins at 37°C in 18ul reaction volumes containing 1x First-Strand Buffer (50mM
Tris-HCI pH8.3, 75SmMKCL, 3mM MgCl,) (Gibco BRL) and 8U RNAseOUT
ribonuclease inhibitor (Gibco BRL). The DNAse was inactivated‘by the addition of
2ul Stop Buffer (20mM EGTA, pH8.0) and incubation at 65°C for 10 mins. 10ul of
the sample was removed and diluted by the addition of 30ul of dH,O and set aside as
a control not subjected to reverse transcription.
66ng of each appropriate gene-specific reverse-strand primer were added to the
remaining 10ul aliquot of RNA, incubated at 65°C for 5 mins under oil to denature
the RNA, and placed on ice. This was used for cDNA synthesis in a 401 reaction
volume containing 1x First-Strand Buffer (Gibco BRL), 1mM each of dATP, dCTP,
dTTP and dGTP, 20U of RNAse inhibitor (Gibco BRL), 10mM DTT and 500U of M-
MLV reverse transcriptase (Gibco BRL) by incubation at 37°C for 60 mins. Finally
the reaction was terminated by incubation at 95°C for 5 mins.

1ul (~50ng) of genomic DNA or cDNA were used as template in an initial
20ul PCR reaction containing 1x PCR Buffer (10mM Tris-HCL, 50mM KCl, 2mM
MgCL, pH8.3) (Qiagen), 200uM each of dATP, dCTP, dTTP and dGTP, 33ng of
each unlabelled primer, and 0.5U Hotstar Taq (Qiagen), using 30-38 cycles at 94°, 55-
63°, and 72° for 30 secs each (detailed in Appendix 8). 3ul of this reaction was used
as template in a second 30ul PCR reaction incorporating a fluorescently labelled
primer, which was subjected to a single cycle of PCR. Use of this method avoided
heteroduplex formation, thus facilitating accurate allele quantification by restriction
digest (Uejima ef al., 2000). 15ul of this second PCR reaction was digested overnight
in a 20pl reaction containing 10-20U of restriction enzyme (New England Biolabs)
(Appendix 8) and 1x recommended buffer. Digests were run on an ABI377 sequencer
and data analysed using Genescan and Genotyper software for quantification of

alleles by peak height. The use of peak area for quantification gave similar results in
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each case, but was found to be a less reliable measure of allele intensity than peak
height in some instances, particularly where peaks were smeared or split.

For 26 of the 32 genes tested, comparison of results gained using proband
DNA showed one allele to be approximately double the intensity of that in normal
controls, demonstrating their inclusion in the translocated segment of autosome. For
the remaining 6 genes (RRM1, MRPL23, HCR, CSNK2B, HLA-DRA and PSMBY) the
primers used spanned large introns and were thus cDNA specific. Instead, their
inclusion in the translocated segments of autosome was confirmed using physical and
radiation-hybrid maps (http://genome.ucsc.edu/ and
http://www.ncbi.nlm.nih.gov/genemap99/).

A gene was scored as inactive when the allele ratio gained using cDNA of the
proband was significantly different from that obtained using DNA of the proband, and
almost identical to those seen using DNA and ¢cDNA from normal controls. Such
results indicate that the gene is transcribed from only two alleles in the proband,
implying that the copy on the der(X) is inactive (Fig. 16). In every case, analysis of
parental DNA/RNA gave results that were consistent between the known origin of the
der(X) and the transcriptionally silent allele. Similarly, a gene was scored as active
when results obtained using cDNA of the proband were similar to those gained using
DNA of the proband, and significantly different to those gained using both DNA and
cDNA from heterozygous controls. Such results indicate that the gene is transcribed
from all three alleles in the proband, implying that the copy on the der(X) remains

active.

2.3.6 CpG island methylation analysis

NIX analysis (http://www.hgmp.mrc.ac.uk/Registered/Webapp/nix/) of genomic
sequence clones deposited in Genbank was used to identify CpG islands located
within the 5° region of translocated autosomal genes within 11p12-pter and 6p12-pter.
Primers spanning sections of each CpG island were designed using Primer3, with
primer picking settings set at default except for optimal Ty, which was set at 62°C and
optimal primer length at 22bp (Appendix 8). A further primer set to amplify the CpG
island of the X-linked gene PGKI, which is known to be methylated on the inactive X
and unmethylated on the active X (Gilbert and Sharp, 1999), was designed from

representative genomic sequence (Appendix 8). Each amplicon was restriction
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mapped using Webcutter 2.0 to determine the number and location of Hpall/Mspl and
Cfol recognition sites.

500ng DNA was digested overnight at 37°C in a 25pl reaction mix containing
1x Restriction Buffer L (10mM Tris-HCI, 10mM MgCl,, 50mM NaCl, I1mM
Dithioerythritol, pH 7.5) (Roche), 20U Dral (New England Biolabs) and either 10U
Hpall (Roche), 10U Cfol (Roche) 10U Mspl (Roche) or dH,O. After overnight
incubation a further SU of Hpall, Cfol or Mspl were added to the appropriate
reactions and incubated for a further 5 hours at 37°C to ensure complete digestion.
4pl of this digest were then used as template to coamplify individual CpG islands and
the control PGK1 CpG island in a 20pl PCR reaction containing 1x PCR Buffer
(Qiagen), 200uM each of dATP, dCTP and dTTP, 125uM dGTP (Promega), 75uM 7°
deaza-dGTP (Roche), 10% DMSO (Sigma), 33ng of forward/reverse autosomal CpG
island primer, 13-25ng of forward/reverse PGK1 CpG island primer, and 0.5U Hotstar
Taq (Qiagen) using 30-35 cycles at 94°, 60°, and 72° for 30 secs each (detailed in
Appendix 8). PCR products were then resolved through 3% agarose containing

0.5ng/ml ethidium bromide and visualised under ultraviolet light.

2.3.7 Detection of late-replicating chromatin and in situ
hybridisation

1. Lymphoblastoid cultures were resuspended by agitation, a Sml aliquot
removed into a 10ml flask containing 100u1 of BrdU solution (final
concentration 30pg/ml) and the culture mixed by inversion and incubated at
37°C.

2. After 3 hours, 100ul demecolcine (Sigma) was added (final concentration
200ng/ml), mixed by inversion and incubated at 37°C.

3. After a further 2 hours the culture was harvested and fixed as follows:

- The culture was centrifuged for 5 mins at 1200rpm, the supernatant removed
into 2% Virkon, and the cell pellet resuspended in Sml of 75mM KC1
by agitation.

- The culture was centrifuged for 5 mins at 1200rpm, and the supernatant
removed into 2% Virkon.

- 5ml of freshly prepared 3:1 methanol:acetic acid was added dropwise

with agitation to ensure resuspension of the cells.
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11.

12.

13.

14.

15.

17.

18.

- The culture was centrifuged for 5 mins at 1200rpm, the supernatant removed
and the cell pellet resuspended in a further Sml of 3:1 methanol:acetic
acid. This step was then repeated.

Fixed cells were stored at —20°C until further use.

Slides of metaphase spreads were prepared in a controlled atmosphere (22°C

and 60% humidity) by dropping one drop of fixed cell suspension onto

ethanol-washed glass slides. Metaphases were then further spread by the
addition of a further drop of freshly prepared 3:1 methanol:acetic acid. Slides
were allowed to air dry.

Metaphases were hardened by exposure to ultraviolet light for 40 seconds.

75pl of denaturing solution was added to the slide under a 22x50mm coverslip

and incubated on a hotplate for 2 mins at 72°C.

The slide was rinsed briefly in 2xSSC.

The slide was dehydrated by serial incubations in ice-cold 70% IMS for 2

mins, 90% IMS for 2 mins, and 100% IMS for 2 mins, and allowed to air dry.

75ul of PBT solution was added to the slide under a 22x50mm coverslip and
incubated for 30 mins at room temperature.

The slide was incubated in 100ul of mouse monoclonal anti-BrdU (Sigma),

diluted 1:50 in PBT, under a 22x50mm coverslip for 30 mins at room

temperature.

The slide was washed twice for two minutes each in PBT at room temperature.

100l of anti-mouse IgG FITC conjugate (Sigma), diluted 1:500 in PBT,

under a 22x50mm coverslip for 30 mins at room temperature.

The slide was washed twice for two minutes each in PBT at room

temperature.

The slide was post-fixed in 4% paraformaldehyde for 5 mins at room

temperature, and washed twice for two minutes each in PBT at room

temperature.

10pl aliquots of the appropriate TRITC-labelled whole chromosome paint

(Appligene Oncor) was denatured at 72°C for 10 mins and pre-annealed at

37°C for 30 mins, as per manufacturers instructions, and applied to the slide

under a 22x22mm coverslip, sealed with rubber cement, and hybridised
overnight in a dark humid chamber at 37°C.

The coverslip was carefully removed and the slide washed for 5 mins in
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2.3.8

10.

0.5xSSC at 72°C and for a further 5 mins in 0.25xSSC at 72°C.
The slide was mounted in Vectorshield with DAPI (Vector) under a 22x50mm
coverslip and viewed using Zeiss Axiophot microscope with a CCD camera.

Images were captured and enhanced using Macprobe 4.1 software (PSI).

Histone immunofluorescence and irn situ hybridisation

Antisera to histone H3 dimethylated at lysine 4, histone H3 acetylated at
lysine 14, and histone H4 acetylated at lysine 8 were raised as described
previously (Belyaev et al., 1996). The antibody to H3 methylated at lysine 4
was raised against H3 peptides dimethylated at lysine 4 and does not recognise
H3 trimethylated at lysine 4 (B. Turner and L. O’Neill, unpublished data).
Lymphoblastoid cultures were resuspended by agitation, a Sml aliquot
removed into a 10ml flask containing 100u1 demecolcine (Sigma) (final
concentration 200ng/ml), mixed by inversion and incubated at 37°C for 2
hours.

Cell cultures were centrifuged at 1200rpm for 5 mins to pellet cells. The
supernatant was removed and the cell pellet initially resuspended in 1ml of
hypotonic solution (75mM KCI). Cell density was determined using a
haemocytometer and additional 75mM KCl solution added to adjust the cell
density to 5x10° cells/ml. Cells were then incubated at 37°C for 10 mins.
Glass slides were cleaned with ethanol and 100ul of cell suspension spun onto
them using a Cytospin II (Shandon) at 1200rpm for 5 mins.

Slides were allowed to air-dry briefly and then incubated in KCM buffer for
10 mins at room temperature to permeabilise the cells.

Slides were blocked in KCB buffer for 10 mins at room temperature.

The slide was incubated with 100pl of antisera, dituted 1:200 in KCB butffer,
under a 22x50mm coverslip for 30 mins at room temperature.

The slide was washed twice for two minutes each in KCB at room
temperature.

The slide was incubated in 100pu1 of anti-rabbit IgG FITC conjugate (Vector),
diluted 1:200 in KCB, under a 22x50mm coverslip for 30 mins at room
temperature.

The slide was washed twice for two minutes each in KCB at room
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15.

16.
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18.
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20.

21.

22.

23.

temperature.

The slide was post-fixed in 4% formaldehyde for 5 mins at room temperature,
and washed twice for two minutes each in 1xPBS at room temperature.

The slide was mounted in Vectorshield with DAPI (Vector) under a 22x50mm
coverslip and viewed using Zeiss Axiophot microscope with a CCD camera.
Immunofluorescence images were captured and enhanced using Macprobe 4.1
software (PSI) and cell co-ordinates taken using an Englandfinder slide.

The coverslip was carefully removed and the slide washed twice for two
minutes each in 1xPBS at room temperature.

The slide was dehydrated by serial incubations in 70% IMS for 2 mins, 90%
IMS for 2 mins, and 100% IMS for 2 mins, and allowed to air dry.

Slides were fixed by incubating in freshly-prepared 3:1 methanol:acetic acid
for 5 mins at room temperature.

The slide was exposed to ultraviolet light for 40 secs to harden the cells.

The slide was denatured by incubating in 100ul of denaturing solution under a
22x50mm coverslip on a hotplate for 2 mins at 72°C.

The slide was washed for two minutes in 2xSSC.

The slide was dehydrated by serial incubations in 70% IMS for 2 mins, 90%
IMS for 2 mins, and 100% IMS for 2 mins, and allowed to air dry.

10ul aliquots of the appropriate TRITC-labelled whole chromosome paint
(Appligene Oncor) was denatured at 72°C for 10 mins and pre-annealed at
37°C for 30 mins, as per manufacturers instructions, and applied to the slide
under a 22x22mm coverslip, sealed with rubber cement, and hybridised
overnight in a dark humid chamber at 37°C.

The coverslip was carefully removed and the slide washed for 5 mins in
0.5xSSC at 72°C and for a further 5 mins in 0.25xSSC at 72°C.

The slide was mounted in Vectorshield with DAPI (Vector) under a 22x50mm
coverslip and viewed using Zeiss Axiophot microscope with a CCD camera.
Previously captured cells were relocated using Englandfinder co-ordinates and
in situ hybridisation images captured and enhanced using Macprobe 4.1
software (PSI).

Corresponding immunofluorescence and ix situ hybridisation images were

exported and overlaid in Adobe Photoshop.
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2.3.9 LINE-1 repeat analysis of 10q24-25, 11p13-pter and

6p21.3-22.3
The Human Genome Browser, April 2001 assembly (http://genome.cse.ucsc.edu/),
was used to determine the LINE-1 content of translocated autosomal regions and the
locations of genes within them. Genomic sequence contigs were analysed for LINE-1
and L1 subclass content using RepeatMasker (Smit, A. F. A. & Green, P. at
http://ftp.genome.washington.edu/RM/RepeatMasker.html) in sliding windows of
200kb at 20kb intervals, and the repeat content determined as a percentage of each
window. Because of the draft nature of much of the sequence, anonymous bases (n),
mostly representing gaps, were excluded from the analysis such that each window
always contained 200kb of known sequence. Exceptions to this were made where
anonymous base count exceeded 50kb of continuous sequence, as these imply contig
gaps of unknown size and order. However, in order to represent the position of contig
gaps, sequence windows whose start position was contained within anonymous

sequence were scored as —1% repeat content.

2.3.10 Intragenic repetitive sequence analysis of translocated

autosomal genes
The Human Genome Browser, December 2001 assembly, was used to determine the
locations, orientation and sequence content of the majority of translocated autosomal
genes investigated by RT-PCR and methylation analysis. The location of two genes
(HLA-DRBI and H19) was not listed by the browser, and were instead assigned using
representative sequences from GenBank (accession codes M26038 and BC006831
respectively). The browser listed 2 locations for a further five genes (MICA, PSMBY,
BRD2, TSSC3 and RRM1I), probably representing artefactual duplication during
sequence assembly as evidenced by perfect homology between each paired segment.
For these genes the most probable order on the basis of radiation hybrid, genetic and
cytogenetic mapping data was chosen. A total of 970,820bp inactive, 2,144,165bp
partially active and 136,741bp fully active gene sequences were extracted and
analysed to determine content of several types of repeat (Table 6). RepeatMasker

analysis was performed at the sensitive setting to identify interspersed repeats (LINE,
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L1, L2, CR1, SINE, Alu, MIR, and LTR) and low complexity DNA. RepeatMasker
further classified L1 repeats into ten subfamilies (mammalian-wide L1M1 to L1M4,
primate-specific L1P1 to L1P5 and the currently active LIHS). Tandem Repeats
Finder (Benson, 1999) was used to identify tandem, di-, tri-, and tetra-nucleotide
repeats. GC and anonymous base (n) content, mostly representing gaps, were also
determined. Gene sequences were characterised by calculating the number of base
pairs comprising each repeat type as a proportion of each gene sequence. This
analysis was extended to include sequences extending 1kb, 2kb, Skb and 10kb 5' from
each gene. Despite the draft status of some of this dataset, only 3 and 6 contig gaps
were encountered when 5kb and 10kb of additional 5° sequence were included,
respectively. Sequence analysis was restricted to within relatively short distances of
single genes as the spreading of X-inactivation was discontinuous in some cases, and
the resolution of activation status was limited to those genes within which
polymorphisms were identified. Each gene was coded by activation status from 1-10,
with 1 being inactive and 2-10 representing an increasing percentage of activity, so

that a score of 5 represents 50% activity.

2.3.11 Statistical analysis

Correlations between activation status and repeat density were evaluated using
Spearman’s correlation coefficients with mid-rank tie-corrections. Two-tailed P-
values (Tables 6 and 7) were obtained as Monte Carlo estimates (20,000 samples)
from permutation distributions, using a linear-by-linear association model (Sprent,
1995) (StatXact v.3). As a quality check, all rank correlations and associated tail-area
probabilities were re-estimated (NPSTAT v3.8, May ef al., 1993). 95% confidence
intervals on all correlations were obtained as bias-corrected Bootstrap estimates
(Manly, 1998) (Simstat v. 2.01, Peladeau, 1996). No corrections for multiple testing
error were employed because of the single primary hypothesis under investigation.
Additionally the observed secondary correlations exhibit a structure that argues

strongly against chance associations.
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Section 3 — Results

3.1 X-inactivation ratios in normal women

3.1.1 Determination of linearity of the 4R assay
The results of a 400-fold serial dilution and subsequent PCR of DNA from two

normal males with different AR alleles are shown in Figure 2.

Figure 2 - Relative allele intensities produced
following a serial dilution of DNA from two males
and subsequent PCR at the AR locus
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Results show that the peak height of each allele produced by the AR PCR
assay is linearly related to the amount of input DNA (r=0.99), showing that the assay

is quantitative over a wide range of input DNA dilutions.

3.1.2 Variations of skewed X-inactivation with age

Initial X-inactivation screening was of Population A, consisting of 98 females aged
under 20, and Population B comprising 115 women aged 60 or over. X-inactivation
ratios using DNA extracted from peripheral white blood cells from each individual

were determined by amplification of the AR locus at Xq12. The relative amount of
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PCR product generated from each allele in heterozygous individuals was quantified
using Genotyper software. Examples of results gained using this method are shown in
Figure 3.

For each individual at least two independent PCR reactions were set up,
generating multiple results for most subjects from which a mean X-inactivation ratio
was calculated. Inthe vast majority of cases, these two independent PCR reactions
generated X-inactivation ratios which differed by only a few percentage points (mean
difference 4.8%, standard deviation 4.7% in Population A). This high degree of
reproducibility suggests that the AR assay produced results which were both reliable
and accurate. Results gained for Population A are listed in Appendix 1, while those
for Population B are listed in Appendix 2.

Initially allele intensity was quantified in two ways, by measuring both the
peak height and the peak area defined by each allele. In the vast majority of cases,
subsequent calculation of X-inactivation ratios using these two parameters yielded
almost identical results. However, peak area was found to be unreliable as a measure
of allele intensity in some instances. In particular, if the quality of the PCR products
or gel resolution was poor, leading to smears or multiple ‘split” alleles, then the use of
peak height was much more satisfactory. Consequently, peak height was adopted as

the preferred parameter to quantify allele intensity in all subsequent experiments.

Figure 3 — Examples of X-Inactivation Results at the AR Locus

1. Moderately Skewed X-inactivation

A. Undigested DNA

282.51 295.16
1619 994

B. Digested DNA

_ 283.40 [295.62] _ .
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2. Completely Skewed X-inactivation

A. Undigested DNA

[282.56) 298.19
1647 953
B. Digested DNA
L, .
C/ a0/

Reliable PCR amplification of some individuals DNA was found to be
difficult, and in some cases there was extreme preferential amplification of the smaller
alleles. This was a particular problem with many older samples, some of which had
been in storage for over ten years and were most likely degraded and of poor quality.
It was found that the addition of DMSO and 7° deaza-dGTP to the PCR reaction
alleviated these problems of preferential amplification and produced more reliable and

uniform results, as described by Mutter and Boynton (1995).

Figure 4 — The Influence of DMSO and 7’ deaza-dGTP
on PCR Results at the AR Locus
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The improvement these chemicals make to the quality of PCR amplification is
shown in Figure 4. Both sets of PCR products shown were amplified and resolved in
parallel using identical DNA samples. However, those on the right were amplified
using a standard PCR reaction mixture, while the image on the left shows the same
DNA samples amplified using PCR reactions containing 10% DMSO and 75uM 7’
deaza-dGTP. On the basis of these results, DMSO and 7’ deaza-dGTP were added to
all subsequent PCR amplifications of the AR locus.

Figure 5 shows the distribution of X-inactivation patterns obtained in
nucleated blood cells from informative individuals in Populations A (Females <20
years) and B (Females >60 years). X-inactivation patterns are expressed as the
percentage ratio of the predominantly inactive allele to the predominantly active allele
and are displayed in 10% intervals. Using an X-inactivation ratio of >90:10 as a
criterion for severe skewing, 9% of individuals under 20 had severely skewed X-

inactivation compared to 13% of females >60.

Figure 5 - Skewing of X-Inactivation in
Blood of Control Females of Different Ages
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3.1.3 Tissue-specific variations of X-inactivation

X-inactivation ratios were next determined in cells from blood, mouthbrush and urine
samples obtained from Populations C (women aged <25) and D (women aged >60).
As with Populations A and B, at least two independent PCR reactions were set up for
each sample, generating multiple results from which a mean X-inactivation ratio was
calculated. Inthe vast majority of cases, these two independent PCR reactions
generated X-inactivation ratios which differed by only a few percentage points in all
three tissues (mean difference in blood 4.6%, standard deviation 4.2%; mean
difference in buccal mucosa 4.7%, standard deviation 3.8%; mean difference in
urinary epithelia 4.5%, standard deviation 5.1% in Population D). Results gained for
Population C are listed in Appendix 3, while results from Population D are listed in
Appendix 4. Of the 50 females recruited in Population C, seven were uninformative
(homozygous) at the AR locus. Of the remaining 43 informative individuals, blood
samples were obtained from 35, mouthbrushes from all 43, and urine samples from
41. However, PCR amplification consistently failed to produce any results using
DNA extracted from three of the 41 urine samples. Six out of the 51 females in
Population D (aged 60 years or over) were uninformative for the AR assay. Ofthe
remaining 45 subjects, blood samples were obtained from 43 individuals,
mouthbrushes from all 45, and urine samples from 40. As with Population C, DNA
extracted from three of these urine specimens did not amplify by PCR analysis.

The cell content of urine samples obtained from 17 individuals in Population
D was examined by light microscopy. Results from these samples showed that in
most cases, squamous epithelia formed the bulk of the nucleated cells. Although
small proportions (up to 20%) of urothelial cells were also present in some of the
samples examined, these observations indicate that the cell content of urine samples is
mainly of ectodermal origin.

The distribution of X-inactivation ratios in the three tissues obtained from
Population C (females <25) is shown in Figure 6, while Figure 7 shows the equivalent
data from Population D (females >60).

Severely skewed patterns of X-inactivation were more common in the elderly
population in all tissues examined. Additionally, the incidence of severely skewed X-
inactivation in these elderly women showed marked variation between different

tissues. Of the females <25 years old in Population C, only 1 individual showed an
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X-inactivation ratio >90:10, present only in her urinary epithelia. In contrast, in the
elderly women of Population D, the incidence of severely skewed X-inactivation was

23% in white blood cells, 4% in buccal epithelia, and 11% in urinary epithelia.

Figure 6 - Tissue Specific Patterns of

X-Inactivation in Women Under 25
451
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Figure 7 - Tissue Specific Patterns of
X-Inactivation in Women Over 60
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In order to study the correlation of X-inactivation ratios between different
tissues of each individual, scatter plots were drawn to make pair-wise tissue
comparisons in both the young and elderly populations. Calculation of correlation co-
efficients showed that, on a population level, there was a statistically significant
correlation of X-inactivation ratios between all of the tissues examined in both young
and elderly women (r>0.51, P<0.001 in each case).

Figure 8 shows the correlation of X-inactivation ratios between white blood
cells and buccal epithelia in Populations C and D. Inactivation values are expressed
as the percentage ratio of the smaller AR allele to the larger AR allele, while coloured
lines define 95% prediction intervals for the two age distributions. Results show that
in the majority of individuals there was a significant correlation between the X-
inactivation ratios in blood cells and buccal epithelia. Importantly though, in some
individuals there was severe skéwing present in blood, and a random inactivation
pattern in the mouthbrush sample. This was much more prevalent in women =60 than
in the younger age group. Calculation of co-efficients of determination (R) show that
overall, there was a closer correlation between X-inactivation ratios in the two tissues

in young individuals (R=0.55, P<0.001) than in older women (R=0.26, P<0.001).
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Figure 8 - Correlation Between
X-Inactivation in Blood

and Mouthbrush Samples
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Further scatter plots correlating X-inactivation ratios between both blood and
urine samples, and mouthbrush and urine samples, are shown in Figures 9 and 10
respectively. Correlations between blood and urine samples were very similar to
those between blood and mouthbrush samples. Co-efficients of determination again
indicated that X-inactivation ratios between blood and urine samples become more
divergent with age (R=0.53, P<0.001 in females <25, R=0.43, P<0.001 in females
>60). In a few individuals, extreme skewing was present in blood, while

corresponding X-inactivation patterns in urinary epithelia were random.
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Figure 9 - Correlation Between
X-Inactivation in Blood
and Urine Samples
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Despite having a lower incidence of extreme skewing than in blood cells,
correlation between mouthbrush and urine samples was the lowest of all the pair-wise
comparisons made for both age groups (R=0.47, P<0.001 in females <25, and R=0.26,

P<0.001 in women >60). Again however, discordant X-inactivation ratios were more

common in elderly women.
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Figure 10 - Correlation Between
X-Inactivation in Mouthbrush
and Urine Samples
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Overall, these correlations demonstrate that there was considerable variability
in the different tissue patterns obtained between individuals. While some individuals
showed random patterns in all tissues tested, others had severely skewed X-
inactivation patterns in one, two, or all three cell-types. Interestingly none of the
individuals tested had extreme skewing in opposite directions in different tissues; i.e.
the same X chromosome was predominantly inactivated in all three tissues tested.

The results obtained for blood samples taken from Populations C and D were
combined with those for Populations A and B to give an increased sample size. These
combined data are shown in Figure 11, and give an incidence of extremely skewed X-
inactivation (ratios >90:10) of 7% in females <25, and 16% in women aged >60
(statistically significant with x*=5.38, P<0.05). Using a less stringent criterion for
skewing of ratios >75:25, 28% of females <25 had skewed X-inactivation compared

with 48% of females aged >60 (statistically significant with x?=11.42, P<0.001).

94



Figure 11 - Skewing of X-Inactivation in
Blood of Control Females of Different Ages
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3.1.4 Offspring ratios in women with skewed X-inactivation

Pedigree information was available for only four of the women with X-inactivation
ratios >90:10 in Population B. In addition, one further mother with extreme skewing
was identified from Population A (detailed below). Figure 12 shows the number of

offspring born to each of these five women.

Table 1 - Offspring Ratios in Mothers with Skewed X-Inactivation

No. Age X-inactivation ratio Sons Daughters

(in blood)

1 67 96-4 1 2

2 73 94-6 0 3

3 66 94-6 0 2

4 63 91-9 0 1

5 35 100-0 3 1*
TOTALS 4 9
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Although there was an apparent excess of daughters born to these five women
with skewed X-inactivation ratios, this difference was not statistically significant
(P=0.52, Fisher’s exact test). No data were available on the frequency of
miscarriages. Four of the five women produced more daughters than sons, in contrast
to mother 5 who had only one daughter and three sons. However, examination of the
X-inactivation pattern in this single daughter (asterisked) showed that, like her
mother, she too had a completely skewed X-inactivation ratio in white blood cells,
suggesting the possible inheritance of a locus influencing skewing in this case.
Unfortunately, no DNA samples were available from any of the male sibs, or from
any of the offspring of mothers 1-4.

In order to further test the hypothesis that women with skewed X-inactivation
produce more daughters than sons, an additional cohort of 17 women was studied,
named Population E. Detailed in Appendix 5, each of these females was selected on
the basis of having produced at least twice as many daughters as sons. Results
showed that only one of the 16 informative females studied (6%) in Population E had

X-inactivation ratios >90:10, compared to 7-16% of controls in Populations A-D.

3.1.5 Heritability of X-inactivation ratios

Maternal blood DNA samples were available for 29 of the females in Population A.
X-inactivation ratios were determined in each individual, and the results for the 17
informative mother-daughter pairs plotted on the scatter diagram shown in Figure 12.
Inactivation values are expressed as the percentage ratio of the smaller AR allele to the
larger AR allele for mothers, and the percentage inactivation of the maternally-derived
allele for daughters. Results are listed in Appendix 6. As indicated by the low
correlation co-efficient (r=0.31, P=0.23), the X-inactivation ratios in the mother-

daughter pairs tested were apparently unrelated in most cases.

96



% Inactivation in Mother

Figure 12 - Correlation of X-Inactivation
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3.2 X-inactivation ratios in Silver-Russell syndrome

29 of the 34 SRS probands studied were informative for the AR assay (Appendix 7).
Extremely skewed X-inactivation (ratios >90:10) was observed in 5 of these 29
(17.2%), compared to 8 of 121 (6.6%) controls of similar age (not significant,
P=0.079). Additionally, completely skewed X-inactivation (ratios 100:0) was
observed in 3 of these 5 SRS probands (representing 10.3% of the cohort), compared
to only 3 of 270 (1.1%) normal controls of all ages (statistically significant, P=0.014).
Figure 13 shows the relative distributions of X-inactivation ratios obtained in non-

UPD7 SRS patients and controls.

Figure 13 - X-inactivation ratios in SRS
patients and controls
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Analysis in the two SRS cases with matUPD7 showed X-inactivation ratios of

86:14 and 85:15.
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3.3 The spreading of X-inactivation in X;autosome

translocations

3.3.1 Case 1 - AH, 46,X,der(X)t(X;10)(q26.3;q23.3) mat

3.3.1.1 Clinical details

The pedigree is shown in Figure 14. The proband, AH, was referred to a clinical
geneticist with secondary amenorrhea, aged 14 years. She began menstruation aged
10, but periods were always irregular, finally ceasing altogether. All other secondary
sexual characteristics were normal. Her height was 157cm. She was healthy as a
child, and showed no abnormal external physical features. Her maternal aunt (ED)
only ever had one period, and is childless. Aside from this, no obvious abnormalities

were present in any other family members.

Figure 14 — Pedigree of AH
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Fig. 14. Balanced carriers of the translocation are represented by dotted circles, unbalanced carriers by
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filled circles. The proband AH is indicated by an arrow.
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3.3.1.2 Cytogenetic analysis

GTL-banding of PHA-stimulated peripheral blood lymphocytes revealed an
unbalanced X;10 translocation in the proband AH, karyotype
46,X,der(X)t(X;10)(q26.3;q23.3). She is therefore trisomic for 10g23.3-qgter, and
monosomic for Xq26.3-qter. Her maternal aunt (ED) has the same unbalanced
karyotype, while her mother (PR) and maternal grandmother (ELD) were also found
to carry the same translocation, but in a balanced form, karyotype

46,X,4(X;10)(q26.3;923.3).

3.3.1.3 X-inactivation, parental origin, and breakpoint analysis

Methylation analysis at the AR locus demonstrated a completely skewed X-
inactivation pattern in both peripheral blood and EBV-transformed lymphocytes of
AH. A completely skewed X-inactivation ratio was also observed in her mother PR,
who carries the balanced form of the translocation. Although results (Figure 15)
appear to indicate that the same X chromosome is inactive in both mother and
daughter, PCR analyses of microsatellite markers in Xq demonstrated the presence of
a recombination event between the AR locus (Xq12) and the translocation breakpoint
in Xq26.3 (data not shown). Therefore, the maternally-inherited der(X;10) is
exclusively inactive in AH, while the normal X chromosome is silenced in PR. These
X-inactivation patterns are consistent with those seen in the majority of carriers of
unbalanced and balanced X;autosome translocation carriers, respectively (Mattei et
al., 1982). Consistent with this finding, PCR analysis of polymorphic markers
demonstrated the der(X;10) to be of maternal origin, with breakpoints lying between

D10S5583 and HPS, and DXS1187 and DXS1062 respectively.

100



Figure 15 — X-inactivation ratio analysis in the pedigree of AH

using the AR assay
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Fig. 15. (-) denotes PCR of undigested DNA, (+) denotes PCR using DNA digested with Hpall/Cfol.

Figures below each allele represent size in base pairs.

3.3.1.4 Gene expression analysis

Heterozygous polymorphisms were identified in five genes within the translocated
segment 10g23.3-qter in AH, and were used for allele-specific RT-PCR of RNA
extracted from EBV-transformed lymphoblasts. Results for three of these genes
(HPS, MXII and PRDX3) are shown in Figure 16, and demonstrate an apparently
continuous spread of gene silencing across nearly the entire translocated 10q segment

(Table 2). The transcriptional status of three genes (HPS, MXII and ABLIM) was also
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analysed using RNA extracted from peripheral blood of AH, with concordant results.

Figure 16 — Allele-specific PCR/RT-PCR of three genes
within the translocated segment 10q23-qter in AH
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Fig. 16. Results using DNA of AH (track 1) clearly show one allele to be doubled in intensity
compared to parental DNA (tracks 2 and 3), indicating the inclusion of the locus in the trisomic region
10q23.3-gter. For HPS and MXTI, analysis of cDNA from AH (track 4) is consistent with the
disappearance of one maternally-inherited allele, indicating that the copy on the der(X;10) is inactive.
In contrast, for PRDX3, analysis of cDNA from AH (track 4) gives results similar to those from DNA
of AH, and significantly different to those from control cDNA (track 6) and DNA, indicating that the
copy on the der(X) remains active. PCR using RNA not subjected to reverse transcription (track 5)
shows this amplification is cDNA-specific. Amplification of control cDNA (track 6) is also shown.
Figures below each allele represent size in base pairs and peak height respectively. The ratio ‘a/b’
represents the relative intensity of the smaller allele ‘a’ to the larger allele b’ by peak height in each

case.
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Table 2 — Summary of gene locations and their transcription status

on the der(X;10) in AH

Marker Cytogenetic Distance from Transcriptional status on
Band* 10pter, Mb* der(X;10) in AH
10q breakpoint 10923.32 98.5-105.4 --—-
HPS 10g24.2 105.4 Inactive
MXI1 10g25.2 117.7 Inactive
DUSPS5 10925.2 118.0 Inactive
ABLIM 10q25.3 122.2 Inactive
PRDX3 10g25.3 128.5 Active
10gter 10qter 142.1 -

*Mapping data obtained from Human Genome Browser Gateway, December 2001 assembly

(http://genome.ucsc.edu/).

3.3.1.5 Histone immunofluorescence

In AH, results gained by combined in sifu hybridisation and immunolabelling using
antisera against H3AcK14, H4AcK8 and H3Me,K4 were concordant and
demonstrated the der(X;10) to be pale staining in every cell examined, consistent with
previous results. In each of 32 lymphoblastoid cells examined there was a continuous
and almost complete spread of depletion of histone acetylation and H3 lysine 4
dimethylation across the translocated 10q segment (Figures 17a-i). However, in every
cell examined a small region of H3/H4 acetylation and H3 lysine 4 dimethylation was
clearly visible at the distal end of the translocated segment of 10q. In a proportion of
cells, similar punctate staining was also apparent at the distal tip of Xp, in Xp11.2,
and on the long arm of the X at approximately Xq22-25, consistent with published
observations (Belyaev et al., 1996; Boggs et al., 2001).

3.3.1.6 Replication timing analysis

A fluorescent late-pulse BrdU assay combined with in sifu hybridisation using whole
chromosome 10 paint was performed to determine the extent of spread of late-
replication in the derivative X;10 chromosome in AH. Separate lymphoblast cultures
were exposed to BrdU for 3, 4, 5 and 6 hours. Incubation with BrdU for the last 5
hours of cell culture was found to give optimal incorporation, but all cultures gave
identical results. In each of 50 cells examined, the derivative chromosome was late-
replicating, concordant with the results of the AR assay. However, the late-replicating

region extended only as far as the X;autosome boundary, and did not visibly spread
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into the translocated segment of 10q in any of the cells examined (Figure 17j).

Figure 17 - Combined immunofluorescence and

in situ hybridisation in AH
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Fig. 17. (Previous page) Results of immunolabelling of histones (a) H3 dimethylated at lysine 4
(H3Me,K4), (b) H3 acetylated at lysine 14 (H3AcK14), and (¢) H4 acetylated at lysine 8 (H4AcKS8)
(labelled green in each case), and (d-f) subsequent in situ hybridisation using chromosome 10 paint
(red). In panels (g-i) immunofluorescence and FISH images of each metaphase have been merged and
DAPI counterstain removed to allow visualisation of overlap between the two signals on the der(X;10).
An enlargement of the der(X) is shown in the top-left corner of each panel. (a-c) Results using antisera
specific to each histone epitope are concordant and show the der(X;10) is clearly pale-staining along
almost its entire length. (g-i) However, a small region of H3 lysine 4 dimethylation and H3/H4
acetylation is clearly visible at the distal tip of the translocated segment of 10q. Punctate staining is
also apparent at the distal tip of Xp, at Xp11.2, and on the long arm of the X at approximately Xq22-25.
(j) Results of replication timing analysis, using anti-BrdU (green), combined with in situ hybridisation
using chromosome 10 paint (red). The X portion of the der(X;10) chromosome is late replicating,
indicated by its predominant labelling with BrdU. However, each of 50 lymphoblasts examined shows
a complete absence of spreading of late replication into the translocated segment of 10q, with the late

replicating region appearing to define the boundary between the autosomal and X chromatin.

3.3.2 Case 2 — SP, 46,X,der(X)t(X;11)(q26.3;p12) de novo (pat)

3.3.2.1 Clinical details

Aged 5 years, upon clinical examination SP was noted to have mild developmental
delay, large stature with growth on the 97" centile, a very long tongue although this
was not considered typical macroglossia, short neck, and minor facial dysmorphisms

including mild hypertelorism, mild epicanthus and slightly downward slanting eyes.

3.3.2.2 Cytogenetic analysis

GTL-banding of PHA-stimulated peripheral blood lymphocytes revealed an
unbalanced X;11 translocation in the proband SP, karyotype
46,X,der(X)t(X;11)(q26.3;p12). She is therefore trisomic for 11p12-pter, and

monosomic for Xq26.3-qter. Parental karyotypes were normal.

3.3.2.3 X-inactivation, parental origin, and breakpoint analysis

Methylation analysis at the androgen receptor (4R) locus demonstrated a completely
skewed X-inactivation pattern in both peripheral blood and EBV-transformed
lymphocytes of SP, with the paternally derived chromosome exclusively inactive.

Consistent with this finding, PCR analysis of microsatellite markers demonstrated the
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der(X;11) to be of paternal origin, with breakpoints lying between DXS1187 and
DXS1062, and D11S4102 and D11S1355 respectively.

3.3.2.4 Gene expression analysis

Heterozygous polymorphisms were identified in eleven genes within the translocated
segment 11p12-pter in SP, and were used for allele-specific RT-PCR of RNA
extracted from EBV-transformed lymphoblasts. Results demonstrate an apparently
continuous spread of gene silencing across nearly the entire translocated 11p segment
(Table 3). The transcriptional status of five of these genes (HRAS, TSSC3, TAF2H,
LMO?2 and PDXI) was also analysed using RNA extracted from peripheral blood of
SP, with concordant results.

For HRAS, in cDNA of SP the relative intensity of one paternally-derived
allele was approximately 50% that seen in the DNA of SP, and in the DNA and cDNA
of normal controls. This indicates either an approximate halving of the level of
transcription of HRAS on the der(X;11) in every cell, or alternatively mosaic silencing
of this gene, with inactivation occurring in some 50% of cells. As previous studies of
the nearby imprinted locus H79 in SP have shown it to be methylated at levels
intermediate between normal controls and individuals with paternal uniparental
disomy of chromosome 11 (Reik ef al., 1994), it seems likely that both HRAS and

H19 display a mosaic pattern of inactivation.
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Table 3 — Summary of gene locations and their transcription and

CpG island methylation status on the der(X;11) in SP

Marker Cytogenetic Physical Distance | Transcriptional / methylation status
Band* from 1lpter, Mb* on the der(X;11) in SP
11p telomere 11pter 0 ---
MRPL23 11p15.5 0.05 Active
PSMDI3 11pl5.5 0.2 Active (not highly methylated)
HIY 11p15.5 0.3 50% methylated#
HRAS 11p15.5 1.0 50% Inactive (not highly methylated)
TS5C3 11p15.5 1.9 Inactive
RRMI 11p15.4 3.3 Inactive
SMPDI 11pl154 5.7 Inactive
TAF2H 11p154 5.9 Inactive (highly methylated)
PDE3B 11p15.2 12.6 Inactive
SAAI 11p15.1 17.6 Inactive
LMO?2 11p13 34.6 Inactive
PDX1 11p13 35.7 Inactive (highly methylated)
11p breakpoint 11pl2 37.7-46.3 —

*Mapping data obtained from Human Genome Browser Gateway, December 2001 assembly
(http://genome.cse.ucsc.edw/). # (Reik et al., 1994).

3.3.2.5 CpG island methylation analysis

CpG islands were identified in the 5° regions of PDXI, TAF2H, HRAS, and PSMD13,
and their methylation status investigated by PCR following Hpall or Cfol digestion of
genomic DNA. Analysis of control individuals showed that the CpG island of each
gene was unmethylated on normal chromosome 11. In contrast, analysis of DNA
extracted from both peripheral blood and lymphoblasts of SP showed the presence of
high levels of methylation at the CpG islands of PDX]I (inactive) and TAF2H
(inactive) (Fig. 18). However, no methylation was detected at the CpG islands of
HRAS (approximately 50% inactive) or PSMDI3 (active) by either Hpall or Cfol
analysis although, because of the presence of multiple recognition sites for each of
these enzymes within both amplicons, these results do not exclude the presence of

partial methylation (Appendix 8).
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Figure 18 - Methylation analysis of four CpG islands
within 11p12-pter in SP
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Fig. 18. Genomic DNA was either undigested, digested with the methylation-sensitive restriction
enzyme Hpall, or with its methylation-insensitive isoschizomer Mspl. Digests were then coamplified
using primers spanning the CpG island of each gene (lower band in each case) and control primers
spanning the CpG island of PGK (upper band), an X-linked gene which is known to be methylated on
the inactive X and unmethylated on the active X (Gilbert and Sharp, 1999). Following digestion with
Hpall only methylated DNA remains intact and available as template in the subsequent PCR reaction.
Analysis of control male and female DNA (tracks 5-8) shows the CpG island of each gene to be
unmethylated on normal chromosome 11, represented by their failure to amplify following Hpall
digestion. As the single active X chromosome of males is also unmethylated the control PGK
amplicon does not amplify following Hpall digestion either (track 6). In contrast, PCR of DNA
extracted from both peripheral blood (track 2) and lymphoblasts (track 3) of SP which has been
digested with Hpall still amplifies the CpG islands of the inactivated 11p genes PDXI and TAF2H, but
does not following digestion with MspI (track 4), demonstrating the presence of high levels of
methylation at these loci. However, following Hpall digestion (tracks 2 and 3), no amplification of the
CpG islands of HRAS or PSMD13 occurs using DNA of SP, indicating that some or all of the
recognition sites for Hpall within both of these amplicons are unmethylated. Identical results at each
of these four loci were also obtained when Hpall was substituted with Cfol. This methylation sensitive
restriction enzyme has a different recognition sequence to Hpall and thus examines the methylation
status of a different subset of CpG dinucleotides.
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3.3.2.6 Histone immunofluorescence

Immunolabelling of histone H3 acetylated at lysine 14 (H3AcK14), H4 acetylated at
lysine 8 (H4AcKS8), or H3 dimethylated at lysine 4 (H3Me,K4), was combined with in
situ hybridisation using whole chromosome 11 paint to determine the extent of spread
of each histone modification in the der(X;11) chromosome in SP. Results using
antisera specific to each histone epitope were concordant, and showed that in the 36
lymphoblasts examined, the der(X;11) was clearly depleted of histone acetylation and
H3 lysine 4 dimethylation along almost its entire length (Figs. 19a-i). However, in
every cell examined a small punctate region of H3/H4 acetylation and H3 lysine 4
dimethylation was clearly visible at the distal tip of the translocated segment of 11p.
In a proportion of cells, similar punctate staining was also apparent at the distal tip of
Xp, in Xp11.2, and on the long arm of the X at approximately Xq22-25, consistent
with previous observations (Belyaev ef al., 1996; Boggs et al., 2001).

3.3.2.7 Replication timing analysis ‘

A fluorescent late-pulse BrdU assay combined with in sifu hybridisation using whole
chromosome 11 paint was performed to determine the extent of spread of late-
replication in the der(X;11) chromosome in SP. Results are shown in Figure 19j,k. In
each of 50 cells examined in both peripheral blood and lymphoblasts, the derivative
chromosome was late replicating, concordant with the results of the AR assay. In all
cells a partial spreading of late-replication into the translocated 11p segment was
observed, although some cell-to-cell variation was apparent. In most cases the late
replicating region extended in a continuous fashion from the X chromatin across
approximately half to two-thirds of the autosomal segment. However, variations in
the extent of spread of late-replication occurred. In some cells the late-replicating
region extended over almost the entire 11p segment, while in others BrdU staining
was evident only on the most proximal portion of the translocated 11p. However,
overall there was good concordance in the extent of spread of late-replication

observed between both peripheral blood and lymphoblasts (Figs. 19j,k).
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Figure 19 - Combined immunofluorescence and

in situ hybridisation in SP
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Fig. 19. (Previous page) Results of immunolabelling of histones (a) H3 dimethylated at lysine 4
(H3Me,K4), (b) H3 acetylated at lysine 14 (H3AcK14), and (¢) H4 acetylated at lysine 8 (H4AcKS8)
(labelled green in each case), and (d-f) subsequent in sifu hybridisation using chromosome 11 paint
(red). In panels (g-i) immunofluorescence and FISH images of each metaphase have been merged and
DAPI counterstain removed to allow visualisation of overlap between the two signals on the der(X;11).
An enlargement of the der(X) is shown in the top-left corner of each panel. (a-c) Results using antisera
specific to each histone epitope are concordant and show the der(X;11) is clearly pale-staining along
almost its entire length. (g-i) However, a small punctate region of H3 lysine 4 dimethylation and
H3/H4 acetylation is clearly visible at the distal tip of the translocated segment of 11p. Punctate
staining is also apparent at the distal tip of Xp and on the long arm of the X at approximately Xq22-25.
(j;k) Results of replication timing analysis, using anti-BrdU (green), combined with in situ
hybridisation using chromosome 11 paint (red). The der(X;11) chromosome is late replicating,
indicated by its predominant labelling with BrdU. In both (j) peripheral blood, and (k) lymphoblasts,
results are concordant and show a partial spreading of late-replication into approximately half of the
translocated segment of 11p, visualised as the overlap between anti-BrdU (green), and chromosome 11

paint (red), pseudocoloured yellow.

3.3.3 Case 3 - SR, 46,X,der(X)t(X;7)(q27.3;q22.3) mat

3.3.3.1 Clinical details

At the age of 16, SR displayed a number of severe phenotypic abnormalities with
profound motor and developmental delay and severe mental retardation. She has no
speech, and shows a variety of orthopaedic disorders with scoliosis and dislocated

hips.

3.3.3.2 Cytogenetic analysis

GTL-banding of PHA-stimulated peripheral blood lymphocytes revealed an
unbalanced X;7 translocation in the proband SR, karyotype
46,X,der(X)t(X;7)(q27.3;q22.3). She is therefore trisomic for 7q22.3-qter, and
monosomic for Xq27.3-qter. Her mother was also found to carry the same

translocation, but in a balanced form, karyotype 46,X,t(X;7)(q27.3;q22.3).

3.3.3.3 X-inactivation, parental origin, and breakpoint analysis
Methylation analysis at the AR locus demonstrated a completely skewed X-
inactivation pattern in both peripheral blood and lymphoblasts of SR, with the

maternally derived chromosome exclusively inactive. PCR analysis of microsatellite
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markers also demonstrated the der(X;7) to be of maternal origin, with breakpoints
lying between DXS998 and DXS1684, and D7S2420 and D7S523 respectively.

3.3.3.4 Gene expression analysis

Heterozygous polymorphisms were identified in three genes within the translocated

segment 7q22.3-qter in SR, and were used for allele-specific RT-PCR. Results are

summarised in Table 4.
For CNTNAP2, in cDNA of SR the relative intensity of one maternally derived
allele was approximately 30% that seen in the DNA of SR, and in the DNA and

cDNA of normal controls, consistent with a mosaic pattern of inactivation.

Table 4 — Summary of gene locations and their transcription status

on the der(X;7) in SR
Marker Cytogenetic Band* Physical Distance | Transcriptional status on
from 7pter, Mb* the der(X;7) in SR
7q breakpoint 7q22.3 110.3-114.1 -
TES 7q31.2 116.2 Inactive

CNTNAP2 7935 151.6 ~70% Inactive

KCNH2 7q36.1 154.1 Active
7q telomere Tqter 163.8 -

*Mapping data obtained from Human Genome Browser Gateway, December 2001 assembly

(http://genome.cse.ucsc.edu/).

3.3.3.5 Histone immunofluorescence

Results gained by immunolabelling using antisera against H3AcK14, H4AcK8 and

H3Me,K4 combined with in situ hybridisation were concordant and demonstrated the

der(X;7) to be exclusively inactive. In each of 27 lymphoblastoid cells examined

there was a partial and continuous spread of histone hypoacetylation and depletion of

H3 lysine 4 dimethylation across approximately one third of the 7q segment (Figs.

20a-1). However, the remaining distal portion of the translocated 7q segment was

indistinguishable from the corresponding regions on the two normal chromosome 7

homologues. Residual antibody staining was also apparent at the distal tip of Xp, in

Xpl11.2, and on the long arm of the X at approximately Xq22-25 in a proportion of

cells.
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3.3.3.6 Replication timing analysis

Replication timing analysis demonstrated that in each of 54 peripheral blood and 35
lymphoblastoid cells examined, the der(X;7) was late replicating, concordant with the
results of the AR assay. However, the extent of spread of late replication into the
translocated segment of 7q varied among cells (Figs. 20j-1). 49/54 peripheral blood
cells and 30/35 lymphoblastoid cells showed a continuous spread of late-replication
across approximately one third of the 7q segment. Among these 49 peripheral blood
cells there was also evidence for a discontinuous spread of late-replication where the
resolution of the metaphases was higher. In addition to the late replicating region on
the proximal portion of 7q, 12 cells also showed an isolated focus of BrdU staining at
or just below the telomere (Fig. 201). In the remaining 5/54 blood cells and 5/35
lymphoblasts the late-replicating region extended only as far as the X;autosome

boundary, and did not visibly spread into the translocated segment of 7q.

Fig. 20. (Following page) Results of immunolabelling of histones (a) H3 dimethylated at lysine 4
(H3Me,K4), (b) H3 acetylated at lysine 14 (H3AcK14), and (c) H4 acetylated at lysine 8 (H4AcK8)
(labelled green in each case), and (d-f) subsequent in situ hybridisation using chromosome 7 paint
(red). In panels (g-i) immunofluorescence and FISH images of each metaphase have been merged and
DAPI counterstain removed to allow visualisation of overlap between the two signals on the der(X;7).
An enlargement of the der(X) is shown in the top-left comer of each panel. (a-¢) Results using antisera
specific to each histone epitope are concordant and show the der(X;7) is predominantly pale-staining,
with (g-i) a partial and continuous spread of histones depleted of acetylation and dimethylation across
approximately one third of the 7q segment. However, the remaining distal portion of the translocated
7q segment appears indistinguishable from the corresponding regions on the two normal chromosome 7
homologues. Punctate staining is also apparent at the distal tip of Xp, in Xp11.2, and on the long arm
of the X at approximately Xq22-25. (j-I) Results of replication timing analysis, using anti-BrdU
(green), combined with in situ hybridisation using chromosome 7 paint (red). The der(X;7)
chromosome is late replicating, indicated by its predominant labelling with BrdU. In both (j) 37 of 54
peripheral blood cells examined, and (k) 30 of 35 lymphoblasts, results are concordant and show a
partial spreading of late-replication into approximately one third to one half of the translocated segment
of 7q, visualised as the overlap between anti-BrdU (green), and chromosome 7 paint (red),
pseudocoloured yellow. (I) In some peripheral blood cells where the resolution of the metaphases is
higher a discontinuous spread of late-replication is apparent. In addition to the late replicating region
on the proximal portion of 7q, 12 of 54 blood cells also show an isolated focus of BrdU staining at or

just below the translocated 7q telomere.
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3.3.4 Case4 - AL0044, 46,X,der(X)t(X;6)(p11.2;p21.1) mat

Studies in AL0044 have been reported previously (Keohane ef al., 1999). Briefly,
these found that hypoacetylation of histone H4, late-replication and XIS7 RNA were

coincident and apparently excluded from the translocated segment of 6p on the

der(X;6).

3.3.4.1 Clinical details
AL0044 has mild developmental delay, learning difficulties (IQ=75), and short

stature.

3.3.4.2 Cytogenetic analysis

GTL-banding of PHA-stimulated peripheral blood lymphocytes revealed an
unbalanced X;6 translocation in the proband AL0044, karyotype
46,X,der(X)t(X;6)(p11.2;p21.1). She is therefore trisomic for 6p21.1-pter, and
monosomic for Xp11.2-pter. Her mother was also found to carry the same

translocation, but in a balanced form, karyotype 46,X,t(X;6)(p11.2;p21.1).

3.3.4.3 X-inactivation, parental origin, and breakpoint analysis

Methylation analysis at the 4R locus demonstrated a completely skewed X-
inactivation pattern in lymphoblasts of AL0044, with the maternally derived
chromosome exclusively inactive. PCR analysis of polymorphic markers also
demonstrated the der(X;6) to be of maternal origin, with breakpoints lying between

DXS1058 and DXS8083, and ZNF76 and D6S269 respectively.

3.3.4.4 Gene expression analysis
Heterozygous polymorphisms were identified in nine genes within the translocated
segment 6p21.1-pter in AL0044, and were used for allele-specific RT-PCR. Results
show a discontinuous spreading of gene silencing across the entire translocated
segment of 6p, with active genes interspersed among inactive genes, and are
summarised in Table 5.

For SCA1, in cDNA of AL0044 the relative intensity of one maternally
derived allele was approximately 30% that seen in the DNA of AL0044, and in the

DNA and cDNA of normal controls, consistent with a mosaic pattern of inactivation.
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Table 5 — Summary of gene locations and their transcription and

CpG island methylation status on the der(X;6)

in AL0044 and BO0566
Marker Cytogenetic Physical Transcriptional / methylation | Transcriptional / methylation
Band* Distance status on the der(X;6) in status on the der(X;6) in
from 6pter, Mb* AL0044 BO0566
6p telomere 6pter 0 - -
IRF4 6p25.3 0.6 Inactive n/i
SCA1 6p25.2 5.0 ~70% Inactive n/i
GMPR 6p25.2 5.3 n/i Inactive
DEK 6p22.3 19.5 Active n/i
HILA-F 6p21.1 39.6 Inactive (highly methylated) /i (highly methylated)
HCR 6p21.1 41.0 Inactive (not highly Active (not highly
methylated) methylated)
MICA 6p21.1 41.3 Inactive (highly methylated) /i (highly methylated)
CSNK2B 6p21.1 41.6 Active n/i
NOTCHH4 6p21.1 42.1 /i Inactive
HILA-DRA 6p21.1 423 n/i Active
HILA-DRBS 6p21.1 42.4 Inactive Inactive
PSMBY 6p21.1 42.7 n/i Active
BRD2 6p21.1 42.8 Active Active
6p 6p21.1 45.1-52.5 - -
breakpoint in
AL0044
6p 6pl2 52.5-56.6 - -
breakpoint in
BO0566

1/i denotes marker not informative. *Mapping data obtained from Human Genome Browser Gateway,

December 2001 assembly (http://genome.cse.ucsc.edu/).

3.3.4.5 CpG island methylation analysis
CpG islands were identified in the 5° regions of HLA-F, HCR, and MICA, and their
methylation status investigated by PCR following Hpall or Cfol digestion of genomic
DNA. Analysis of control individuals showed that the CpG island of each gene was

unmethylated on their normal chromosome 6. In contrast, analysis of DNA extracted
from lymphoblasts of AL0044 showed the presence of high levels of methylation at
the CpG islands of HLA-F (inactive) and MICA (inactive) (Fig. 21). However, no
methylation was detected at the CpG island of HCR (inactive) by either Hpall or Cfol

analysis although, because of the presence of multiple recognition sites for each of
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these enzymes within the amplicon, this does not exclude the presence of partial

methylation.

Figure 21 - Methylation analysis of three CpG islands within
6p21-pter in AL0044 and BO0566
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Fig. 21. Genomic DNA was either undigested, digested with the methylation-sensitive restriction
enzyme Hpall, or with its methylation-insensitive isoschizomer Mspl. Digests were then coamplified
using primers spanning the CpG island of each gene (lower band in each case) and control primers
spanning the CpG island of PGKI (upper band), an X-linked gene which is known to be methylated on
the inactive X and unmethylated on the active X (Gilbert and Sharp, 1999). Following digestion with
Hpall only methylated DNA remains intact and available as template in the subsequent PCR reaction.
Analysis of control male and female DNA (tracks 7-10) shows the CpG island of each gene to be
unmethylated on normal chromosome 6, represented by their failure to amplify following Hpall
digestion. As the single active X chromosome of males is also unmethylated the control PGK/
amplicon does not amplify following Hpall digestion either (track 10). In contrast, PCR of DNA from
both AL0044 (track 2) and BO0566 (track 5) which has been digested with Hpall still amplifies the
CpG islands of the inactivated 6p genes MICA and HLA-F, but does not following digestion with Msp/
(tracks 3 and 6), demonstrating the presence of high levels of methylation at these loci. However,
following Hpall digestion (tracks 2 and 5), no amplification of the CpG islands of HCR occurs using
DNA of AL0044 or BO0566, indicating that some or all of the recognition sites for Hpall within both
of these amplicons are unmethylated. Identical results at each of these three loci were also obtained
when Hpall was substituted with Cfol. This methylation sensitive restriction enzyme has a different
recognition sequence to Hpall and thus examines the methylation status of a different subset of CpG

dinucleotides.
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3.3.4.6 Histone immunofluorescence

Results gained by combined in situ hybridisation and immunolabelling using antisera
against H3AcK 14, H4AcK8 and H3Me,;K4 were concordant and demonstrated the
der(X;6) to be exclusively inactive. In each of 23 lymphoblastoid cells examined
there was a discontinuous spread of histone hypoacetylation and depletion of H3
lysine 4 dimethylation across the translocated 6p segment (Figs. 22a-i). This region
depleted of histone acetylation and H3 lysine 4 dimethylation varied in size, in some
instances covering up to approximately one third of the translocated autosome, but
was always confined to the distal end of the translocated 6p chromatin. In every cell
the more proximal translocated portion of 6p appeared indistinguishable from the
corresponding regions on the two normal chromosome 6 homologues. In a proportion
of cells punctate antibody staining was also apparent on the long arm of the X at

approximately Xq22-25 with all three antisera.

3.3.4.7 Replication timing analysis

Replication timing analysis in lymphoblasts of AL0044 demonstrated that in each of
50 cells examined the der(X;6) was late replicating, concordant with the results of the
AR assay. Ofthese, 20/50 showed a complete absence of spreading of late replication
into the translocated segment of 6p, with the late replicating region appearing to
define the boundary between the autosomal and X chromatin. However, in the
remaining 30/50 cells there was a discontinuous spread of late replication into the
translocated 6p segment, with a variably sized region of BrdU staining visible on the

translocated 6p telomere, with no staining on the intervening segment (Figs. 22j,k).
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Figure 22 - Combined immunofluorescence and

in situ hybridisation in AL0044
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Fig. 22. (Previous page) Results of immunolabelling of histones (a) H3 dimethylated at lysine 4
(H3Me,K4), (b) H3 acetylated at lysine 14 (H3AcK14), and (¢) H4 acetylated at lysine 8 (H4AcK8)
(labelled green in each case), and (d-f) subsequent in situ hybridisation using chromosome 6 paint
(red). In panels (g-i) immunofluorescence and FISH images of each metaphase have been merged and
DAPI counterstain removed to allow visualisation of overlap between the two signals on the der(X;6).
An enlargement of the der(X) is shown in the top-left corner of each panel. (a-c) Results using antisera
specific to each histone epitope are concordant and show the der(X;6) is predominantly pale-staining
with a discontinuous spread of histones depleted of acetylation and dimethylation covering only the
distal region of the 6p segment. (g-i) A variably sized pale-staining region is visible at the translocated
6p telomeric region, with no staining on the intervening segment. The remaining proximal portion of
the translocated 6p segment appears indistinguishable from the corresponding regions on the two
normal chromosome 6 homologues, with the proximal transition in antibody staining appearing to
define the X;autosome boundary. Punctate staining is also apparent at the distal tip of Xp and on the
long arm of the X at approximately Xq22-25. (j-k) Results of replication timing analysis, using anti-
BrdU (green), combined with in situ hybridisation using chromosome 6 paint (red). The der(X;6)
chromosome is late replicating, indicated by its predominant labelling with BrdU, (j) 20 of 50
lymphoblasts examined show a complete absence of spreading of late replication into the translocated
segment of 6p, with the late replicating region appearing to define the boundary between the autosomal
and X chromatin. (k) However, in 30 of 50 cells examined there was a discontinuous spread of late
replication into the translocated 6p segment, with a variably sized region of BrdU staining visible at the

translocated 6p telomeric region, with no staining on the intervening segment.

3.3.5 Case S — B0O0566, 46,X,der(X)t(X;6)(q28;p12) de novo (pat)

3.3.5.1 Clinical details

BOO0566 failed to thrive as a baby, with poor feeding and diarrhoea. At 16 months of
age, her head circumference was on the 3™ centile, with a small anterior fontanelle,
mild hypertelorism, thin lips, low set ears and a left ear lobe crease. At 3 years of age,
she was able to sit unaided, had babbling speech and had to be fed liquidised food. At
4/ years of age she was able to stand, but had no speech and was being fed via an NG
tube. She developed epilepsy at 8 years of age. Aged 10, she has reasonable motor
skills, has no speech or sign language, and is able to take a few steps but mostly
‘bottom shuffles’. She has some behavioural problems, nipping and scratching, with
inappropriate laughter. Generally her development is similar to a 9-12 month old.

She also has a heart murmur, severe swallowing difficulties and experiences recurrent

chest infections.
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3.3.5.2 Cytogenetic analysis

GTL-banding of PHA-stimulated peripheral blood lymphocytes revealed an
unbalanced X;6 translocation in the proband BO0566, karyotype
46,X,der(Xt(X;6)(q28;p12). She is therefore trisomic for 6p12-pter, and monosomic

for Xq28-qter. Parental karyotypes were normal.

3.3.5.3 X-inactivation, parental origin, and breakpoint analysis

Methylation analysis at the 4R locus demonstrated a completely skewed X-
inactivation pattern in lymphoblasts of BO0566, with the paternally derived
chromosome exclusively inactive. Consistent with this finding, PCR analysis of
polymorphic markers demonstrated the der(X;6) to be of paternal origin, with
breakpoints lying between DXS1073 and DXS1108, and D6S269 and GCLC

respectively.

3.3.5.4 Gene expression analysis

Heterozygous polymorphisms were identified in seven genes within the translocated
segment 6p12-pter in BO0566, and were used for allele-specific RT-PCR. Asin
AL0044, results show a discontinuous spreading of gene silencing across the
translocated segment of 6p, with active genes interspersed among inactive genes, and

are summarised in Table 5.

3.3.5.5 CpG island methylation analysis

Analysis of DNA extracted from lymphoblasts of BO0566 showed the presence of
high levels of methylation at the CpG islands of HLA-F and MICA (transcriptional
status unknown). No methylation was detected at the CpG island of HCR (active) by
either Hpall or Cfol analysis (Fig. 21).

3.3.5.6 Histone immunofluorescence

Results gained by combined in situ hybridisation and immunolabelling using antisera
against H3AcK14, H4AcK8 and H3Me,K4 were concordant and demonstrated the
der(X;6) to be exclusively inactive. In each of 24 lymphoblastoid cells examined
there was a complete absence of spreading of histone hypoacetylation and depletion
of H3 lysine 4 dimethylation into the translocated segment of 6p, with the transition in

antibody staining appearing to define the X;autosome boundary (Figs. 23a-1). Ina
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proportion of cells punctate antibody staining was also apparent at the distal tip of Xp,
in Xp11.2, and on the long arm of the X at approximately Xq22-25 with all three

antisera.

3.3.5.7 Replication timing analysis

Replication timing analysis in lymphoblasts of BO0566 demonstrated that in each of
50 cells examined the der(X;6) was late replicating. In every cell there was a
complete absence of spreading of late replication into the translocated segment of 6p,
with the late replicating region appearing to define the X;autosome boundary (Fig.

23).

Fig. 23. (Following page) Results of immunolabelling of histones (a) H3 dimethylated at lysine 4
(H3Me,K4), (b) H3 acetylated at lysine 14 (H3AcK14), and (¢) H4 acetylated at lysine 8 (H4AcK8)
(labelled green in each case), and (d-f) subsequent in situ hybridisation using chromosome 6 paint
(red). In panels (g-i) immunofluorescence and FISH images of each metaphase have been merged and
DAPI counterstain removed to allow visualisation of overlap between the two signals on the der(X;6).
An enlargement of the der(X) is shown in the top-left corner of each panel. (a-c) Results using antisera
specific to each histone epitope are concordant and show the der(X;6) is predominantly pale-staining.
(g-i) However, there is a complete absence of spreading of histones depleted of acetylation and
dimethylation into the translocated segment of 6p, with the transition in antibody staining appearing to
define the X;autosome boundary. In some cells punctate antibody staining is also apparent at the distal
tip of Xp, in Xp11.2, and on the long arm of the X at approximately Xq22-25 with all three antisera.
(§) Results of replication timing analysis, using anti-BrdU (green), combined with in situ hybridisation
using chromosome 6 paint (red). The X portion of the der(X;6) chromosome is late replicating,
indicated by its predominant labelling with BrdU. However, each of 50 lymphoblasts examined shows
a complete absence of spreading of late replication into the translocated segment of 6p, with the late

replicating region appearing to define the boundary between the autosomal and X chromatin.
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Figure 23 - Combined immunofluorescence and

in situ hybridisation in BO0566
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3.3.6 XIST RNA in situ hybridisation

Results of RNA ir situ hybridisation in lymphoblasts of AL.0044, a normal control,
SP and SR using a probe specific for XIST are shown in Figs. 24a-d, respectively.
Because XIST RNA dissociates from the human X chromosome in prophase, analysis
is of its nuclear distribution is limited to interphase.

Studies in AL0044 were performed previously (Keohane ef al., 1999),
combining RNA FISH for XIST transcripts and subsequent DNA FISH using
chromosome 6 paint to localise both the two normal chromosomes 6 and the
translocated segment of 6p. Results showed that in 41 of 67 cells examined there was
no overlap between the XIST RNA and chromosome 6 signals, indicating a complete
lack of spread of XIST RNA into the translocated segment of 6p on the der(X;6) (Fig
24a). Inthe remaining 26/67 cells there was some overlap of the two signals.
However, because the technique employs two-dimensional microscopy to view a
three-dimensional cell, depending upon the orientation of each nucleus, some
apparent overlap in signals would be expected in a proportion of cells. Thus within
technical limits, these observations are consistent with no spreading of XIST RNA into
the translocated 6p segment in most or all cells in AL0044.

Studies of the distribution of XZST RNA in lymphoblasts of SP and SR (Figs.
26¢ and 26d, respectively) showed that, where detectable, it had a diffuse signal
compared to normal controls (Fig. 24b), indicating poor localisation to the X;. In

addition, in both SP and SR, XIST RNA was apparently not expressed in many cells.
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Figure 24 — Results of XIST RNA in situ hybridisation

Fig. 24. Results of RNA in situ hybridisation using a probe specific for XIST (green) in (a) AL0044
(taken from Keohane et al., 1999), (b) normal control, (¢) Case 2, SP and (d) Case 3, SR. In (a)
subsequent ix situ hybridisation using a chromosome 6 paint (red) has also been performed showing the
relative locations of both the two normal chromosome 6 homologues (large signals) and the
translocated segment 6p21-pter (small signal adjacent to XIST RNA). In (a) AL0044 there is little or no
overlap between the XZST RNA and chromosome 6 signals, indicating a lack of spread of XIST RNA
into the translocated segment of 6p on the der(X;6). In both (¢) SP and (d) SR XZST RNA has a diffuse
distribution compared to (b) the normal control, indicating poor localisation to the X;. In addition, in

both SP and SR, XIST RNA was apparently not expressed in many cells.
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3.3.7 LINE-1 repeat analysis of 10q24-25, 11p13-pter and

6p21.3-22.3
Results of the analysis of LINE-1 content in 10q24-25, 11p13-pter and 6p21.3-22.3
are shown in Figs. 25, 26, 27 respectively. The relative locations of autosomal genes,
as listed in the Human Genome Browser, April 2001 assembly, whose transcriptional
status had been determined by RT-PCR and/or methylation analysis is indicated, with
inactive genes shown in red, partially active genes shown in yellow, and fully active
genes shown in green. Although subjective in nature, overall there was no apparent
relationship between L1 density and the spread of inactivation. Inactive genes (eg.
ABLIM) were in some instances located in L1-poor regions, and conversely active
genes (eg. PSMBY9 and HLA-DRA) were found within L1-rich regions. In addition,
MICA and CSNK2B, which are differentially inactivated, are located adjacently within
a L1-poor region.

A similar analysis of the primate-specific L1P1 to L1P5 LINE subclasses,
which are particularly enriched on the X chromosome (Bailey ef al., 2000), showed

that these have an almost identical distribution to L1 repeats as a whole.

Figure 25 — LINE-1 content in 10q24-25
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Figure 26 — LINE-1 content in 11p13-pter
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3.3.8 Intragenic repetitive sequence analysis of translocated

autosomal genes
There was a significant correlation between total intragenic repeat density and
inactivation. The mean total repeat content of autosomal genes silenced by the spread
of X-inactivation was 30.03%. This compared to 25.12% in partially active genes and
16.02% in fully active genes (P=0.048, r=0.295). LINE and LTR interspersed repeats
accounted for over 90% of this variation in repeat content (Table 6, Appendix 9).

There was a significant correlation between intragenic LINE density and
inactivation (P=0.004, r=0.46, Table 6). Long Terminal Repeats (LTRs) were also
significantly associated with inactivated genes (P=0.005, r=0.45, Table 6). However,
activation status was not associated with SINEs, simple repeats, low complexity
DNA, tandem repeats, or G+C content (P>0.1 in each case, Table 6).

I next examined the association of inactivation with the three LINE subclasses:
L1s,L2s and CR1s. Individually, L1 repeats were more strongly associated with
inactivation than L2 repeats (r=0.45, P=0.003 for intragenic L1s; r=0.35, P=0.021 for
intragenic 1.2s, Table 6) whilst CR1 was not significant (r=0.19, P=0.146). I explored
the relative contribution of L1 and 1.2 repeats to the association of LINEs with
inactivation using partial correlations. When the effect of L1s was removed partial
correlations were non-significant (P>0.2 for gene only in each case). In contrast, after
removal of L2 repeats partial correlations with inactivation remained significant
(P=0.03 for gene only), suggesting that inactivation is specifically associated with L1
repeats. When the ten L1 subtypes (L1M1 to L1M4, L1P1 to L1P5, L1HS) were
examined individually there was no significant difference in concentration between
active and inactive genes (data not shown), although this may simply reflect the
relatively small proportion of total sequence comprised by each subtype in the dataset.
However, when old (L1IM2 to L1M4) and young (L1M1, L1P1 to L1P5, L1HS) L1
subtypes were combined, inactivated genes were found to contain significantly greater
concentrations of both old and young subtypes (P=0.018 for intragenic old L1s;
P=0.009 for intragenic young L1s, Table 7).
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Table 6 - Mean intragenic sequence content of autosomal genes in

five unbalanced X;autosome translocations

o % of partially % of fully
% of inactive . .
Sequence type active genes, active genes, Correlation, r P-value
genes, n=19
n=5 n=9

G+C content 47.7 522 49.2 0.16 0.167
LINE 11.00 8.09 1.53 0.46 0.004
L1 8.70 5.19 1.23 0.45 0.003
L2 221 2.74 0.31 0.35 0.021
CR1 0.09 0.17 0 -0.19 0.146
SINE 11.70 10.86 11.05 -0.07 0.337
Alu 8.88 9.72 8.04 -0.08 0.320
MIR 2.82 1.14 3.01 -0.06 0.382
LTR 4.08 2.80 0 0.45 0.005
Simple repeats 0.28 0.39 0.29 -0.08 0.322

Low complexity
0.75 0.24 0.37 -0.23 0.110

DNA
Tandem repeats 1.98 2.69 2.45 0.12 0.257
Di-, tri- and
tetranucleotide 0.24 0.05 0.33 0.03 0.436
repeats
Total repeat
30.03% 25.12% 16.02% 0.29 0.0485

content

Repeat element density is expressed as the mean percentage of intragenic sequence comprising each

repeat type, with Spearman’s correlation coefficients and associated probabilities obtained as Monte

Carlo estimates from sample permutation distributions.
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Table 7 - Correlations between inactivation and repeat content

with increasing 5’ sequence

Total Old Young
Dataset L1s L2s LTRs
LINEs LINEs LINEs
r=0.46, r=0.45, r=0.35, r=0.39, =041, r=0.45,
Gene only
P=0.004 | P=0.003 | P=0.021 | P=0.018 | P=0.009 | P=0.005
1=0.48, r=0.45, r=0.39, r=0.39, =041, r=0.48,
Gene+1kb 5° ,
P=0.002 | P=0.005 | P=0.011 | P=0.016 | P=0.008 | P=0.002
r=0.46, r=0.43, r=0.32, r=0.38, =041, r=0.49,
Gene+2kb 5°
P=0.004 | P=0.008 | P=0.037 { P=0.020 | P=0.007 | P=0.002
r=0.40, r=0.38, r=0.31, r=0.33, 1=0.44, r=0.40,
Gene+5kb 5°
P=0.017 | P=0.022 | P=0.053 | P=0.059 | P=0.005 | P=0.018
r=0.35, r=0.27, r=0.43, r=0.29, r=0.22, r=0.38,
Gene+10kb 5°
P=0.045 | P=0.127 | P=0.010 | P=0.110 { P=0.168 | P=0.018

Spearman’s correlation coefficients with associated probabilities obtained as Monte Carlo estimates

from sample permutation distributions. 95% confidence intervals were obtained for every correlation

estimate using a bias corrected Bootstrap estimator. The median interval width spanned r£0.27 for

gene only, rising to r+0.32 for gene + 10kb 5°.

As elements located in the upstream regions of genes are often involved in

transcriptional regulation, we extended our analysis to include additional sequence

1kb, 2kb, 5kb and 10kb 5° of each gene (Table 7). However, the correlation between

L1 density and inactivation diminished linearly with additional upstream sequence

(linear regression R*=0.98, P=0.001, Figure 28), suggesting that sequences located 5’

of autosomal genes are not associated with the spread of X-inactivation.
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Figure 28 - Correlation of L1 density
with inactivation diminishes with
additional 5' sequence
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Section 4 — Discussion

4.1 X-inactivation ratios in normal women

4.1.1 Introduction

Numerous investigations have attempted to define the prevalence of skewed X-
inactivation in normal females. Despite this, reports in the literature vary widely, with
up to ten-fold differences in the estimates of women with ‘non-random’ patterns of X-
inactivation quoted by different authors (e.g. Vogelstein et al., 1987; Fey et al., 1992).
Comparisons between previous studies which might account for these discrepancies
are hampered by several factors.

Firstly, definitions of ‘skewed X-inactivation’ vary widely. Based on the
assumption that X-inactivation is a truly random event which takes place in a
population of twenty independent cells, Vogelstein ef al. (1987) defined skewed X-
inactivation as ratios 275:25, on the basis that this represented a statistically significant
departure from the mean (with P<0.05). However, other authors have since defined
skewed X-inactivation as ratios of 80:20, 85:15, 90:10, or even 95:5.

Secondly, numerous techniques now also exist for the determination of X-
inactivation ratios. Many earlier studies have utilised Southern blotting-based assays
which rely on restriction-fragment length polymorphisms at either the PGK, HPRT or
DXS255 loci. However, more recent studies have instead used PCR-based techniques,
in particular the AR assay. While these different techniques generally produce
concordant results, discrepancies have been noted in some cases (Gale ef al., 1991).

Finally, recent evidence suggests that X-inactivation ratios might vary both
with age, and between different tissues (Busque ef al., 1996; Gale ef al., 1994). These
latter findings indicate that meaningful comparisons between populations of females
must use both age- and tissue-matched controls.

In an attempt to try and unify these observations, this study has set out to
screen a large number of normal females using a single, reliable technique. Blood
samples from females of different age groups were studied in order to determine

possible changes in the prevalence of skewing with age. Additional samples of blood,
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mouthbrush and urine were collected from further females of different ages in order to
determine tissue-specific patterns of X-inactivation. Further studies were also carried
out in an attempt to determine possible factors which might influence X-inactivation

ratios in these apparently normal women.

4.1.2 Variations of skewed X-inactivation with age

The incidence of skewed X-inactivation is controversial, with previous studies
reporting that between 4% and 33% of normal females have ratios >75:25. Using a
more stringent criterion (ratios >290:10), this study has found the incidence of severe
skewing in females aged <25 to be 7%. In addition, characterisation of more elderly
females suggests that this incidence increases with age, with 16% of women >60 found
to have similarly severe skewing in blood cells. Therefore, these results demonstrate
that severely skewed X-inactivation, at least in blood cells, is a relatively common
phenomenon. This is in general agreement with some previous surveys of X-
Inactivation patterns in normal females which have also used the AR assay (Naumova
et al., 1996).

The observation that severe skewing occurs more frequently in elderly females
suggests that skewed X-inactivation is a trait that can be acquired with age. Because
the process of X-inactivation occurs in early embryogenesis and is then stably
maintained in all progeny cells, theoretically the proportion of cells which have
inactivated each X chromosome should remain constant from birth to death. However,
this assumes that all cells have both similar life spans, and divide at equivalent rates.
Therefore, any factor which might alter either a cells’ longevity or its rate of division
compared to another clone could conceivably influence the relative preponderance of
that cell lineage within a tissue. This mechanism may well account for the increase in
the frequency of skewed X-inactivation in blood cells of elderly females observed in
this study.

Blood cells are one of the most mitotically active tissues of the body, many of
the constituent cells dividing rapidly with a short life span. This rapid and continuous
turnover means even mild selective pressures would be able to exert an influence
during the lifetime of an individual. X-inactivation results in the formation of two

populations of cells which differ only in the choice of which X chromosome they are
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expressing. Due to the many polymorphisms which are present between
chromosomes, this dichotomy immediately provides the potential for one cell lineage
to be at a selective disadvantage to the other. Any variations of X-linked genes which
result in even a tiny metabolic or growth difference between these two clones might
result in the selective growth of cells expressing a particular X chromosome. The net
result of this would be the development of skewed X-inactivation ratios with time.

Similar secondary cell selection phenomena are well documented for a variety
of X-linked syndromes, such as Wiskott-Aldrich syndrome, X-linked recessive deafness,
and X-linked o-thalessaemia (Wengler et al., 1995; Orstavik ef al., 1996; Gibbons et
al., 1992). In particular, in female carriers of Fragile X, an inverse correlation has
been noted between age and the proportion of blood cells which retain an active X
chromosome carrying a full mutation (Rousseau et al., 1991). This latter observation
is entirely consistent with the notion that certain X-linked genotypes may be at a
selective disadvantage and are subsequently out-competed, resulting in progressively
skewed X-inactivation patterns with age. However, over the lifetime of an individual,
cell selection might not require the presence of specific gene mutations per se. Instead,
any polymorphism which slightly alters the expression or function of a vital gene might
provide sufficient bias on which selection could act. Longitudinal studies of X-
inactivation ratios in a number of normal females over an extended time period would
be needed to definitively confirm this hypothesis.

One such study was recently reported by Abkowitz et al. (1998). Here,
longitudinal analysis of G6PD variants in the blood cells of Safari cats showed a slow
change towards the preferential expression of one isoenzyme in seven of the eleven
females analysed. The rate of change of X-inactivation ratios, as measured by G6PD
polymorphism, varied between individuals, taking between one and eight years to show
a significant deviation from the mean in different animals. In addition, Abkowitz et al.
found that while this change occurred in short-lived erythrocytes and granulocytes, the
X-inactivation ratio in long-lived T-lymphocytes remained unchanged, even after 13
years in one animal. These results indicate that a selection process favouring cells
expressing a particular X chromosome occurs in many normal females, resulting in the
generation of skewed X-inactivation with time.

Heritable variations that occur between X chromosomes and on which cell
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selection can act could account for familial cases of skewed X-inactivation such as
those reported by Naumova ef al. (1996 and 1998). As discussed by Migeon (1993),
this hypothesis provides a simple explanation for familial skewing and, consistent with
the linkage data of Naumova ef al. (1998), causative variations would be expected to
map to different X-linked loci in separate pedigrees.

It follows from this that the frequency of skewed X-inactivation seen in young
females is probably a better representation of the incidence of truly stochastic skewing,
i.e. that which occurs purely by chance. However, it is probable that a certain amount
of cell selection occurs during the first few years of life, and so the true incidence of
stochastic skewed X-inactivation (ratios 290:10) is probably lower than the 7% found
in females <25 in this study. Studies of X-inactivation patterns in the blood of
neonates would confirm this, as determined by Busque ef a/. (1996). In this study the
authors found severe skewing (ratios >90:10) in 2% of neonates, 5% of females aged
28-32, and 23% of females aged >60. These results indicate that the vast majority of
extreme skewing seen in the blood of normal adult females is acquired with age.

It is unclear however why the results of Busque et al., and those of other
authors using the AR assay, differ appreciably from this study. One possibility is the
different methods used to quantify the intensity of the alleles produced in the PCR
reaction. Busque ef al. utilised radioisotope labelling of their PCR products, and the
gel images were then scanned by densitometry. In contrast, this study has utilised
fluorescently labelled PCR products, and the allele intensity determined automatically
by gel analysis software. Accurate quantification using densitometry of gel images can
be problematic, especially where PCR products are poorly defined or there is a high
degree of background signal which must be compensated for. This is especially true
where alleles are of weak intensity, as is often the case when using the 4R assay.
Inspection of the raw data of Busque et al. shows that less than 10% of their subjects
in each age category were scored as having X-inactivation ratios in the ‘moderate
skewing’ interval of 75:25 to 95:5. This suggests that their densitometric method for
quantification of alleles may have exaggerated the degree of skewing in many cases,
resulting in individuals with moderate skewing being misclassified as having severely
skewed X-inactivation. This may well account for the high incidence of severe

skewing reported by Busque ef al. in their elderly age group. Conversely, the semi-
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automated fluorescent PCR assay utilised here was shown to be highly reproducible in
all individuals, suggesting the results gained were both accurate and reliable.

The inclusion of DMSO and 7’ deaza-dGTP in the PCR used to amplify the AR
repeat also made a significant improvement in assay reliability, and allowed uniform
and reproducible amplification of otherwise problematic samples (Mutter and Boynton,
1995).

An additional technical factor may also account for some of the discrepancies
in the frequency of skewing reported by different authors. While this study has utilised
a double methyl-sensitive restriction digestion of patient DNA using both Hpall and
Cfol, other studies have often used only single digestion with Hpall alone. While this
should theoretically make no difference, single digestion with Hpall alone can fail in
some instances (authors observations). Despite the use of control DNA to check for
apparent complete digestion, a failure of Hpall to completely cleave all unmethylated
cut-sites in some samples would go unnoticed, resulting in an under-estimate of the
incidence of severe skewing. Use of only a single restriction enzyme is potentially
unreliable for a number of reasons. Firstly, a reduction in the activity of a specific
batch of enzyme would yield false results, although this should be detected if
appropriate controls are used. This is far less likely to be a problem if two independent
enzymes are used. Secondly, a proportion of the target DNA sequences may retain
secondary structure that could render restriction cut-sites inaccessible to a single
enzyme digest. However, a double restriction digest will generate DNA fragments of
much smaller size, which are far less likely to retain any inhibitory secondary structure.
Thirdly, the use of Hpall alone in the AR assay means that the ability to distinguish the
active and inactive X chromosomes is entirely reliant upon the differential methylation
status of only two CpG dinucleotides. Any aberrant methylation, or indeed incomplete
cleavage, at these two sites will result in the generation of inaccurate results. Again,
the combined use of two enzymes increases the number of methylation sites under
investigation to four, and therefore making the assay less liable to inaccuracies due to
incomplete methylation of the X;. In summary, the use of only one methylation-
sensitive restriction enzyme for any assay of X-inactivation is much more prone to
error than a combined digest, and may tend to underestimate the true degree of

skewing in some individuals. This fact may explain the comparatively low incidences
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of severe skewing (ratios >90:10) of 3.5% and 1.5% reported by Plenge et al. (1997)
and Lanasa et al. (1999), both of whose studies utilised digestion of patient DNA with
Hpall alone. In contrast the large study of Naumova ef al. (1996) in which both
Hpall and Cfol were used found an incidence of 9%, similar to that reported here for
females <25.

Finally, it is possible that sampling differences may have contributed to
variations between this study and others, although there was no evidence for this.
Populations A and B were recruited from individuals referred to the laboratory as part
of pedigrees diagnosed with a variety of autosomal genetic disorders (see Materials
and Methods). While none of these conditions are known to influence X-inactivation
ratios, there is some very limited evidence suggesting that skewed X-inactivation is
more common in carriers of BRCA mutations (Buller ef al., 1999). However, no
significant differences in the proportion of individuals from each ascertainment group
with skewed X-inactivation were observed, indicating that sampling differences did not

influence results.

4.1.3 Tissue-specific variations of X-inactivation

Despite previous investigations into the variation of X chromosome inactivation
patterns in different tissues (Gale et al., 1994; Azofeifa et al., 1996), the degree of
correlation between two tissue lineages within an individual remains unclear. In order
to address this issue, this study has determined the X-inactivation ratios in 3 easily
accessible tissues, namely blood, buccal epithelia, and urinary cells, taken from 88
informative females of different ages.

Results from these 3 cell types indicate that while the degree of severe skewing
was similar in each tissue of young females (aged <25 years). In elderly women (aged
260) skewed patterns of X-inactivation were significantly more common in blood than
in other tissues. There are several possible explanations that might account for this
observation. Firstly, this high degree of skewing may be due to somatic cell selection,
as detailed earlier. As blood cells have a very high rate of turnover compared to other
tissues, there is a greater opportunity for selective pressures to be exerted against
particular clones. This mechanism could easily result in skewing being relatively more

common in blood than in other, less mitotically active, tissues (Abkowitz et al., 1998).
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Alternatively, the different frequencies of skewed X-inactivation seen between
tissues may be due to the relative size of the cell pool contributing to each tissue at the
time that X-inactivation occurs in the developing embryo. Following random
inactivation, the proportionate expression of each X chromosome should follow a
normal distribution about a mean of 50:50. The breadth of this distribution though is
dependent upon the number of cells present when X-inactivation occurs. If the number
of cells is large, then extreme X-inactivation ratios will be uncommon. However, if the
number of cells contributing to any one tissue is small, then skewing will be a relatively
common event.

By studying developing mouse embryos carrying an X-linked lacZ transgene,
Tan et al. (1993) concluded that X-inactivation in the mouse occurs progressively in
different tissues, with some cell lineages apparently completing X-inactivation much
earlier than others. This would suggest that the number of cells contributing to each
tissue differs significantly, potentially explaining why severe skewing might be more
common in some tissues than in others. However, it is possible that the results
reported by Tan et al. do not reflect differential timing of X-inactivation, but are
merely an artifact of tissue variation in the stability of the transgenic lacZ
mRNA/protein that was used as a reporter in their assay. In addition, no tissue
differences in the preponderance of skewing in our younger age group were observed,
which would be expected if differential cell numbers contributed to each tissue.

Finally, it is also possible that the increased amount of skewing seen in
Population D is a result of sampling bias. While the medical history of each individual
in Populations C and D was unknown, patients in these two age categories were
recruited from different sources. The majority of females in the younger Population C
were pregnant mothers attending obstetric clinic, and could be expected to represent a
reasonable population sample. Conversely, individuals in Population D were all
referrals made to a pathology department. It is possible that a small proportion of
these patients were referred due to haematological malignancies, which in some cases
may have influenced their blood X-inactivation status. However, previous studies of
both post-chemotherapy and haematologically abnormal women have found no
significant differences in blood X-inactivation status when compared with healthy
controls (Gale ef al., 1991; Fey et al., 1994). Therefore, it seems unlikely that this

sampling difference would have had any major influence on results.
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Although correlation analysis demonstrated that there was an overall significant
association of X-inactivation ratios between each tissue in both young and elderly
women, this degree of correlation fell markedly with age. Importantly, in some
individuals, extreme skewing was present in one or two tissues, while corresponding
X-inactivation ratios in other tissues were random. This was observed more frequently
in elderly women than in young females. These results demonstrate that X-inactivation
patterns can vary widely between different tissues within normal females. In addition,
the consistent observation of reduced levels of correlation of X-inactivation between
different tissues in elderly women further supports the hypothesis that secondary cell
selection processes are the major contributing factor towards the development of
skewing in clinically normal females.

Regression analysis of each tissue distribution was performed, from which 95%
prediction intervals were generated (shown in Figures 8, 9 and 10). Given that the X-
inactivation ratio in a certain tissue of an individual is known, these allow the
corresponding range of X-inactivation ratios in other tissues to be predicted with 95%
certainty. For example, if the X-inactivation ratio in the blood of a young woman has
been determined to be 90:10, then the corresponding ratio in her buccal epithelia will
lie within the range 45:55 to 97:3. The fact that this interval is so broad illustrates that
extrapolations of X-inactivation ratios from one cell type to another within an

individual should be treated with caution.

4.1.4 Offspring ratios in women with skewed X-inactivation
The data of Pegoraro et al. (1997) suggests that deleterious X-linked mutations that
cause severely skewed X-inactivation may also cause embryonic lethality in
hemizygous male offspring who inherit the abnormal chromosome. If such mutations
are a common cause of severe skewing, then this predicts that a population of women
with skewed X-inactivation will give birth to an excess of daughters to sons. The
study of offspring ratios in women with severely skewed X-inactivation therefore
provides a potential means of determining mechanisms that lead to skewed X-
nactivation.

Unfortunately, pedigree data was only available for 5 of the women identified

from Population A with blood X-inactivation ratios >90:10, precluding any meaningful
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analyses. However, these 5 women produced a total of 9 daughters and 4 sons, very
close to the 2:1 ratio predicted by the presence of a male-lethal trait on one of the
maternal X chromosomes. Therefore, although far from conclusive, these data are at
least consistent with the hypothesis that women who present with extremely skewed
X-inactivation ratios may be heterozygous carriers of deleterious X-linked mutations,
and that this may manifest as a lethal trait in half of their male pregnancies. However,
the study of a much larger population of women presenting with skewed X-
chromosome inactivation patterns is needed to confirm this.

Two recent studies (Lanasa et al., 1999; Sangha ef al., 1999) have investigated
the possible association of skewed X-inactivation with recurrent spontaneous abortion
(RSA). Both found an excess of severe skewing in populations of women who suffer
from RSA when compared to normal controls, further supporting the idea that X-
linked lethal traits may be relatively common, and a significant cause of pregnancy loss.

Due to the small number of mothers identified with skewed X-inactivation, a
further attempt was made to test the hypothesis that women with skewed X-
inactivation are carriers of deleterious X-linked variations. In order to do this, an
additional cohort of 17 women was studied, named Population E. Each of these
females was selected on the basis of having produced at least twice as many daughters
as sons. Due to the large amount of effort involved in recruiting sufficient numbers of
women with skewed X-inactivation, it was hoped that studying this population would
provide a more effective solution than further screening for highly skewed females. If
the hypothesis was correct, then this population should have an increased prevalence of
women with highly skewed X-inactivation patterns compared to controls.

Results showed that only one of the 16 informative females studied (6%) in
Population E had X-inactivation ratios 290:10 compared to 7-16% of controls in
Populations A-D, indicating that the hypothesis is incorrect. However, a number of
factors meant that firm conclusions are difficult to draw from: this comparison. Most
significantly, as a result of the small size of Population E, only very large enrichments
in the frequency of skewed X-inactivation could be detected by comparison with the
controls. There are numerous reasons why a woman might conceive more daughters
than sons, including random probability and paternal contribution, and these

undoubtedly account for a significant proportion of such families. As no attempts
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were made to exclude individuals from Population E with a known aetiology for their
skewed offspring ratio, the power of this already small survey was likely further
reduced. Similarly, the offspring ratios of many individuals in the ‘control’ Populations
A-D were unknown, again diluting the power of this comparison to detect any
differences. An ideal control population should consist of age-matched women with
the same total number of children of evenly mixed sex. These shortcomings make it
unlikely that this survey would detect any real differences in X-inactivation ratios that

may exist between test and control populations.

4.1.5 Heritability of X-inactivation ratios
In an attempt to determine if X-inactivation ratios can be inherited as a genetic trait,
patterns of blood X-inactivation were determined in 29 mother-daughter pairs. Of
these, 17 were informative for both the degree and direction (parental origin) of
skewing. Analysis of the correlation between the maternal and daughters’ X-
inactivation ratios showed no significant association (r=0.31, P=0.23), indicating that,
in most cases, mother-daughter X-inactivation ratios were unrelated. However, the
small size of the sample population again means that firm conclusions on this issue
cannot be drawn.

Results of two previous familial studies of X-inactivation have both indicated
the existence of a heritable component. Orstavik et al. (1999) examined blood X-
inactivation ratios in 171 elderly female twin pairs. They found a significantly higher
correlation between monozygous (r=0.57) than dizygous (r=0.22) twins, providing
strong evidence that a significant proportion of skewed X-inactivation is attributable to
genetic factors. Naumova et al. (1998) similarly studied X-inactivation ratios in 38
multiplex families, and noted a significant sister-sister correlation in both the degree
and direction of skewing. However, as was found here, no such correlation existed
between mother-daughter pairs in their study population. Naumova et al. proposed
that these results could be explained if X-inactivation ratios in humans were influenced
primarily, by an X-linked locus equivalent to the murine Xce. They postulated that the
nheritance of ‘XCE” alleles of different ‘strength’ within families would lead to
aggregations of skewed X-inactivation, with strong sister-sister correlation but a lack

of mother-daughter correlation. While potentially explaining the observations made by
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Naumova et al., attempts to map this putative ‘XCE’ by linkage showed no single
region of concordance in one family, and linkage to different X-linked loci in four
other pedigrees. These results argue against the existence of a single Xce-like control
locus in humans, indicating instead that any inheritance of X-inactivation is influenced
by different loci in separate pedigrees.

As discussed earlier, X-linked variations upon which secondary cell selection
can act provide a simple alternative explanation that could account for inherited X-
inactivation ratios, without the need to invoke the existence of multiple X-linked loci
with a primary influence on the degree of skewing. Interaction between maternally and
paternally derived variations could result in a correlation of X-inactivation ratios
between siblings, but not necessarily between mother and daughter. In addition,
monozygous twin pairs would show a closer correlation of X-inactivation ratios than
would dizygous twins (Orstavik ef al., 1999). As observed by Naumova et al., these
variations would also map to different regions of the X chromosome in different
families. Finally, the longitudinal study of Abkowitz et al. (1998), and the data
presented here, are inconsistent with the hypothesis that skewed X-inactivation is a
primary trait. Instead, they strongly suggest that skewed X-inactivation is acquired
over time as a result of secondary selection processes. Taken together, these data
indicate that X-inactivation ratios themselves may be heritable, but only as a secondary
consequence of the inheritance of X-linked variations upon which cell selection can

act.

4.1.6 Summary

The incidence of skewed X-inactivation in normal women is controversial, with up to
10-fold differences reported by different authors. In order to clarify this issue, I have
conducted the most comprehensive survey of X-inactivation patterns to date in 270
informative females from different age groups, using the Androgen Receptor gene
PCR assay. Results using DNA extracted from blood samples show that the incidence
of severe skewing (defined here as ratios >90:10) is relatively common and increases
with age (P<0.05), occurring in 7% of normal women under 25 years of age, and 16%
of normal women over 60.

In order to study tissue specific patterns of X-inactivation, samples of both
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buccal and urinary epithelia were also obtained from 88 of the females studied.
Although there was a significant association of the X-inactivation ratios between each
tissue in most individuals, wide variations were apparent in some cases, making
accurate extrapolations between tissues impossible. The degree of correlation between
each tissue also fell markedly with age.

Attempts were also made to determine the potential mechanisms that might
cause skewed X-inactivation in normal women. However, while the study of offspring
ratios in women with severely skewed X-inactivation suggested a possible excess of
daughters born to these women, results of this study, and of females with a sex-biased
offspring ratio, were inconclusive due to small sample size.

Examination of the correlation of X-inactivation between mother-daughter
pairs found no significant association. However, small sample size again meant that
firm conclusions on the heritability of X-inactivation could not be drawn.

Overall, the data presented here are consistent with the hypothesis that the
major factors in the aetiology of skewed X-inactivation are secondary selection

Processcs.

4.2 X-inactivation ratios in Silver-Russell syndrome

Maternal uniparental disomy for chromosome 7 is associated with approximately 7%
of SRS cases (Kotzot et al., 1995; Eggermann et al., 1997; Preece et al., 1997),
leading to the suggestion that one or more imprinted genes on chromosome 7 are
responsible for the disease. However, as it is likely that most cases of matUPD?7 arise
by trisomy 7 rescue (Mergenthaler ef al., 2000b), it is unclear whether the SRS
phenotype is due to the presence of matUPD7 alone.

Based on previous reports demonstrating an increased frequency of skewed X-
inactivation in cases of trisomy rescue (Lau et al., 1997; Penherrera et al., 2000), this
study has set out to determine the possible role of trisomy 7 in SRS by analysing the
frequency of skewed X-inactivation in a cohort 0of 29 non-UPD7 SRS patients.
Consistent with the hypothesis, results showed an increased frequency of extremely
skewed X-inactivation in SRS (17.2%) compared to age-matched controls (6.6%),
although this difference does not reach statistical significance (P=0.079). However,
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this is probably a result of the relatively small number of SRS cases analysed, and the
low P-value is strongly suggestive that a significant effect would be observed had a
larger cohort been studied. More specifically however, the frequency of completely
skewed X-inactivation in the SRS population is some ten-fold higher than that found in
controls (P=0.014), consistent with the possibility that in some of the cases analysed,
trisomy rescue has occurred. Complete skewing in the diploid tissues of these
individuals suggests that they are derived from a single, or very small number of,
progenitor cells in which trisomy rescue occurred in the developing embryo, and
predicts the presence of undetected trisomic cell lines, either confined to the placenta
or within other somatic tissues (Lau ef al., 1997; Penherrera et al., 2000). These data
are therefore consistent with the hypothesis that mosaicism for trisomy 7 exists in some
cases of SRS, and suggests that the occurrence of matUPD7 seen in a proportion of
cases is a consequence of trisomy rescue. However, these results do not exclude a role
for imprinting in SRS, as indicated by a proband with segmental matUPD7 confined to
7q31-qter which is unlikely to be associated with trisomy 7 (Hannula ef al., 2001), and
by several other SRS patients with abnormalities of chromosome 7 (D. Monk, personal
communication).

The proportion of SRS cases in which both extreme and complete skewing was
observed is similar to that predicted from the 7% incidence of matUPD7 in SRS, as
follows. As one third of cases of trisomy rescue will result in UPD, it can therefore be
estimated that trisomy 7 occurs in some 21% of SRS patients. This study has
examined only those individuals with biparental inheritance of chromosome 7,
representing 14% of total cases, and previous studies of trisomy rescue have found that
approximately two-thirds of such cases where the trisomy is of meiotic origin show
completely skewed X-inactivation (Lau ef al., 1997; Penherrera et al., 2000).
Approximately half of SRS cases with matUPD7 have arisen from a trisomy of meiotic
origin (Kotzot et al., 1995; Eggermann et al., 1997; Preece et al., 1997). Thus, some
5% of non-UPD SRS females should exhibit skewing as a result of trisomy rescue, in
addition to the ‘background’ incidence of 7% found in age-matched controls, totalling
12%, statistically similar to that observed here (17%). However, there did not appear
to be an association of increased maternal age with SRS, which would be expected in
those cases where the trisomy was of meiotic origin (Risch et al., 1986). In particular,

the mean maternal age for four of the five individuals with extreme skewing for whom

144



data was available was 28 (range 21-34), although the small sample size made firm
conclusions impossible. In addition, skewed X-inactivation was not observed in three
cases of maternal heterodisomy 7 (Lau et al., 1997). As these most likely arose by
trisomy rescue complete skewing might be expected in these cases, but once again firm
conclusions cannot be drawn from such small numbers.

The possible association of trisomy 7 with SRS is similar to that seen in trisomy
16. All cases of trisomy 16 are of maternal meiotic origin (Hassold et al., 1995), and
mosaicism for trisomy 16, often confined to the placenta, is associated with matUPD16
in many instances. However, in some cases there is poor correlation between
matUPD16 and intrauterine growth retardation (IUGR) or abnormal pregnancy
outcome (Penaherrera et al., 2000). Instead, it is likely that the TUGR and foetal
abnormalities associated with matUPD16 are partly due to the effects of high levels of
trisomy 16 in the placenta, and their possible persistence in some somatic tissues
(Robinson ef al., 1997).

Although the observed matUPD and structural abnormalities of chromosome 7
in SRS strongly suggest the specific involvement of chromosome 7, the finding of
skewed X-inactivation in SRS is also compatible with alternative explanations other
than trisomy 7 rescue. Many X-linked syndromes are associated with skewed X-
inactivation, and X-linked inheritance has been suggested for some familial SRS cases
(Duncan et al., 1990). While there is currently no direct evidence to support the
involvement of the X chromosome in SRS, as the syndrome is undoubtedly genetically
heterogeneous our observations may also indicate an X-linked cause in a proportion of
cases. Alternatively, the increased frequency of skewing in SRS could indicate the
involvement of trisomy rescue for other autosomes, besides chromosome 7. A
previous case of confined placental mosaicism for trisomy 16 showed asymmetric
IUGR with a relatively large head, similar to that seen in many SRS cases (Kalousek ef
al., 1993), and trisomy 18 mosaicism has also been reported in a child with features of
SRS (Chauvel et al., 1975). However, UPD for many autosomes, particularly those
that are frequently observed as aneuploids, has previously been excluded from 70 SRS
probands (Eggermann et al., 1997; Preece et al., 1997). Thus, while trisomy
mosaicism for chromosomes other than 7 may be responsible for a small number of
cases, it seems unlikely to play any significant role in the disease.

Previous studies have failed to detect the presence of trisomy 7 cells in the
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blood or fibroblasts of SRS patients (Monk et al., 2001), although the techniques used
in some cases have been limited by low sensitivity (Eggermann e al., 1997; Preece et
al., 1997). In addition, high-level mosaicism or complete trisomy 7 is a lethal
condition, with different phenotypic features from those seen in SRS (Fryns, 1990c).
Therefore, SRS might be characterised by distinct patterns of mosaicism for trisomy 7
cells, confined to certain tissues. Somatic mosaicism for trisomic cells might account
for the asymmetrical growth and patchy skin pigmentation that is observed in some
individuals with SRS, and mosaicism for a ring chromosome 7 has been reported in
one case of SRS (Miyoshi et al., 1999). While such asymmetry might be predicted in
individuals with mosaicism, only one of the three SRS individuals in whom we found
completely skewed X-inactivation showed asymmetrical growth. In contrast to the
formation of matUPD7, patUPD7, which is compatible with normal growth, probably
results from monosomy rescue (Hoglund et al., 1994; Pan et al., 1998), and would not
be associated with trisomy.

In summary, the increased frequency of completely skewed X-inactivation
found in SRS patients with biparental inheritance of chromosome 7 is consistent with
the possible presence of trisomy 7 confined to certain tissues in some SRS patients.

Whether this contributes to the phenotype of SRS requires further experimentation.

4.3 The spreading of X-inactivation in X;autosome

translocations

4.3.1 Introduction

Since the ability of X-inactivation to spread variably into autosomal DNA was first
recognised (Russell, 1963), numerous other studies of X;autosome rearrangements
have confirmed and extended these early observations (Reviewed in Mattei ef al.,
1982; Camargo and Cervenka, 1984). However, in all but a few cases evidence for the
extent of spread of X-inactivation into autosomal DNA has been based upon either
replication timing studies or the associated clinical phenotype in carrier individuals.
The former approach is problematic, as direct evidence to support the presumption for

an absolute correlation between the extent of spread of late-replication and
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transcriptional silencing in X;autosome translocation carriers is weak. While in many
cases there is an apparently good correlation between the chromosome imbalance,
spreading of late-replication, and clinical phenotype, sporadic reports of individuals
with unexpectedly mild phenotypes in which there is no detectable spread of late-
replication suggests that in some cases this relationship does not hold true (Keitges and
Palmer, 1986; Bettio et al., 1994; Garcia-Heras et al., 1997; Bacino et al., 1999;
Abuelo et al., 2000).

While observations in four X;autosome rearrangements have noted the
inactivation of single autosomal genes (Couturier ef al., 1979; Mohandas et al., 1981;
Mohandas et al., 1982; Taysi et al., 1982), only one other previous study has directly
measured the spread of X-inactivation through autosomal DNA by gene expression
analysis. White et al. (1998) found that the spread of inactivation in an X;4
translocation occurred in a discontinuous fashion, with active genes interspersed
among inactive regions of chromatin. This mirrors similar observations of
discontinuous spreading of late-replication (Mohandas ef al., 1981; Keitges and
Palmer, 1986), suggesting that some autosomal chromatin lacks features important in
the spread and/or maintenance of X-inactivation.

Recently Mary Lyon proposed LINE repeats as candidates for these cis-acting
elements which promote the spread of X-inactivation along a chromosome (Lyon,
1998), a hypothesis supported by the distribution of LINEs on the X chromosome
(Bailey et al., 2000). As the density and distribution of LINESs is a constant property
of each chromosome,‘Lyon’s repeat hypothesis predicts that in X;autosome
rearrangements, the spread of X-inactivation into autosomal chromatin should be an
intrinsic property dependent upon LINE content.

This study has set out to perform detailed studies of the spreading of X-
inactivation in unbalanced X;autosome translocations. Five such cases were studied,
each associated with varying severity of phenotype. In each case the spread of X-
inactivation into the translocated autosomal material was directly determined on a
gene-by-gene basis using allele-specific RT-PCR and CpG island methylation analysis.
In an attempt to identify cytogenetic features of the inactive X that might correlate
with this spread of gene silencing, a combination of immunofluorescence and FISH
was performed to localise the distribution of acetylated and methylated histones, late-

replicating chromatin, and XZST RNA on each der(X). Finally, in order to test Lyon’s
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repeat hypothesis, a sequence analysis using data from The Human Genome Project
was performed to identify repetitive DNA elements, in particular LINEs, that might

correlate with the spread of X-inactivation observed in each case.

4.3.2 Analysis of five unbalanced X;autosome translocations

I have directly studied the spreading of X-inactivation in five X;autosome
translocations and in each case demonstrated the long-range silencing of autosomal
genes located up to 45Mb from the translocation breakpoint. Thus, whatever factors
are responsible for the spread of X-inactivation are not unique to the X chromosome.
However, in each case this spreading has occurred in either an incomplete or
discontinuous fashion, suggesting that autosomal chromatin does not either transmit or
maintain the mactivation signal as efficiently as the X chromosome. Furthermore,
these results show that the spreading of X-inactivation through autosomal chromatin
can occur in the absence of cytogenetic features normally associated with the inactive
X, such as late-replication, histone hypoacetylation and coating with XIST RNA.
Many previous studies have utilised techniques to determine the spreading of
late-replication into autosomal chromatin in X;autosome rearrangements, and inferred
a direct relationship between delayed replication timing and genetic silencing in such
cases (Keitges and Palmer, 1986; Schanz and Steinbach, 1989; Surralles and Natarajan,
1998). Indeed, there are many cases in which the attenuated phenotype of individuals
trisomic for a segment of autosome, translocated onto an inactive X, appears to
correlate well with the spreading of late-replication into it (Mohandas et al., 1982;
Disteche et al., 1984; Keitges and Palmer, 1986; Wiliams and Dear, 1987; Canun ef
al., 1998). Such cases imply that the inactivated region of autosome can be defined by
the extent of spread of late-replication. However, my observations indicate that, at
least in some instances, silencing of autosomal genes by X-inactivation can occur
without any apparent global delay in the replication timing of the surrounding
chromatin. In both Case 1 (AH) and Case 5 (BO0566), there was no evidence to
suggest that the translocated autosomal segment was delayed in its replication
compared to the normal homologues. Instead, the late-replicating domain of both
these der(X) chromosomes appeared to define the boundary between the autosomal

and X chromatin. A review of published cases of unbalanced X;autosome
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translocation suggests that this phenomenon is not restricted to these two patients. A
number of individuals have been previously described where no spreading of late
replication into the attached autosome was observed, but whose unusually mild clinical
phenotype strongly suggests inactivation of translocated autosomal genes (Keitges and
Palmer, 1986; Bettio ef al., 1994; Garcia-Heras et al., 1997; Bacino et al., 1999;
Abuelo et al., 2000). Thus, these data show that the use of replication timing studies
to characterise the extent of spread of X-inactivation in X;autosome rearrangements
can be misleading.

In contrast, while there was a complete lack of spread of late-replication in
Case 1 (AH), observations of depletion of histone acetylation and H3 lysine 4
dimethylation in this individual show a good correlation with the pattern of gene
silencing. Similarly in Case 2 (SP), the almost complete spread of gene silencing is
accurately reflected by the pattern of histone acetylation and H3 lysine 4 dimethylation,
but less so by the relatively limited spread of late-replication. Therefore, while
observations in Case 3 (SR) do show an apparent association between the spread of
late-replication and gene silencing, these data demonstrate that the distribution of
histone modifications which distinguish the inactive X, such as H3AcK14, H4AcK8
and H3Me,K4, are superior to late-replication as cytogenetic measures of the spread of
X-inactivation. Additionally, they also show that these histone modifications are
distinct from and independent of late-replication (Keohane et al., 1996). However,
where the spread of gene silencing occurs discontinuously, as observed in the two X;6
translocations studied, there was no corresponding distribution of depletion of histone
acetylation and H3 lysine dimethylation. This may simply reflect the low resolution of
immunofluorescence, and histone states at the gene level may differ from that of the
surrounding chromatin, as is observed for X-linked genes which escape X-inactivation
(Gilbert and Sharp, 1999; Boggs et al., 2001).

While late-replication is a poor cytogenetic correlate of the spread of X-
inactivation, it is interesting to note that in every case studied, autosomal genes which
were located within cytogenetically late-replicating regions were inactive. Therefore
this late-replicating chromatin may represent domains in which the spread of X-
inactivation is maintained in a more stable fashion. All late-replicating autosomal
regions were both hypoacetylated and depleted of H3 dimethylated at lysine 4, and
furthermore the location of autosomal genes in SP, SR and AL.0044 which showed
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partial inactivation corresponded with observations of mosaicism in the spread of late-
replication.

These data show that the CpG islands of autosomal genes silenced by the
spread of X-inactivation become highly methylated, as occurs on the inactive X
(Tribioli et al., 1992). CpG island methylation probably represents an important
component of the spread and/or maintenance of inactivation through autosomal DNA,
as in both AL0044 and BO0566 methylation at MICA and HLA-F represents the only
difference detected between the inactive translocated copy of these genes and their
active normal homologues. However, sequence analysis did not detect CpG islands
adjacent to or within several other inactivated autosomal genes, suggesting that
possession of a CpG island is not a prerequisite for silencing by the spread of X-
inactivation.

Perhaps the most surprising observation to emerge from this study is that the
spread of X-inactivation in each of the five cases studied showed different
characteristics, reflecting the complexity of the X-inactivation cascade. In Case 1
(AH) there was an apparently continuous spread of gene silencing covering the
majority of the translocated 10q segment. This spread of inactivation correlated with
the pattern of depletion of histone acetylation and H3 lysine 4 dimethylation but not
with the spread of late-replication. In Case 2 (SP), there was a continuous spread of
gene silencing over almost the entire translocated segment of 11p, accompanied by a
partial but variable spread of late-replication and an almost complete spread of
depletion of histone acetylation and H3 lysine 4 dimethylation. In Case 3 (SR) in the
great majority of cells studied there was a partial and apparently continuous spread of
gene silencing which correlated well with both the spread of late replication and
histone modifications. However, there was also a discontinuous spread of late-
replication in a small proportion of cells. In contrast, both of the X;6 translocations
studied (Cases 4 and 5, AL0044 and BO0566) showed a discontinuous spread of gene
silencing, but cytogenetic observations were discordant between the two. In AL0044,
there was a discontinuous and variable spread of late-replication and depletion of
histone acetylation and H3 lysine 4 dimethylation which were confined to the distal
portion of the translocated 6p segment. The apparent absence or minimal spread of
these cytogenetic features in many cells may explain why they were not reported in a

previous study of this same case (Keohane ef al., 1999). Observations of XIS7'RNA
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distribution in this case showed little or no spread into translocated 6p segment
(Keohane et al., 1999). In BO0566 no spread of late-replication or histone
modifications were observed.

Despite these variations, in every case there was a good correlation between
the pattern of gene silencing and the attenuation of clinical phenotype associated with
each partial autosomal trisomy. Despite being trisomic for the region 10q23.3-qter,
Case 1 (AH) presented only with secondary amenorrhea, as did her aunt with the same
unbalanced rearrangement, a finding consistent with rearrangements of Xq (Mattei ef
al., 1982). She lacked any clinical features normally seen in patients with distal 10q
trisomy, which include growth and mental retardation, facial and skeletal anomalies,
and a variety of internal malformations (Fryns, 1990a). Consistent with this
phenotype, results indicated an apparently continuous spread of inactivation from the
adjacent X chromatin, silencing multiple genes over some 25Mb of DNA in the
translocated chromosome 10. Surprisingly, the most distal gene tested, PRDX3, was
shown to remain active, indicating that the spread of inactivation into the 10q material
was incomplete. Although the possibility that this gene was initially silenced and has
later reactivated cannot be excluded (Schanz and Steinbach, 1989), this indicates that
over-expression of PRDX3, an antioxidant protein that localises to the mitochondrion
(Tsuji et al., 1995), does not contribute significantly to the phenotype associated with
trisomy 10q.

Case 2 (SP) showed mild features of Beckwith-Wiedemann syndrome,
consistent with the paternal origin of her additional copy of 11p, a region known to be
imprinted. However, trisomy for the segment 11p12-pter is normally associated with
much more severe abnormalities than present in SP, and her phenotype is instead
similar to that seen in cases with smaller paternal duplications of 11p15-pter (Fryns and
Chrzanowska, 1990). This correlates well with the pattern of gene expression
observed on the der(X;11), with an apparently continuous spread of X-inactivation
silencing all but the distal tip of the translocated 11p segment. Similarly, trisomy for
the region 7q22-qter is normally associated with profound mental retardation and
multiple congenital abnormalities, and most cases are either stillborn or die shortly
after birth (Schinzel, 1990). The phenotype seen in Case 3 (SR) is considerably milder
than this, and instead her abnormalities are similar to those expected with trisomy for a

more distal region of 7q, consistent with the partial spread of X-inactivation observed
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in this case. Finally, both Cases 4 (AL0044) and 5 (BO0566) also show milder
phenotypes than would normally be predicted simply from their chromosome
abnormalities. Trisomy for 6p21-pter normally causes multiple congenital anomalies,
with severe growth and mental retardation, and internal abnormalities are such that
most cases die during the neonatal period (Fryns, 1990b). However, AL0044
presented only with mild learning difficulties and developmental delay as a 7 year old
child, consistent with inactivation of the majority of genes tested within the
translocated segment of 6p. In contrast, BO0566 displays much more severe features
than AL.0044. This may be partly attributed to her larger translocated 6p segment, but
seems more likely to be a result of the less efficient spread of inactivation observed, by
comparison with that in AL0044.

This concordance between the spread of gene silencing and the associated
clinical phenotype suggests that our in vitro observations in lymphoblastoid cells are a
good reflection of that in vivo, although we cannot exclude the possibility that the
pattern of inactivation observed is a result of selection removing those cells in which
dosage-sensitive autosomal genes remained active. Additionally, it is possible that in
each of the cases studied the spread of gene inactivation, late-replication and/or histone
modifications we observed is a result of inefficient maintenance of the X-inactivation
signal in autosomal chromatin. Immediately after the onset of X-inactivation in the
developing embryo, the spread of inactivation through each translocated autosome
may have been more complete but subsequently receded due to a lack of appropriate
maintenance. A failure of maintenance could be characterised by the progressive or
differential loss of features of X-inactivation such as coating with XIST RNA, late-
replication and histone hypoacetylation prior to the reactivation of autosomal genes,
which could account for our observations of the distribution of inactive autosomal
genes in relation to cytogenetic features of X-inactivation. Although I cannot discount
this possibility, the study of gene expression, CpG island methylation and late-
replication in AH, SP and SR using both EBV-transformed lymphoblasts and
peripheral blood did not detect any differences between the two cell types. This
suggests that the spread of X-inactivation at the DNA, RNA and chromatin level is
maintained in a relatively stable fashion in both systems and is not influenced by EBV-
transformation.

Previous observations of the distribution of XIST RNA in interphase
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lymphoblast nuclei of AL0044 showed it to be localised specifically to the inactive X
with little or no spread into the adjacent 6p chromatin (Keohane ef al., 1999). These
observations are consistent with those made in murine X;autosome rearrangements
(Duthie ef al., 1999), and suggest that XIS7/Xist RNA has a reduced affinity for
autosomal chromatin. Our observations in AL0044 clearly demonstrate that silencing
of autosomal genes by a spread of X-inactivation can occur in the absence of coating
by XIST RNA. Unfortunately it was not possible to study the distribution of XIST
RNA on the der(X) in other cases as FISH studies showed an aberrant distribution of
XIST transcripts in the cell lines available. In lymphoblast nuclei of both SP and SR,
where XIST expression was detectable it showed a diffuse distribution that was poorly
localised compared to controls, while in many cells XIST was apparently not
expressed. Given that XIST transcripts were apparently normally expressed and
localised in EBV-transformed lymphoblasts of AL0044, it is unclear why they showed
an aberrant distribution in similarly transformed cell lines of both SP and SR.
However, this sporadic failure of expression and localisation of XIST transcripts in
some cell lines might be an artefactual consequence of EBV-transformation, similar to
that seen in transgenic lines (Clemson ef al., 1998). Although it was not possible to
perform XIST RNA FISH studies in fresh samples, as we were unable to detect any
appreciable differences in the spread of X-inactivation in SP or SR between fresh and
EBV-transformed samples it seems likely that this aberrant XIST expression did not
have any appreciable influence on the spread of inactivation observed, nor represents
the situation in vivo.

There was no apparent relationship between the spread of inactivation and the
location of translocation breakpoints or G-bands, as has been suggested (Camargo and
Cervenka, 1984; Duthie ef al., 1999). Inactive genes were contained within both G-
light and G-dark bands at similar frequency. Neither did the extent of spread of
inactivation appear to be related to absolute distance from the X/C, although in AH,
SP and SR there were clear ‘gradient effects’, with inactivation diminishing in effect
with increasing distance from X chromatin. It has also been suggested that on the
human X the separation of the short arm from the XIC by the centomere may be
responsible for the high density of genes escaping X-inactivation in Xp (Carrel et al.,
1999; Disteche, 1999). However, comparison of AL0044 and BO0566 suggests that

centromeric heterochromatin does not represent a barrier to the spread of X-
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inactivation.

In three of the five cases studied we observed that late-replication and/or
histone hypoacetylation and H3 lysine 4 dimethylation sharply define the boundary
between the X and autosomal chromatin, strongly suggesting that autosomal DNA has
distinct properties from the X and is resistant to the X-inactivation signal. The
discontinuous spread of gene silencing observed in AL0044 and BO0566 suggests that
certain regions of chromosome 6p in particular lack features important for the spread
and/or maintenance of X-inactivation. However, the differences in the spread of late-
replication, histone modification and the discordant inactivation of HCR between the
two cases indicates that sequence-specific factors are not the sole determinants of X-
inactivation, and that the relative position of translocation breakpoints also influences
the extent of its spread in X;autosome rearrangements.

It remains unclear though what dictates whether the spread of X-inactivation
through autosomal DNA is accompanied by global changes to the surrounding
chromatin, such as histone modifications and delayed replication timing. The absence
of these features on much of the translocated 6p segment in both AL0044 and BO0566
where gene silencing occurred discontinuously, suggests that these hallmarks of the
inactive X may be limited to chromatin regions that are globally inactive. However, as
evidenced by Case 1 (AH), a delay in replication timing is clearly not a direct
consequence of a continuous spread of either gene silencing or histone
hypoacetylation. Instead, the association of these features with the spread of X-
inactivation may be related to some intrinsic property of chromatin that is currently
unrecognised.

The inactive X chromosome is distinguished by multiple mechanisms of
transcriptional control. Methylation, hypoacetylation, conformational and replication
changes are all undoubtedly important in the establishment or maintenance of X-
inactivation. Removal of these control mechanisms can destabilise the inactive state
(Haaf, 1995; Migeon et al., 1986), leading to the reactivation of previously silenced
genes (Hansen et al., 1996). The limited spreading of features such as late-replication
and histone hypoacetylation suggest that at least some autosomal chromatin is resistant
to these characteristic changes that distinguish the inactive X chromosome from
transcriptionally active chromatin, and may contribute to the relatively limited ability of

X-inactivation to spread and be maintained in cis through autosomal DNA.
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4.3.3 Sequence analysis

The mechanism by which X-inactivation spreads along a chromosome is poorly
understood. Lyon (1998) recently proposed that Long Interspersed Nuclear Elements
(LINESs) might function to facilitate this spread, a hypothesis supported by the
distribution of LINEs on the X chromosome (Bailey et al., 2000). Lyon’s repeat
hypothesis predicts that autosomal genes that are contained within LINE-rich regions
should be silenced by the spread of X-inactivation, while LINE-poor autosomal
regions should escape the X-inactivation signal. This was tested in two ways. Initially
a study of the distribution of L1s at the cytogenetic band level in three of the
translocated regions of autosome studied was performed. In apparent disagreement
with Lyon’s hypothesis, when genomic sequence was analysed in windows of 200kb,
there was no obvious relationship between L1 density and the spread of inactivation.
However, because of the subjective nature and incomplete coverage of the analysis it
was difficult to draw firm conclusions based on these data. Therefore a second
analysis which focused specifically on repetitive sequences within and immediately
upstream of each of the 33 autosomal genes examined by RT-PCR and/or methylation
analysis was performed. Consistent with Lyon’s hypothesis (1998) and the data of
Bailey et al. (2000), results of this analysis established that autosomal genes
susceptible to the spread of X-inactivation have a different repetitive sequence content
from those that resist this signal. Inactivated autosomal genes contained significantly
higher densities of both LINE-1 and LTR interspersed repeats, suggesting that the
spread of X-inactivation is sequence-specific. These results support Lyon’s repeat
hypothesis (Lyon, 1998) and, in the context of their distribution on the X chromosome
(Bailey et al., 2000), provide compelling evidence that LINE-1s are ‘booster
elements’, first proposed by Gartler and Riggs (1983), which mediate the spread of X-
inactivation in cis.

LINEs clearly satisfy the requirements of these cis-acting elements, being
distributed throughout the genome but enriched specifically on the X (Korenberg and
Rykowski, 1988), where their organization is suggestive of a role in the X-inactivation
process (Bailey et al., 2000). They also occur throughout the mammalian lineage.
Although a recent comparative sequence study of mouse and human X chromosomes

concluded that the murine X is not significantly enriched for LINEs, the authors did
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not conduct any formal analysis (Chureau et al., 2002). While the absolute frequency
of LINEs on the murine X (16.2%) is not as high as in humans (30.2%), as
demonstrated by early FISH studies (Boyle ef al., 1990), the data of Chureau ef al.
(2002) show that the murine X is significantly enriched for LINEs by comparison with
the murine autosomes (P<0.0001, chi-square test). Indeed, the magnitude of this
enrichment of LINEs on the X when compared to the autosomes is similar in both
mouse (1.54-fold) and human (1.78-fold), consistent with Lyon’s repeat hypothesis.

Bailey et al. observed that X-linked genes escaping X-inactivation have
significantly lower L1 content than genes subject to X-inactivation (Bailey ef al.,
2000). However, the human X chromosome is thought to have evolved by way of
successive translocation of autosomal material onto its short arm (Lahn and Page,
1999). As each of these more recent additions to the X contains progressively higher
densities of genes escaping X-inactivation (Carrel ef al., 1999; Disteche, 1999), it was
unclear whether the association of reduced L1 density with escape from inactivation
was of functional significance, or instead simply a reflection of the recent autosomal
origins of Xp. The data presented here show that this correlation between L1 density
and the spread of X-inactivation exists not only for the X but also on the autosomes,
strongly suggesting that L1 density is an important factor in determining susceptibility
to X-inactivation.

These data also indicate that the association between repeat density and X-
inactivation is specifically limited to intragenic repeat sequences, i.e. those within
introns and untranslated regions. When the analysis was extended to include additional
5’ non-coding sequence the correlation between L1 density and inactivation diminished
linearly. This may explain why the initial investigation of the relationship between the
spread of inactivation and LINE density at the cytogenetic band level found no
apparent correlation. However, this was surprising given that Lyon’s repeat
hypothesis was based partly on her observations of an apparent correlation between the
spread of X-inactivation and LINE density at the cytogenetic level. The failure of this
preliminary sequence study to show any such correlation may also be due in part to the
draft and incomplete nature of much of the dataset in the April 2001 Genome
Assembly which was used in the analysis. At this time large regions of chromosomes
11p and 6p in particular, which contain the majority of the translocated autosomal

genes analysed by RT-PCR/methylation analysis, were relatively poorly sequenced. In
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contrast, in the latter more focused analysis which used the improved December 2001
Genome Assembly, a total of only 3 and 6 contig gaps were encountered when 5kb
and 10kb of additional 5* sequence were included, respectively. Thus, it is possible
that the failure of the initial study to identify any large-scale correlation between LINE
density and the spread of X-inactivation was due simply to the poor quality of the
sequence data upon which it was based.

The distribution of L1s and LTRs within the genome also explains the variable
and discontinuous spread of X-inactivation which is seen in X;autosome translocations
(Mattei et al., 1982; White ef al., 1998). As LINE elements occur throughout the
mammalian genome at varying density (Korenberg and Rykowski, 1988; Boyle et al.,
1990), X-inactivation may spread to different extents through autosomal chromatin,
jumping regions of low LINE density and silencing LINE-rich genes located more
distally.

The enrichment of LINEs on the X chromosome is mostly attributable to
younger L1 elements (Bailey et al., 2000). Bailey ef al. hypothesised that this
occurred by selective retrotransposition of young L1 subtypes onto the X and
demonstrated that autosomes were excluded from this process. This may explain why
we observed that both old and young L1 subtypes were associated with inactivated
autosomal genes and also partly why the spread of inactivation into autosomal DNA is
less efficient than on the X (White ef al., 1998). However, the modest correlation
(r=0.45) of L1s with inactivation and the obvious overlap in L1 content between some
active and inactive genes (Appendix 9) indicates that the spread of X-inactivation is
not dictated by LINE density alone. LTRs, which are enriched on the human X
chromosome (Bailey et al., 2000), were also correlated with inactivation independently
of LINEs. These data suggest that in addition to LINEs, LTRs may also function to
mediate the spread of X-inactivation, although this possibility will require further
investigation. Additionally, in X;autosome translocations factors such as the position
of translocation breakpoints and the relative distance of a particular gene from cis-
linked X chromatin also influence the spread of inactivation, and other as yet
unidentified factors may also play a role. Because of these confounding effects, the
relatively small number of genes examined, and the imperfect nature of the current
Human Genome sequence assembly, it is likely that the degree of correlations reported

here of LINEs and LLTRs with inactivation are conservative.
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Do LINE elements represent binding sites for an XIST RNA silencing complex?
FISH studies show that XIST/Xist RNA localises to G-light bands on the X
chromosome (L. Hall and J. Lawrence, personal communication; Duthie et al., 1999)
while LINEs show the opposite distribution, being preferentially associated with G-
dark bands on the autosomes (Korenberg and Rykowski, 1988; Boyle et al., 1990).
Although there is no such distinct relationship between LINEs and G-bands on the X
chromosome (Korenberg and Rykowski, 1988; Boyle ef al., 1990; Bailey et al., 2000),
the available evidence indicates that LINE elements alone are not good candidates, and
thus this is one aspect of Lyon’s repeat hypothesis that is not supported by these data.
However, previous studies have demonstrated that XIS7 RNA binds to the chromatin
scaffold and not directly with DNA (Clemson ef al., 1996). In addition, the relatively
low nuclear abundance of XIST RNA means that it is only able to bind to the inactive
X at a mean density of approximately one molecule per 100kb of DNA (Buzin ef al.,
1994). Given these factors, it seems perhaps unlikely that XZS7 binds simply to
LINEs.

In her hypothesis, Lyon speculated that X-inactivation might represent a form
of repeat-induced silencing facilitated by dense arrays of LINEs being recognized and
converted to heterochromatin (Lyon, 1998). Repeat-induced silencing is a mechanism
which operates in eukaryotes whereby the transcription of a repeated element reduces
with increasing coi)y number, and is thought to act as a genome defence mechanism to
protect against the invasion and proliferation of viruses and other retrotransposons
(Wolffe, 1997). Both LINEs and LTRs were associated with the spread of X-
inactivation. Not only are these repeats retrotransposons, but also LTRs are almost
exclusively derived from retroviruses (Smit, 1999). Thus, the association of these
elements with the spread of X-inactivation fulfils Lyon’s prediction, suggesting that the
X-Inactivation process may have evolved from a genome defence mechanism against
the invasion of transposable elements and ascribing functional significance to what is
often referred to as “junk DNA”. It is interesting to note that repetitive DNA has also
been recently implicated with both imprinting (Greally, 2002) and in the germ-line
inactivation of the X chromosome in C. elegans (Fong et al., 2002), and it is therefore
tempting to speculate that repeat sequences may have acquired a more widespread role

in epigenetic regulation than is currently appreciated.
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4.3.4 Summary

In summary I have characterised the spread of X-inactivation through autosomal
chromatin in five unbalanced X;autosome translocations. This study demonstrates that
transcriptional silencing by a spread of X-inactivation can occur in the apparent
absence of features normally associated with the inactive X, raising further questions
about the mechanism by which the X-inactivation signal is transmitted and maintained
in these cases. These data emphasise that transcription studies are necessary to
accurately determine the spread of X-inactivation into autosomal chromatin, and
cytogenetic characteristics such as late-replication and histone hypoacetylation are not
necessarily associated with inactivation of autosomal genes. In particular, I have
shown that the use of replication timing studies to characterise the extent of spread of
inactivation in X;autosome rearrangements can be misleading, forcing a reassessment
of previous studies which have relied upon this parameter to determine the spread of
X-inactivation. However, where X-inactivation spreads in a continuous fashion,
cytogenetic features such as depletion of histone acetylation and H3 lysine 4
dimethylation provide more reliable indicators of the extent of spread of X-inactivation
than replication timing studies.

Investigation of the repetitive sequence content of translocated autosomal
genes that are either subject to or resist the X-inactivation signal provides compelling
evidence to support Lyon’s hypothesis that LINE-1 repeats are ‘booster elements’
which promote the spread of X-inactivation in cis. LTRs are also associated with
inactivation suggesting that these elements may also function in this regard, although
confirmation of the role of these repeats in the X-inactivation process will require
further experimentation. These results explain the variable and often discontinuous
spread of X-inactivation which is seen in X;autosome translocations and indicate the
underlying mechanism from which the X-inactivation process may have evolved,

suggesting a functional role for “junk DNA” within our genome.
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Section S - Appendices

5.1 Appendix 1. Population A - Females aged <20

ALJE i{a X-INAC'I‘IVATION X—INACTIVATION MEAI\ RATIO

‘ ‘ RESULTA - RESULTB
Years Months Helght el He1ght . Area
1 92/0005 PWS' 0 0 75-25 70-30 73-27
2 94/552 PWS 16 3 81-19 7921 80-20
3 942002 PWS 0 1 8-20 6535 73271
4 952264 PWS 0 0 6931 6931  63-37 6535  66-34 ,67 33
5 9604489 PWS 0 3 6337 6139 ... . . .
6 9703641 PWS 0 1 5545 5842 5545
7 901785 PWS 1 9 67-33 6040
8 91/1471 PWS 1 8 72-28 75-25, 74-26
9 952097 PWS 1 8 1000 1000
10 950499 PWS 1 5 63-37 -
11 901540 PWS 2 1 87-13
12 91/157 PWS 2 4 80-20
13 93/1184 PWS 2 2 68-32
14 92/368 PWS 2 7 77-23
15 92/583 PWS 2 4 62-38  56-44
16 93/1539 PWS 2 2 | Homo Homo Homo  Homo ,Homo""p Homo
17 93/1565 PWS 3 0 56-44  56-44
18 951962 PWS 3 9 5248
19 942229 PWS 4 11 | Homo il‘lj_Homojj .
20 941685 PWS 4 9 84-16 -2
21 89/843 PWS 5 9 Homo Homo .~ Hom
22 91/105 PWS 5 6 842 ..
23 93/226 PWS 5 11 6733 6337 . .
24 942199 PWS 16 8 65-35  65-35  69-31 6931  67-33  67-33
25 92/1417 PWS 5 6 7723 - 78- 22,, 7723 7327
26 951078 PWS 5 6 7129 o 746
27 94/709 PWS 6 11 5149 5050 52-48 5149  52-48
28 9608804 PWS 7 3 54-46 | 0
29 90/1865 PWS 8 1 81-19
30 92/226 PWS 14 8 93-7
31 9607104 PWS 8 8 | Homo
32 93/1249 PWS 9 3 62-38 .
33 93/1328 PWS 9 3 75-25 : - 76-24
34 950621 PWS 9 6 99 82-18 8713
35 9605051 PWS 9 4 69-31
36 941620 PWS 10 0 | Homo
37 950550 PWS 10 0 91-9
38 94/212 PWS 11 7 | Homo
39 941142 PWS 11 1 50-50
40 950050 PWS 11 7 78-22
41 9605806 PWS 11 9 69-31
42 94/629 PWS 13 7 53-47
43 91/1456 PWS 13 10 59-41
44 92/226 PWS 14 8 93-7
45 951503  AS* 15 1 53-47
46 951501  AS 5 5 7327 L
47 941985  AS 8 3 6733 . 6535  66-34
48 90/1606  AS 2 6 7030 e
49 91/196  AS 2 2 59-41 . 5743 5842
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NO SPEC]D CLASS AtJE X—INACTIVATION X—INACTIVATION MEAI\ RATIO
| RESULTA RESULTB . .

Years Months . ) Area Hei ight Area .

50 91/1126  AS 2 5 5347 0 0

51 950303  AS 17 11 81-19 82-18 81-19  83-17 81-19  83-17

52 94/154  AS 18 10 57-43  55-45 65-35 6931  61-39  62-38

53 91/1229  AS 12 5 7129 .

54 92/0075  AS 0 10 7525 . . 7426

55 92/0101  AS 0 11 84-16 86-14 86-14  87-13 8515 87-13

56 92/1249  AS 2 3 5545 G 5545

57 950059  AS 1 4 63-37

58 93/0641  AS 0 2 51-49

59 93/1086  AS 0 7 72-28

60 94/442  AS 2 7 66-34

61 941434  AS 3 6 70-30

62 941072  AS 4 3 937 973

63 950488  AS 2 7 | Homo  Hor

64 9608096 CF" 4 2 68-32

65 9601728 CF 3 7 77-23

66 9703914  CF 3 3 61-39

67 9700661  CF 17 4 | Homo

68 9701653 CF 6 4 50-50

69 9703119 CF 9 3 60-40

70 9705243  CF 18 6 %6

71 9603890  CF 10 0 | Homo

72 9600467 CF 1 11 | Homo

73 9701789  CF 3 6 75-25

74 9608738 CF 6 8 65-35

75 9704965  CF 3 2 58-42

76 9609345  CF 5 8 93-7

77 9705540  CF 6 8 52-48

78 9702319 CF 14 7 50-50  51-49  51-49  49-51 51-49, ~ 50-50

79 9703316 CF 6 6 | Homo Homo o *

80 9701625 CF 6 1 60-40

81 9701464 CF 8 4 56-44

82 9701162 CF 15 11 67-33

83 9608878 CF 8 1 | 5941 .

84 9704409 CF 7 4 | Homo  H

85 9701743 CF 2 9 88-12

86 9605805 CF 7 8 74-26

87 9606143 CF 6 1 66-34

88 9600816 CF 6 0 78-22

89 960029  CF 12 0 73-27

90 952802 CF 11 4 58-42

91 9700360 CF 4 6 95-5 . .

92 9603815 CF 3 9 63-37 64-36 64-36  65-35  64-36  65-35

93 93/1615 PPCY 19 1 78-22 82-18 88-12 . 8317 .

94 9602562 PPC 10 3 100-0 100-0 100-0, 1000 - 100-0

95 9705228 PPC 16 3 78-22 82-18 - .

9% 8922  PPC 10 1 76-24 68-32

97 941724 PPC 17 2 73-27 72-28

98 93/1134 PPC 15 8 78-22 75-25

99 92/888 PPC 16 1 51-49 58-42

' Prader-Willi syndrome
* Angelman syndrome
# Cystic fibrosis

™ Polyposis coli
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5.2 Appendix 2. Population B - Females Aged >60

NO SPEC e

AGE -

~ CHILDREN

ACTIVATION X-INACTIVATION MEAN RATIO

“GRAND CHILDREN
Years Month - .

1 921859 BCS' 76 7
2 92/974 BCS 64 0
3 92/1101 BCS 73 0
4 92/1256 BCS 73 1
5 92/1375 BCS 62 8
6 92/1376 BCS 62 7
7 93/0896 BCS 69 2
8 93/0897 BCS 65 1
9 93/980 BCS 65 4
10 93/1135 BCS 68 4
11 93/1329 BCS 78 2
12 93/1441 BCS 65 6
13 93/1527 BCS 80 5
14 93/1566 BCS 61 9
15 93/1582 BCS 69 8
16 93/1614 BCS 68 9
17 93/1631 BCS 79 1
18 93/1653 BCS 69 2
19 93/1806 BCS 67 9
20 94/454 BCS 84 4
21 94/747 BCS 72 1
22 94/748 BCS 64 10
23 94/917 BCS 68 5
24 941352 BCS 64 7
25 941374 BCS 80 10
26 942279 BCS 70 6
27 942334 BCS 65 8
28 952008 BCS 71 i1
29 952676 BCS 66 7
30 950064 BCS 73 4
31 951691 BCS 73 11
32 951714 BCS 81 7
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NO SPEC CLASS . AGE e

X-INACTIVATION X-INACT IVATION kMEAN RATIO - GRAND CHILDREN

33 951716 BCS 84 7 ,\ .
34 9600729 BCS 81 1 .

35 9601938 BCS 63 10
36 9602697 BCS 62 7
37 9603896 BCS 61 10
38 9603964 BCS 65 9
39 9604831 BCS 72 1
40 9606079 BCS 62
41 9608098 BCS 64
42 9609001 BCS 67
43 9609152 BCS 77
44 9609414 BCS 62
45 9700062 BCS 73
46 9700205 BCS 76
47 9700844 BCS 67
48 9701166 BCS 61
49 9701165 BCS 65
50 9701955 BCS 67
51 9702315 BCS 64
52 9703764 BCS 77
53 9704548 BCS 67
54 9704810 BCS 64
55 9705481 BCS 69
56 9705632 BCS 61
57 9706173 BCS 68
58 9706291 BCS 83
59 9706490 BCS 61
60 9706696 BCS 71
61 851280 HD' 71

_ Years Momn| Height Awa  Height Aves Height Area | MAL FEMALE MALE FEMALE

[
[

PRETDANTUNOOONNN = PN UNANDE RSO W

 Homo Homo| 2 6
62 851337 HD 63 | o2 0 3 2
63 86/510 HD 77 3 2 7 8
64 862132 HD 68 0 3 35
65 86/3225 HD 71 1 0
66 86/5799 HD 61 1 2 0 1
67 $7/2296 HD T2 1 4 8 1
68 87/3066 HD 70 2 2 2 2

163



NO SPEC CLASS
69 960062 HD 63 10 .
70 8800308 HD 77 5 1
71 88/2555 HD 67 10 0
72 88/2841 HD 67 0 1
73 88/2975 HD 76 11 1
74 88/2976¢ HD 73 5 0
75 88/3191 HD 66 3 0
76 88/3300 HD 62 11 3
77 88/4053 HD 73 8 1
78 88/6000 HD 65 10 2
79 89/325 HD 74 3 3
80 89/487 HD 66 0 2
81 89/575 HD 68 7 0
82 89/621 HD 70 9 1
83 91/667 HD 86 11 2
84 91/1129 HD 61 5 .
85 91/1218 HD 63 1 0
8 92/181 HD 72 10 2
87 921778 HD 63 10 4
88 93/224 HD 61 4 0
89 92/915 HD 67 11
90 92/1078 HD 74 2
91 93/0340 HD 63 11
92 93/904 HD 64 9
93 93/1285 HD 71 4
94 93/1634 HD 63 7
95 93/1802 HD 72 7
96 94/0043 HD 64 2
97 94/221 HD 72 10
98 94/516 HD 69 8
99 94/690 HD 69 0
100 941511 HD 75 0
101 941572 HD 67 9
102 941701 HD 81 10
103 94/2210 HD 70 0
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X

104
105
106
107
108
109
110
111
112
113
114
115

W

942221
942269
950090
950992
952456
952568
9603887
9608688
9704168
9700380
9602706
9701196

CEEEEEEEEEEE

SPEC CLASS

WO UBNWOWBPEOONRXW

96-4
69-31
75-25
78-22
82-18

 Homo
' Homo

55-45
54-46
88-12
79-21
91-9

5248

89-11
79-21
92-8

973 973 973 973 |
36 6238 6634 |

' Breast cancer screening

i Huntington disease
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5.3 Appendix 3. Population C - Females aged <25

AGE

58-42

19-81

45-55

Homo

30-70

‘ BLOOD -
ResultA ResultB
37-63  35-65
62-38 57-43
72-28  69-31
8416
32-68 29-71
Homo Homo
36-64 ‘
50-50
40-60 44-56
55-45 58-42
85-15  85-15
64-36  52-48
6535
4555
20-80  19-81
2674 .
70-30
Homo
70-30 -
44-56 46-54 ,
Homo Homo -
60-40
21-79 38-62
36-64 .
61-39,,

67-33

1486
8515

u+s5|

20+5 | H

2044}

67-33
90-10
34-66
41-59
45-55

67-33

Homo
BN

72-28 |

No. DOB

1 |17.1079| 18 +7
2 121973 24+8
3 | 5479 [ 19+0
4 130474 |24+1
5 11811781 19+7
6 |21.1.80 | 18 +5
7 | 11574 | 24+3
8 | 10.3.74 | 24 +5
9 5988 | 10+0
10 {25.12.87]10+9
11 |13.11.83]14+10
12 120.10.72125+ 11
13 | 19.1.77 | 21 +9
14 | 23275 {23+8
15 | 3.977 |21+1
16 | 28.6.79 | 19+8
17 | 5579 | 19+7
18 | 27.276 | 22+9
19 | 12679 | 19+6
20 | 10.5.77 | 21+7
21 | 14377 |21+ 11
22 | 24276 |22+ 11
23 |18.10.75| 23 +3
24 | 8174 |[25+1
25 129678 | 20+8
26 | 11.276 | 23 +0
27 |19.11.81| 17+3
28 | 27.7.78 | 20+7
29 | 15580 | 18+8
30 |29.10.74

31 | 24876 | 22+7
32 | 12.7.74 | 24 +8
33 | 3.10.78 o1
34 | 7473 [25+11]
35 | 19.4.77 |21 +11]
36 | 4.10.77

37 | 21173 | 25+4
38 | 13.6.76 | 22+9
39 | 14676 | 22+9
40 | 8475 23 +11
41 | 1973 |25+6
42 | 254.78 |20 +11
43 1 6476 | 23+0
44 | 51280 | 18+3
45 | 15277 | 22+1
46 | 2976 |22+8
47 |11.10.75] 23 +5
48 | 1677 |21+9
49 | 15474 | 25+0
50 |30.11.77{ 21 +5

78-22

78-22
67-33
85-15
17-83
46-54
52-48

71-29

24-76 ’

82-18

Homo F

Homo

64-36

N 89"—11f1“

80-20
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- MOUTHBRUSH
Mean ResultA Result B Mean
36-64 | 39-61 42-58 40-60
60-40 | 59-41 64-36 62-38
7129 | 6535 |
| 6733 7228 70-30
30-70 | 19-81  20-80 19-81
- Homo | Homo Homo Homo
| 5446 .
5347
| 4357 3268 37-63
42-58 | 35-65 3367 34-66
57-43 | 41-59  53-47 47-53
85-15 | 54-46  55-45 55-45

Result A ResultB |
46-54 38-62
6337 6535
70-30 -
87-13 88-12
27-83  34-66

_Homo Homo
62-38
13-87 12-.88
31-69 38-62
68-32 67-33
7525 7327

42-58
64-36

88-12
31-69
Homo

12-.88

34-66
68-32

7426




NO

O 0N U AW N - ’

TSRS T T N R e i e e i e

20.5.24
27.1.37
48.24
3.8.21
28.12.30
259.16
17.4.22
11.3.27
18.7.21
20.4.38
5.12.22
10.7.21
18.1.16
8.10.34
7.7.32
25.10.30
17.11.08
19.8.22
6.2.21
11.1.34
21834
14.10.24
23.8.24
30.10.22
22.132
3224
26.6.32
20.12.22
11.6.29
7222

73 +11
60 +9
T4+ 6
76 +8
67+4
81+7
76 +0
Ti+1
76 +9
60 +0
75+ 4
76 + 10
82+3
63+7
65+ 10
67+7
97+6
75+9
T7+3
64 + 4
63+9
73+7
73+9
75+7
66 + 4
74+3
65+ 11
T5+6
68+ 11
76+3

. AGE

| Year: Mcm’ths, esult

31-69

9.1

7822

65-35
74-26
35-65
92-8
82-18
34-66
46-54
23-77

Homo
52-48

100-0
59-41
43-57
15-85
94-6
59-41
23-77
34-66
41-59

~ Homo

2773
35-65
3763

29-71

79-21
66-34
78-22
24-76
93-7
82-18
36-64
49-51
21-79

52-48
100-0
60-40
46-54
13-87
95-5
57-43
20-80
39-61

28-72 31-69
49-51 43-57

982

. Homo

2377

5.4 Appendix 4. Population D - Females aged >60

54-46
37-63
26-74
91-9
7822

- Homo
| 49-51

54-46
41-59
45-55
35-65
61-39
38-62
34-66
48-52

~ Homo

55-45
79-21
37-63
50-50
3070
60-40
6832
41-59
49.51
58-42

g -
52-48

38-62
79-21

MOUTHBRUSH

54-46
37-63
17-83
94-6
85-15

- Homo
| 49-51

36-64

54.46

41-59
57-43
46-54
44-56
53-47

Homo
59.41

76-24
34-66
55-45
24-76
57-43
67-33
51-49
48-52
62-38

" . Homo
5248

32-68
79-21

54-46
37-63
21-79
937
82-18

38-62
59-41
42-58
39-61
50-50

7822
36-64
52-48
27-73
59-41
68-32
46-54
48-52
60-40

52-48

35-65
79-21
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“Homo |
4951 |
45-55

 49.51

Homo
57-43

Homo

| RestA  Rewtn

35-65
65-35
3 alleles
57-43

98-2

6337

66-34

29-71 32-68
64-36 65-35
3 alleles 3 alleles
55-45 56-44
97-3 98-2

6535

29-71

4258

35-65

_ Homo
45.55

46-54
57-43

. Homo
28-52

39-61

46-54
55-45

40mi
20ml
60ml
30ml

Soml

T0mi
30ml
2ml

20ml

b 76m1 k
50ml

6oml
70ml

2ml

20mt

10ml

95% squamous+ 5% urothelium

- 30% squanious + ZO‘Vo'tx\fomeliuxll

- URINECYTOLOGY

100% squamous

100% squamotjs

90% squamoﬁs + lb% urothélium
70% squamous + 30% urothelium

100% squamous

10‘0%yscﬁx‘an‘1<‘)us

‘ 100% ‘squ'a‘mou‘sy :

100% sqt\lamkohs* k

h 160% squzimdus\ k

80% squamous + 20% urothelium
100% squamous
100% squamous
95% squamous + 5% urothelium
90% squamous+10% urothelium

90% urothelium+10% squamous



Not _ MOUTHBRUSH ~ [ URINE |  URINECYIOLOGY

' o ... |lvoome ¢ o
| Resut A ResutB~ Mean I Resut A i

31| 25737 60 +11 92-8 919 92-8 80-20 81-19 81-19 47-53

32| 181121 76+7 92-8 93.7 937 4456 45.55 44-56 7129

33| 15.10.21 76+8 | Homo = Homo  Homo | Homo  Homo  Homo | Homo

34| 263.29 69+3 1783 2674 2179 | 4357 4159 4258 | 2674

35| 105.15 83+1  Homo  Homo  Homo | Homo  Homo  Homo | Homo

36| 4118 80 +5 D 2674 1684 2179 | 2971 3466 3268 | 22-78

37| 28120 78+5 7030 80-20 75-25 80-20

381 14338 60 +3 6238 60-40 6139 | 7525 83-17 79-21 7327

39] 152.19 79+5 25-75 21-79 23-77 51-49 56-44 sa46 [

40| 21326 72+3 8.92 9.91 892 53-47 52-48 53-47 | 2971

41| 3.1137 60+8 61-39 66-34 64-36 57-43 62-38 60-40 66-34

42| 282.15 83+4 51-49 49-51 50-50 49.51 46-54 47-53 73-27

43| 13.11.28 69+8 95.5 96-4 96-4 92-8 94-6 937 973

44| 10425 73+3 68-32 66-34 67-33 61-39 4357 5248 7228

45| 29.135 63+6 40-60 2476 32-68 41-59 43-57 42-58 7129

461 29.2.08 90 +6  Homo  Homo  Homo | Homo . Homo  Homs | Homo

47| 7735 63+0 7723 7426 7624 | 42-58 4654 4456 | 6337

48| 8428 70+3 11.-89 5.95 8.-92 27-73 20-80 23-77 7.93

49| 7738 60 +0 40-60 32-68 36-64 59-41 56-44 58-42 46-54

50| 127.12 86 +0 81-19 85-15 83-17 66-34 60-40 63-37 40-60

51| 20.11.10 87+8 937 89-11 919 85-15 919 88-12 94.6
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5.5 Appendix 5. Population E - Mothers With a High Ratio of Female:Male Offspring

CInactivation =~ Mean
_Result B X-Inactivation

No. Spec.ld DOB = Age  (
. Years

951225  4.2.48 47 HD 15' 0
86/2138  25.10.17 69 HD 16 0
84/3870  30.9.39 45 HD 31 0
87/3302 .~ HD59 0
88/2124 ~ HD65 1
89/525  12.3.40 - HDSI 0
1753 = HD% 0
89/676  27.9.56 33 HD 1 0
1
1
3
0
1
1
1
0
0

 _Homo

51-49 53-47
43-57 ...
47-53 50-50 48-52
347 R
2674 ..
27-73 132-68 29-71
76-24 75-25 76-24
65-35 67-33 66-34
72-28 68-32 70-30
24-76 21-79 22-78
36-64 38-62 37-63
54-46
46-54
36-64
55-45
51-49 46-54 48-52

00 3 O\ W bW

O

88/1700 27.12.36 52 HD 1
87/3468  HD4
89/104  5.9.34 65 HD 13
91/0042  30.4.40 51 HD 36
882057 [ R HD AT
90/1961  20.8.15 75 HD 56
82127  HD6S
16 94/232  20.2.58 36 PPC 18"
17 94/530  1.7.61 33 PPC 20

et e o
W BWN =

NN WA ANDREANLEL,ONDRWWWNWWN

' Huntington disease
" Polyposis coli
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5.6 Appendix 6. X-Inactivation Ratios
in Mother-Daughter Pairs

FAMILY| NO. [ SPEC.ID [CLASS] AGE | X-Inactivation
1 7 901785 | PWS! 1 9 64-36
M 7b 902107 | PWS 38-62
2 9 952097 | PWS 1 8 100-0
M 9% 952098 | PWS 66-34
3 10 950499 | PWS 1 5 63-37
3M 10b | 9301579 | PWS Homo
4 11 901540 | PWS 2 1 87-13
aM 11b 902742 | PWS N/I
5 14 92/368 | PWS 2 7 72-28
5M 14b | 9201077 | PWS 79-21
6 19 942229 | PWS 4 11 Homo
6M 19 950540 | PWS 32-68
7 20 941685 | PWS 4 9 81-19
™ 200 | 9504391 | PWS 48-52
8 21 89/843 | PWS 5 9 Homo
M 21b 894573 | PWS 31-69
9 22 91/105 | PWS 5 6 58-42
oM 22b 865863 | PWS 36-64
10 23 93/226 | PWS 5 11 67-33
10M 23b | 9300680 | PWS 19-81
11 26 951078 | PWS 5 6 74-26
11M 26b | 9504181 | PWS 44-56
12 29 90/1865 | PWS 3 1 19-81
12M 29b 90/4093 | PWS N/T
13 34 950621 | PWS 9 6 87-13
13M 34b 950622 | PWS N/I
14 35 9605051 | PWS 9 4 39-61
14M 35b | 9605083 | PWS 45-55
15 36 941620 | PWS 10 0 Homo
15M 36b 941621 | PWS 78-22
16 40 950050 | PWS 11 7 76-24
16M 40b 950051 | PWS 31-69
17 41 9605806 | PWS 11 9 69-31
17M 41b | 9605801 | PWS 30-70
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FAMILY| NO. | SPEC.ID |CLASS|  AGE | X-Inactivation
Ne o
7 41 9605806 | PWS 11 9 69-31
1™ 416 | 9605801 | PWS 30-70
18 42 94/629 | PWS 13 7 53-47
18M 42b 941121 | PWS 57-43
19 46 951501 ASt 5 5 67-33
19M 46b 951502 AS Homo
20 50 91/1126 AS 2 5 53-47
20M 50b 914372 AS 40-60
21 51 950303 AS 17 11 19-81
21M 51b 950990 AS 35-65
22 52 94/154 AS 18 10 39-61
22M 52b 940519 AS 35-65
23 60 94/442 AS 2 7 37-63
23M 60b 950443 AS 82-18
24 61 941434 AS 3 6 72-28
24M 61b 943786 AS Homo
25 62 941072 AS 4 3 97-3
25M 62b 941726 AS Homo
26 63 950488 AS 2 7 Homo
26M 63b 942941 AS 36-64
27 64 950059 AS 1 4 70-30
27M 64b 950130 AS Homo
28 65 951503 AS 15 1 53-47
28M 65b 951505 AS 67-33
29 102 | 9602562 | PPCH | 10 3 100-0
29M 102b | 9602957 | PPC 99-1

! Prader-Willi syndrome
" Angelman syndrome
" Polyposis coli
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5.7 Appendix 7. SRS females with biparental inheritance
of chromosome 7.

Case No.| Age at sampling |Maternal Age at Birth| AR1 AR2 Mean
1 8 ? 72;18 80;20 76,24
2 3 24 59:41 54;46 57,43
3 7 28 Homo | Homo | Homo
4 13 39 64:36 61;39 63:37
5 6 26 78:22 7723 78.22
6 4 32 51;49 58;42 55:45
7 3 26 53:47 51;49 52;48
8 4 24 63;37 Fail
9 20 ? 56;44 65;35 61;39
10 4 31 65;35 66;34 66;34
11 37 20 83;17 78;22 81;19
12 10 ? 80;20 7723 79;21
13 2.5 39 62;38 60;40 61;39
14 4 19 71:;29 5743 64:36
15 11 29 62:38 66;34 64,36
16 4 31 Homo | Homo | Homo
17 2 24 7228 71;29 72;28
18 1.5 28 96;4 964 96;4
19 12 ? Homo | Homo | Homo

20 2.5 32 Homo | Homo | Homo
21 4 ? 1000 100;0 100:0
22 1.5 34 83;17 83;17 83;17
23 5 26 Homo | Homo Homo
24 1.5 30 66;34 62;38 64;36
25 8 33 Homo | Homo | Homo
26 14.5 34 91;9 91;9 91;9

27 5.7 ? 63;37 56;44 60,40
28 21.8 27 100;0 100;0 100;0
29 35.5 35 78;22 65;35 72;28
30 9.8 23 80;20 84;16 82;16
31 8.2 21 100;0 100;0 100;0
32 0.9 ? 70;30 63,37 67;33
33 8.3 ? 60;40 58;42 59:41
34 5.8 ? 75;25 7723 76;24
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5.8

Appendix 8 — Polymorphisms, restriction enzymes, and
primer details used for allele-specific RT-PCR and
CpG island methylation analysis

5.8.1 — Polymorphisms within 10g23-qter

Gene Polymorphism | Primer sequences and labels Restriction Product sizes Amplification
enzyme in bp conditions
HPS ca F: cacgcagececttctecagett TET Psil 284>284+154 58°%, 30 cycles
R: attccatctgecteccaaag
MXT11 pentamer F: ttgggagtgacgaggettac TET --- 239-244 55°, 30 cycles
repeat R: ctetgeeccacttttigeta
DUSP5 ca F: tgtctgtetctgttgetteg Hphl 134>108+87 58°, 35 cycles
R: tggacccaagagggtgtcta HEX
ABLIM] ta F: ggagctgcgttgttttcttc FAM Msel 285>285+149 58°, 30 cycles
R: cotgttecctgatggagttc
PRDX3 a>c F: ggtggctggctagetagttt Nlalll 329>271+96 58°% 35 cycles
R: tgatcagttaagtcactctge FAM
5.8.2 — Polymorphisms within 11p12-pter
Gene Polymorphism Primer sequences and labels Restriction | Product sizes Amplification
enzyme in bp conditions
MRPL23 g>a F: aagceggactacaaggtcg HEX Haell 153>153+99 55° 35 cycles
R: ctetgectetgetgectet
PSMDI3 >t F: ggagagaaagaacgtgccag FAM Acil 138>138+98 55°, 35 cycles
R: gttaacaaagcagaggggtit
HRAS hexamer F: ctgtgggatttececticaga FAM 58°, 38 cycles, 7%
repeat R: ctectacagggteteetgee - 106-118 DMSO, IM Betaine,
75uM deaza-dGTP
I8SC3 g>a F: cagagacagagceccacatt TET PstI 154>154+95 55°, 32 cycles
R: tcagcgtggatttatittatitca
RRM1 ca F: geaggaattggotottgctet TET Taql 187>187+115 55°,35 cycles
R: gtctaaatgccaaggeteca
SMPDI g>a F: cteccagaggeecagagect FAM Hphl 197>148+100 58°, 35 cycles
R: agaaggtcetgtttccecgge
TAF2H >? F: tctecttagetgeccagaaa Haelll 171>171495 58°, 32 cycles
R: cacattgatgccatactcge FAM
PDE3B g>a F: tagtttgceaactccacage TET Haelll 116>116+97 58°%, 35 cycles
R: atgccaaaticttggtgage
SAAI ? F: ggcacttgaagaagccaactag Hindlll 188>188+105 62°, 36 cycles
R: cctggaaaggaaaggaaaggcag TET
LMO?2 g F: cctggctttitaactceect Mscl 164>164+95 58°, 32 cycles
R: gtgptttccattctcaaccg FAM
PDX1 g F: gaagtgatcttcaaagagatgge HEX BsrGI 161>161+94 58°, 32 cycles
R: caataatgttgccataaccce
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5.8.3 — Polymorphisms within 7q22-qter

Gene Polymorphism Primer sequences and labels Restriction | Product sizes Amplification
enzyme in bp conditions
TES cg F: catgaacttctgeccaatgagge TET Hphi 134>134+76 65° 32 cycles
R: tgtgicaaggatgccacaatgee
CNTNAP2 cg F: aatcaaactaccttcectggttc BsmAI 166>166+128 58° 35 cycles
R: ttgccagttittaagcagage FAM
KCNH2 a>g F: cgtgctgttcttgeteatgt Haelll 159>159+108 | 587 35 cycles
R: getgctgttgtagggtttge TET
5.8.4 — Polymorphisms within 6p12-pter
Gene Polymorphis Primer sequences and labels Restriction | Product sizes Amplification
m enzyme in bp conditions
IRF4 ct F: tgtgttctgtagactgecatca TET Cfol 129>129+76 58°% 32 cycles
R: ggcaagttttctetgtcticca
SCAI triplet repeat | F: aactggaaatgtggacgtac FAM 58°% 32 cycles, 25%
R: caacatgggcagtctgag - 210-240 Solution Q, 75uM
deaza-dGTP
GMPR g F: ctgctectgaatggtoggaat FAM Aval 174>174+86 58°, 35 cycles
R: ggtgeaagtgttggttigaa
DEK g>a F: cagttaccctgetttgecte TET Taql 254>254+235 58°, 32 cycles
R: cgtgaagctggcetaggtttc
HLA-F | triplet repeat | F: ctgtcctatttcatatgctcagg HEX - 250-330 62°, 32 cycles
R: atgaacttgtcctgagaatgaag
HCR t>a F: ttacaagcagcagcegactgt HEX Alul 166>166+91 58°, 35 cycles
R: tcatcgagcaggacagagag
MICA triplet repeat | F: cctttttttcagggaaagtgc TET — 182-191 58°, 28 cycles
R: ccttaccatctccagaaactge
CSNK2B t>c F: tggcaatgaattcttctgtgaa FAM Taql 174>174+89 58°, 32 cycles
R: gcctgetcaatcaggteact
NOTCH4 | triplet repeat | F: atgcagcecectteactget TET 58°, 32 cycles, 25%
R: tgggtctgaccactgagaca - 67-76 Solution Q, 75pM
deaza-dGTP
HLA- ca F: cgatcaccaatgtacctcca TET Taql 147>125+87 58°, 32 cycles
DRA R: cctgtggtgacaggttitce
HLA- t>c F: cacagcaggagtacagatgca FAM Msel 159>159+83 58° 35 cycles
DRB5 R: ticagcagctctgcagaaaa
PSMBY a>g F: gegttgtgatgggtictgat TET Cfol 119>119+88 58°, 35 cycles
R: gcagctgaaccagagagtge
BRD2 t>c F: gccaagaaccaaagactget HEX Ddel 166>118+75 58°, 35 cycles
R: acttggectgeatgactace
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5.8.5 - CpG islands

Gene Location Primer sequences Mspl/Hpall | Cfol | Product PCR
sites sites size, bp | conditions
PGK1 Xq21.1 | F: ctgggtctcgcacattcttcac 4 5 325 60°, 32-35
R: aggaacagggcccacactac cycles
PSMDI3 | 11pl15.5 | F: ccaggtagacgtagaggcgagt 2 2 206 | 60° 35 cycles,
R: cccagtagtgttitgcgaggat 0.4x PGKI
HRAS | 11pl15.5 | F: ccgattcageatcacaggtce 5 4 255 | 60° 35 cycles,
R: acaagtattigctgagegecta 0.33x PGK1
TAF2H | 11pl5.4 | F: cataaacgtcgaagccaggtct 1 1 252 | 60° 35 cycles,
R: gectgtetetgttagtgetetee 0.75x PGK1
PDXI 11p13 | F: cggtattcccaggaggagagg 3 4 267 | 60° 35 cycles,
R: ggtgaggtcacctaaacgetct 0.5x PGKI
HLA-F | 6p2l.1 |F: ggggattitggcctaaactga 5 2 249 | 60° 32 cycles,
R: caacgcacagactgaccgagt 0.66x PGK1
HCR 6p21.1 | F: tetcegagtagectectcttca 3 7 290 | 60° 35 cycles,
R: aaaaagtggaaggcgggagat 0.4x PGKI
. 60°, 35 cycles,
MICA 6p2l.1 | F: ggaggtgcaaaagggaagatg 4 1 243 o P}(I}KI

R: tctecageccactggaatttt
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5.9 Appendix 9 — Intragenic repetitive element content of autosomal genes in AH, SP, SR, AL0044

and BO0566
Locus ACT| GC |LINE | Lt L2 CRI1 | SINE | ALU | MIR LTR | SIMPL | LOW TAN | MONO | DI TRI | TET
IRF4 1 | 4850 | 1.50 | 1.30 | 0.21 0 6.04 5.33 0.71 0 0.26 1.55 4.48 0 0.48 0 0
GMPR 1 4780 387 | 3.19 | 0.50 | 0.19 19.04 | 17.06 1.97 20.67 0.24 0.20 1.93 0 037 | 0.20 0
HLA-F 1 | 5830 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MICA 1 14970 | 32.49 | 32.49 0 0 6.66 5.11 1.55 0 0.29 0 1.40 0 0 0 0
NOTCH4 1 15180 | 12.66 | 831 | 434 0 2347 | 18.81 4.66 0 0.31 0.86 2.50 0 0.20 0 0
HLA-DRBI 1 |41.70 | 22.00 | 15.17 | 6.83 0 11.40 | 9.29 1.95 20.75 0.50 0.32 1.38 0 0.14 0 0
TES 1 13770 923 | 512 { 4.10 0 7.08 3.65 3.43 10.48 0.64 0.80 0 0 0 0 0
HPS 1 14970 | 13.55 | 9.94 | 3.60 0 9.02 4.95 4.07 7.70 0.27 0.60 0 0 0 0 0
MXIi 1 3730 1401 | 1142 | 2.59 0 1159 | 9.83 1.75 1.13 0.31 1.77 0 0 0 0 0
DUSP5 1 14900 | 124 | 1.24 0 0 6.54 2.23 4.31 0 0 0.51 0 0 0 0 0
ABLIM 1 | 4270 | 854 | 578 | 2.55 | 0.20 18.11 | 14.48 3.63 2.59 0.64 0.46 0 0 0 0 0
188C3 1 ]64.90 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RRM1 1 | 4030 | 10.09 | 5.82 | 4.27 0 2634 | 23.11 3.23 3.98 0.10 1.09 2.13 0 0.22 0 0
SMPDI 1 15620 0 0 0 0 11.40 | 11.40 0 0 0 0 0 0 0 0 0
TAF2H 1 | 59.90 0 0 0 0 7.03 0 7.03 0 0 4.62 0 0 0 0 0
PDE3B 1 | 37.00 { 40.74 | 36.17 } 3.76 | 0.81 7.94 5.90 2.04 1.97 0.33 0.72 4.81 0 0.07 0 0
SAA41 1 |50.80 0 0 0 0 23.83 | 1999 | 3.84 0 0 0 4.19 0 0 0 0
LMO2 1 4640 | 11.17 | 5.84 | 533 0 17.61 | 1038 | 7.22 0.48 1.01 0.20 5.38 0 2.80 0 0
PDX] 1 ]3590 (2780 | 23.53 | 3.81 | 047 9.36 7.09 2.27 1.69 0.51 0.52 5.59 0 0.10 0 0
SCAI 3 14190 10.04 | 7.06 | 2.65 | 033 15.50 | 12.61 2.89 4.96 0.81 0.44 3.81 0 0.21 | 0.03 0
CNINAP2 3 13830 19.38 | 14.85 | 4.03 | 0.50 9.98 7.95 2.03 9.05 1.14 0.61 0 0 0 0 0
HCR 5 |51.70 | 11.03 | 4.03 | 7.00 0 28.83 | 28.04 | 0.78 0 0 0.14 0.98 0 0 0 0
HI9 5 |63.60 0 0 0 0 0 0 0 0 0 0 7.10 0 0 0 0
HRAS 5 16590 0 0 0 0 0 0 0 0 0 0 1.54 0 0 0 0
DEK 10 | 39.10 0 0 0 0 0 0 0 0 0 0 2.60 0 0.28 0 0
CSNK2B 10 | 51.90 0 0 0 0 10.14 | 7.27 2.87 0 0 0 2.01 0 2.01 0 0
HLA-DRA | 10 | 43.00 0 0 0 0 8.71 6.04 2.67 0 0.47 0 1.12 0 0 0 0
PSMBY 10 | 47.70 0 0 0 0 1933 | 11.75 | 7.58 0 0 0 0 0 0 0 0
BRD2 10 { 51.80 0 0 0 0 2.54 2.54 0 0 0.57 0.55 0.78 0 0.32 0 0
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Locus ACT| GC |LINE | L1 L2 CR1 | SINE | ALU | MIR LTR | SIMPL | LOW TAN | MONO | DI TRI | TET
KCNH2 10 | 5930 642 | 542 | 1.00 0 6.72 1.79 4.93 0 1.04 1.32 0 0 0 0 0
PRDX3 10 | 45.90 0 0 0 0 32.64 | 28.00 } 4.63 0 0 0.48 0 0 0 0 0
PSMDI13 10 | 43.90 | 7.38 | 5.61 1.77 0 18.35 | 14.96 3.39 0 0.58 0.54 6.87 0 0.38 0 0
MRPL23 10 | 60.50 0 0 0 0 1.05 0 1.05 0 0 0.48 19.43 0 0 0 0

Repeat density is expressed as a percentage of the total sequence. Activation status (ACT) is coded from 1-10, with 1 being inactive and 2-10

representing an increasing percentage of activity, so that a score of 5 represents 50% activity.

177




5.10 Appendix 10. Buffers and Reagents

5.10.1 Solutions for DNA extraction

Sucrose Lysis Buffer (SLB) - Stored at 4°C

Sucrose 0.32 M (Sigma)
Triton X-100 1% (Sigma)
MgCl, 1 M (Sigma)
Tris 10 mM (Sigma)
pH 7.5

Resuspension Buffer (RSB) - Stored at 4°C

NaCl 0.075 M (Sigma)
EDTA 0.5 M (Sigma)
pH 8.0

Proteinase K Solution - Stored at -20°C

Proteinase K 50 mg/ml (Roche)
Tris 50 mM (Sigma)
EDTA 10 mM (Sigma)
NaCl 0.2 mM (Sigma)

Tris-EDTA (TE) Buffer - Stored at room temperature

Tris-HCl1 1 M (Sigma)
EDTA 0. 1M (Sigma)
pH 8.0
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5.10.2 Solutions for staining of urine samples

Haematoxylin Solution - Filtered and stored for not more than 2 weeks in the dark at

room temperature

Haematoxylin (Shandon) 5 grams
Ammonium aluminium sulphate (Sigma) 100 grams
Ethyl alcohol (Sigma) 50 ml
dH,O 1000 ml
Mercuric oxide (Sigma) 2.5 grams
Glacial acetic acid (Sigma) 42 ml

Orange G 6 Solution - Stored at room temperature
95% ethyl alcohol (Sigma) 950 ml
Phosphotungstic acid (Sigma) 0.15 grams
10% aqueous Orange G (Sigma) S50 ml

EA 65 Solution - Filtered and stored in the dark at room temperature

This solution comprises three different stains, namely Light Green SF yellowish,
Bismarck Brown and Eosin yellowish. Initially 10% aqueous stock solutions of each
of these three stains were made. From these diluted aqueous stocks three alcoholic
stock solutions were made as follows:-

Alcoholic stock solution A 0.05% Light Green SF yellowish solution in 95%
ethanol

Alcoholic stock solution B 0.5% Bismarck Brown solution in 95% ethanol

Alcoholic stock solution C  0.5% Eosin yellowish solution in 95% ethanol

Finally the EA 65 stain solution was made as follows:-
Alcoholic stock solution A 180 ml

Alcoholic stock solution B 40 ml

Alcoholic stock solution C 180 ml
Phosphotungstic acid 2.4 grams
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5.10.3 Solutions for detection of late-replicating chromatin

Bromodeoxyuridine (BrdU) solution - Stored at -20°C
Bromodeoxyuridine (Sigma) 1.5mg/ml

Phosphate-buffered saline (Sigma)  1x solution
Denaturing solution - Stored at 4°C
Formamide (Sigma) 70%

2xSSC 30%

PBS/Block/Tween-20 (PBT) - Stored at 4°C for up to 1 month

Na,HPO, (Sigma) ImM
KoHPO, (Sigma) 0.3mM
NaCl (Sigma) 12.5mM
Tween-20 (Sigma) 0.1%
Bovine Serum Albumin (Sigma) 1.5%

4% Paraformaldehyde — Filtered and stored at 4°C for up to 3 months.
Paraformaldehyde (Sigma) 4%

Phosphate-Buffered Saline (Sigma) 1x concentrate

pH 7.2

5.10.4 Solutions for histone immunofluorescence

KCM Buffer - Stored at 4°C for up to 1 month

KClI (Sigma) 120mM
NaCl (Sigma) 20mM
Tris-HCL, pHS.0 (Sigma) 10mM
EDTA (Sigma) 0.5mM
Triton X-100 (Sigma) 0.1%

KCB Buffer (Blocking Reagent) - Stored at 4°C for up to 1 month
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KCM Bufter 1x

Bovine serum albumin (Sigma) 1%

5.10.5 Solutions for in situ hybridisation

Saline Sodium Citrate (SSC) Buffer (1x concentrate) - Stored at room temperature

NaCl (Sigma) 3M
Sodium citrate (Sigma) 0.3M
pH7.0

Denaturing solution - Stored at 4°C
Formamide (Sigma) 70%
2xSSC 30%
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