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Oxon, U.K.). The history of X-chromosome inactivation and relation of recent findings
to understanding of human X-linked conditions. Turk J Pediatr 1995; 37: 125-140.

This paper represents the text of two lectures given on the occasion of a Workshop
on the X-Chromosome held at Hacettepe University, Ankara, in September 1994. The
history of the development of Ideas concerning the mechanism of X-chromosome
Inactivation is traced from the finding of the sex chromatin body in 1949. Important
recent findings concern the Xist gene, which is a candidate gene for the X-inactivation
center, from which inactivation Is initiated. These recent findings shed new light on
the abnormalities seen In human patients with X-linked genetic diseases or with
aneuploidy of the X-chromosome. Key words: X-chromosome, X-inaclivation, Xist gene.

Preludes to the Theory :

The first clue that led to the discovery of X-chromosome inactivation came in
1949 when Barr and Bertram found that the cell nuclei of female mammals
contained the sex chromatin or Barr body, lying against the nuclear membrane
(1-3; throughout this paper wherever possible reference is made to reviews rather
than original articles). Human females with Turner's syndrome were found to have
no sex chromatin, and this led Paul Polani to the idea that they might have only
a single X-chromosome. In the late 1950s good methods for studying human
chromosomes became available, and in 1959 Polani with Charles Ford and other
colleagues showed that Turner's females were indeed chromosomally XO. In the
same year Welshons and Russell found that chromosomally XO mice were not
only female, but unlike the human Turner's, morphologically normal. Thus, a female
mouse needs only one X-chromosome for normal development. Another important
clue in the same year was Ohno's finding that the sex chromation body was
formed from a single condensed X-chromosome. Around the same time the first
mouse X-linked genes were discovered, and it emerged that female mice
heterozygous for X-linked genes affecting coat color or texture showed variegated
coats with patches of mutant and normal fur. Putting these various facts together
led to the suggestion that one X-chromosome of female mammals becomes

* From the Genetics Division, MRC Radiobiology Unit, Chilton, Didcot, Oxon, United Kingdom.
* Geneticist, MRC Radiobiology Unit.



126  tyon M. F. The Turkish Joumnal of Pediatrics
April - June 1995

inactive early in embryonic development'-2. Either the maternal or the paternally
derived X may be inactivated in different cells. Once inactivation has occurred,
the same X remains active throughout all cell divisions in the lifetime of the animal,
with the result that in the adult there are large patches of cells with the same X
active.

The function of X-chromosome inactivation was suggested to be dosage"
compensation, in that it resulted in males and females both having effectively
a single dose of X-linked gene products. The inactive X-chromosome was not
only transcriptionally inactive, but it was also condensed and heterochromatic
and replicated its DNA late in the cell cycle. :

Thus, the theory was first put forward in 1961, but still today the mechanism of
X-inactivation is not understood. The present paper traces the milestones over the
years in the development of ideas leading up to the present state of knowledge.

Development of Details of the Theory :

In the first period, in the 1960s, the theory was developed and extended. In the
human, many X-chromosome aneuploids were found, such as XXY, XXX, or
XXXXY, and in these cases the maximum number of sex chromatin bodies was
always one less than the number of X-chromosomes present. Thus, the theory
was modified to say not that one X was inactive but rather that a single X remained
active. Later, triploids were found first in the human and then in the mouse, and
these could have either one or two active X-chromosomes, whereas in tetraploid
mouse embryos two X-chromosomes were active. Thus, it was considered that
there was a counting mechanism, maintaining one X-chromosome active per
two autosome sets? 3,

Another point concerning X-chromosome aneuploids in the human was the need
to explain their malformations, particularly those of XO females. If only one
X-chromosome is active, one would expect XOs to be normal, as they are in
the mouse, whereas in the human nearly all XOs die prenatally and the few
survivors are malformed with Turner's syndrome. The suggestion was made that
there might be a pairing segment between the X- and the Y- chromosomes, with
homologous genes. For genes in the pairing segment, dosage compensation
would not be needed and hence these genes might not be inactivated. The
organism would thus need two doses of these genes, and the single dose present
in XO individuals might lead to abnormality. It is now known that indeed in the
human X, some genes do escape inactivation.

X-Chromosome Activity in Germ Cells .

In the germ cells a different picture was seen. Ohno showed that in female germ
cells, at the oogonial or early stage, one X was condensed, just as in somatic
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cells, but later, in oocytes, both X-chromosomes looked active. That is, there
was reactivation of the X-chromosome. This was confirmed when Gartler showed
that in human females heterozygous for the X-linked enzyme glucose-6-phosphate
dehydrogenase (G6pd), both alleles were active in the same cell. In the mouse
the reactivation was shown to take place just as the cells began to enter meiosis.
In male germ cells, by contrast, the single X became condensed and inactive
early in spermatogenesis. Thus single-X-chromosome activity is a feature of
somat;c cells only, and germ cells show a different pattern of activity in the two
sexes”,

The function of changes in X-chromosome activity in germ cells is probably quite
different from that in somatic cells and may be involved in meiotic pairing. Miklos*
and also recently McKee and Handel® suggested that the presence of unpaired
pairing sites at meiosis is in some way detrimental to a germ cell. The suggestion
is that when chromatin is in an active state, it can take part in meiotic pairing,
and if any pairing sites do not have a meiotic partner there is a harmful effect.
When chromatin is in an inactive state, its pairing sites are in some way protected.
Thus, in a female germ cell the reactivation of the inactive X-chromosome may
be necessary for meiotic pairing and recombination, and saturation of the pairing
sites. In the male germ cell, inactivation of the single X-chromosome is needed
to protect the pairing sites which have no homologue on the Y. Such a system
could explain the observed effects of X-autosome translocations on male fertility
in the mouse. All reciprocal translocations known so far cause male sterility. This
could be because inactivation spreads from the X into the attached autosome
and inactivates pairing sites there, leaving unpaired and deleterious pairing sites
on the homologous autosome. In Cattanach's translocation, on the other hand,
there is an insertion of autosomal material into the X chromosome, and inactivation
can pass through the insertion. There are two types of male with the Cattanach
translocation: those with a corresponding deletion of the autosome, and those
with two intact autosomes. Those with the deletion may be sterile and the others
fertile, and this can be understood if the pairing sites of the inserted autosomal
segment are inactivated. Animals with the deletion would then have unsaturated
sites on the homologous autosome, whereas in those with two intact autosomes

these sites would be fully paired®.

There must in addition be other effects of differential X dosage in germ cells.
In both the human and mouse, males with more than one X-chromosome, XXY
or XX, are sterile due to death of all germ cells at the spermatogonial stage.
In the mouse it is known that in such males any germ cells that by chance lose
an X and become XO survive and undergo spermatogenesis’. The death of XX
germ cells occurs too early to be concerned with pairing, and is in the wrong
direction. Thus there must be some other effect of double X-chromosome dosage
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which is lethal to male germ cells. Conversely, in XO females the rate of loss
of oocytes from the ovary is abnormally high, leading to sterility in humans and
curtailed reproductive life in mice. This could either be an effect of unsaturated
pairing sites or of X gene dosage itself.

Ohno's Law:

Another important development in the 1960s was Ohno's Law?2. This law states
that a gene X-linked in one mammalian species is X-linked in all. Ohno's ationale
in formulating this was that, because of single-X activity, if in evolution a gene
was transferred by a translocation from the X-chromosome to an autosome or
vice versa, there would be a wrong effective gene dosage and so such a
translocation would be hamful and thus would be eliminated. There is now
extensive evidence that Ohno's Law is true. Genes have been studied in many
mammalian species, and the same genes are X-linked in all. This contrasts with
the autosomes in which there is much exchange of genes. The two species in
which knowledge of chromosome mapping is most detailed are man and mouse.
Maps of where the human homologues of mapped mouse genes lie show that
each mouse autosome carries genes with homologues on at least three different
human autosomes. Thus, the X-chromosome, as Ohno postulated, indeed differs
from the autosomes in having its genes conserved throughout mammalian
evolution. However, the X-chromosome has clearly undergone rearrangements
during evolution. The shapes of the mouse and human X-chromosomes are very
different. On the basis of the specific genes carried, the chromosome can be
divided into several segments. Within a segment the order of genes has been
conserved in evolution, but the segments have been rearranged with respect
to each other®.

X-Chromosome Imprinting :

Ohno's Law has been very valuable, as it has enabled the study of X-linked
genes in many species. In particular, it has enabled the study of X-inactivation
in marsupials. A surprise, found in 1971, was that in marsupials, rather than
random inactivation of one or other X-chromosome seen in eutherian mammals,
the X from the father, the paternally derived X, was inactive in all cells®. This
is an example of genetic imprinting and was probably the first example of this
phenomenon found in mammals. Soon afterwards Takagi and Sasaki'® showed
that preferential inactivation of the paternal X-chromosome occurs also in the
trophectoderm and primitive endoderm cell lineages of rat and mouse embryos.
It may occur also in extraembryonic lineages of humans, but this is a controversial
point. In parthenogenetic mouse embryos, in which all chromosomes are
maternally derived, both in the embryo itself and in the extraembryonic
membranes X-inactivation can still occur. In addition, in XO mice with only a
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paternal X-chromosome, this remains active. Thus, the mechanism which
maintains a single X active can override the imprint.

In view of the inactivation of the X in male germ cells, it was suggested that
paternal X-inactivation might be the primitive type in evolution, and might have
evolved from an earlier inactivation of the X in male germ cells'!: 2,

Ohno?3 pointed out that some fish and amphibia do not have distinguishable sex
chromosomes and that the easily distinguishable X and Y of mammals must have
arisen during the evolution of vertebrates. The suggestion was that in the early
evolution of mammals, as the X and Y began to diverge in size there was a need
for inactivation of the X-chromosome in male germ cells to protect the pairing
sites which no longer had homologues on the Y. Later in evolution this inactivation
of the X-chromosome in sperm was carried over into the new zygote at fertilization
and formed a starting point for the evolution of somatic X-inactivation.

X-Chromosome Activity in Early Embryos:

Other major advances in understanding of X-inactivation in the 1970s were brought
about by increased knowledge of early mammalian embryos. An early question
was whether in the embryo the X-chromosomes were inactive and a single one
was activated, or the reverse, with both Xes at first active and one being inactivated.
Epstein, studying activity of the X-linked enzyme HPRT in early embryos, showed
that the latter was correct®. In the early female embryo both X-chromosomes are
active, and it is indeed correct to speak of inactivation. Nobuo Takagi and Sohaila
Rastan and others showed that an inactive X appeared first in the trophectoderm
at the late blastocyst stage at about four days and somewhat later, at about five
days, in the primitive ectoderm which gives rise to the embryo proper.

Another development in the 1970s was the study of cultured embryonic cells,
first embryonal carcinoma or EC cells, and later embryonic stem cells, ES cells.
In some lines of EC cells and in most ES cells, both X chromosomes in female
cell lines are active. Martin et al.'* showed that when such cell lines were allowed
to differentiate, X-inactivation took place. This was an important step forward
because it meant that ES cell lines constituted a suitable system in which
X-inactivation could be experimentally studied.

Initiation of X-Inactivation and the X-lnactivation Center:

Another important step was the concept that X-inactivation could be considered
as having two main components: initiation and maintenance? initiation is the onset
of X-inactivation in the early embryo. Once initiation has occurred, each
X-chromosome faithfully replicates its active or inactive state at each cell division
throughout the life of that animal, and this is the maintenance or stabilization of
inactivation. Initiation of X-inactivation is thought to take place through the
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X-inactivation center on the X-chromosome. Evidence for this comes from the
study of mouse X-autosome translocations.

When autosomal coat color genes are translocated to the X-chromosome,
inactivation spreads into the attached autosomal material and causes variegation
for these color genes, but it only spreads into one of the two autosomal segments.
In addition, only one of the two segments into which the X is broken shows late
replication and dark Kanda staining. An example is T37H in which the large
translocation product shows dark Kanda staining but the small one does not.
This suggests that only one of the X-chromosomal segments is undergoing
inactivation. This was studied in the translocations T37H and T38H, both of which
have a breakpoint near the sparse-fur or ornithine transcarbamylase (Otc) locus,
sparse-fur being a deficient allele of Otc. Animals heterozygous for the
translocation and for sparse-fur were bred, and OTC activity was studied by
histochemical staining of the liver. Translocation T38H showed the expected
mosaic pattern of dark positive cells and light OTC negative cells. With T37H,
however, all cells stained positive for OTC, indicating that the normal allele on
the translocated X-chromosome was active in all cells3. By in situ hybridization
it was shown that in the two translocations, the locus of Otc was on opposite
sides of the breakpoint. The interpretation was that in T37H the Otc locus is
separated from the inactivation center and so is remaining active in all cells.

As already mentioned, there is thought to be a counting mechanism which
maintains one X-chromosome active per two autosome sets, and it is suggested
that this acts by blocking one inactivation centre. The chromosome with the
blocked center remains active. All other centers in the cell (normally one) then
initiate inactivation which spreads in a cis-limited manner along the chromosome
in both directions. Segments without a center remain active.

By studying different translocations and deletions, the position of the center has
been found to be in chromosome band D in the mouse and band Xq13 in the
human. From this region a human gene was cloned, termed XIST, or X-inactive
specific transcript, with a unique pattern of expression. It is expressed only from
the inactive and not the active X-chromosome'®. The corresponding gene maps
to the region of the inactivation center in the mouse also, and shows a similar
expression pattern'® 7. From both its position and its unique expression from
the inactive X-chromosome only, it is thought that Xist must have some important
significance in inactivation.

Sohaila Rastan and colleagues studied the expression of Xist in the mouse
embryo'® 19 It was not expressed at the 2-cell stage, but was expressed at both
the 4-cell and 8-cell stages. At first only the paternal allele was expressed, and
expression of the maternal allele was not seen until the late blastocyst stage.
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In the extraembryonic tissues, where paternal X-inactivation occurs, only the paternal
allele was expressed. Others showed that in male mice Xist was expressed only
in the testes, and specifically in the germ cells, where the X is inactive®®?%2,

In female germ cells, where reactivation of the X occurs, expression of Xist
disappears around the time of reactivation®. In XX embryonic stem cells Xist was
not expressed while the cells were undifferentiated and both X-chromosomes were
active, but Xist expression appeared when the cells were allowed to differentiate
and X-inactivation occurred'®, Thus, in various respects the expression of Xist is
appropriate for it to have a causal role in X-inactivation. Expression occurs before
" inactivation, and is imprinted when it first appears and so on. However, in other
respects the expression is an enigma. In the embryo it occurs too early, when
both X-chromosomes are active, and so some other factor must be needed to
actually bring about inactivation. In addition, Xist is expressed in all cells of the
adult female, and at present the significance of this is not known.

The sequence of Xist has been studied in humans and mouse by Hunt Willard®
and Sohaila Rastan?®, respectively. The structure of the gene is well conserved among
mammals. In both human and mouse there is no substantial open reading frame.
The transcript remained in the nucleus and appeared associated with the inactive
X. Thus it appears that Xist does not code for a protein and may act through RNA.

The Role of DNA Methylation in X-Inactivation :

The question is what the inactivation center is actually doing. It is presumed to
be initiating the spread of inactivation along the chromosome, and thus one needs
to know the mechanism of spreading. In 1975 Art Riggs, Holliday and Pugh
suggested that DNA methylation might be the basis of spreading. A methylase
might be an enzyme that could run along the chromosome in an appropriate
way. Since then evidence has been obtained that the inactive X-chromosome
indeed shows differential methylation® 25?7,

The CpG islands in the 5' promoter regions of genes on the inactive X are heavily
methylated. Treatment with demethylating agents, such as 5-azacytidine, will cause
partial reactivation, and the reactivated genes can be shown to have lost their
methylation. Thus, the methylation does have a functional effect. However, this
methylation is not found in marsupials, nor is it in mouse germ cells, and probably
not in mouse extraembryonic lineages, which show paternal X-inactivation,

Thus, X-inactivation can occur without methylation of CpG islands. In addition,
methylation appears later in embryonic development than the initiation of
X-inactivation. Thus, it is thought that methylation of CpG islands is not the
spreading mechanism. The various types of X-inactivation in which methylation
is not seen are all less stable than in typical random inactivation in the embryo
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proper of eutherians. In marsupials, reversal of X-inactivation can occur either in
cultured cells or in some tissues in vivo®. In female germ cells of eutherians,
reactivation occurs as the cells enter meiosis, and in extraembryonic cells reactivation
has been reported. Thqs,'the suggestion is that methylation is involved 'in the
stabilization and maintenance of inactivation, and exactly what is involved in the
spreading of inactivation along the chromosome still remains unknown. Recently a
new property of the inactive X-chromosome lack of acetylated histone 4, has been
discovered®. The set of properties of the inactive X, including condensation, late
replication and lack of acetylated histone 4, are those of heterochromatin. Thus, the
spreading mechanism is causing normally euchromatic material to behave as
heterochromatin, but it remains to be discovered how this is brought about.

Relation of Recent Findings to X-Inactivation in Humans :

The recent advances in knowledge of X-inactivation are not only of interest
because of the potential insight they may give into the mechanism of inactivation.
In addition they help to give better understanding of the findings in humans with
‘X-chromosome aneuploidies or X-linked genetic diseases.

A first point to consider concerns the shapes, sizes and numbers of patches
seen in females heterozygous for X-linked genes. If mouse coat color is taken
as an example, the pattern in heterozygotes is complicated with some large
patches of solid color and other areas where small patches of one or another
color intermingle. A similar pattern is seen in chimaeras produced by
experimentally aggregating two embryos of different color. Thus, the actual pattern
is not peculiar to X-inactivation but is due to the way celis have grown and mingled
in development. Certain features of the pattern are that the patches tend to run
transversely and not to cross the midline. This can be understood by remembering
that the pigment is formed by melanoblasts that migrate out from the neural crest.
Each spot is formed by clonal growth of one or more precursor cells, and the
different sizes of spots are due to coalescing of various spots of the same color.
Different regions of the body may be populated by the precursors of one or a
few pigment-forming cells. One gets the best match to the observed pattern by
imagining that each region of the body is populated by two precursor cells. If
~ they are both pigmented or both white, a large patch of solid color results.
However, if a region is populated by one white and one pigmented precursor
cell, the two types of cell mingle as they spread across the body and give a
region with many small spots of color?®. Pigment cells have been used merely
as an example. Using other means of marking cells, such as by histochemical
staining, one can look at various tissues, and similarly work out whether particular
structures are derived from a single precursor cell or many. Dillwyn Williams®®
has used staining for ornithine transcarbamylase and for glucose 6 phosphate
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dehydrogenase to study the patches in various mouse tissues. He has found
that intestinal crypts are formed from a single cell, but the villi from many precursor
cells. Thyroid acini are of multicellular origin, but thyroid nodules are of single
cell origin. X-inactivation has been used to study the single or multicellular origin
of tumors, but obviously it is important to know that the tissue of origin of the
tumor has a muilticellular origin before studying the tumor. Thus, in every human
X-linked disease, the mosaic pattern of patches varies with the particular cell
type involved. One particular pattern of interest is Blaschko's lines, which are
lines on the skin in a pattern somewhat resembling that in mouse coat color,
and which are seen in females with the X-linked disease incontinentia pigmenti.

X-Choromosome Aneuploidies and Escape of Genes From Inactivation :

In considering the various chromosome abnormalities affecting the
X-chromosome, as mentioned earlier one would expect XO females to be normal,
as they are in the mouse, but in humans most die prenatally and the few survivors
have Turner's syndrome. It was postulated early on that there might be a pairing
segment of the X-chromosome carrying genes with homologues on the Y, and
that genes in such a pairing segment might escape inactivation, as they would
not need dosage compensation. It is now known that there are various genes
on the human X that escape inactivation®3"32, and thus the abnormalities of
human XOs may indeed be due to wrong dosage of some of these genes. Some
of the genes concerned, such as MIC2, are in the pairing segment, and others
such as ZFX and STS are near it. However, others, such as UBE1 and RPS4X,
are some distance away. This is of interest in relation to the mechanism of X-
inactivation because these genes have normally inactivated genes on both sides
of them. This means that the signal for spreading of inactivation must have run
past these genes, and either the genes resisted the inactivation or the stabilizing
mechanism must have failed so that reactivation promptly occurred. In any case,
study of these genes may provide valuable information on spreading.

In the mouse, from the work of Sohaila Rastan and colleagues, the homologous
genes, including Zfx and Rps4, undergo inactivation normally3. Up to now only
one mouse gene is known which unequivocally escapes inactivation33, Thus,
this provides a plausible explanation for the fact that XO mice are normal, in
contrast to human XOs.

Another type of X-chromosome anomaly for which an explanation has recently
been found is the small ring-X chromosome. Several females with one normal
X and one small ring-X have been found, and these females have shown severe
phenotypes with various congenital malformations and with mental retardation.
It was not clear why such a small chromosome should produce a severe effect
when females with larger deleted X-chromosomes were less severely affected.
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Barbara Migeon showed that in these small ring X-chromosomes, in some cases
the Xist gene was deleted, and in other cases although it was present it was
not expressed34. Thus, the interpretation was that the ring X lacked a functional
X-inactivation center and was remaining active. Studies of the expression of some
X-linked genes showed this to be so*®. The abnormal phenotype of these females
was thus thought to be due to excess dosage of cretain X-linked genes.

Some Causes of Non-Random Inactivation :
1. Imprinting :

In the mouse, an abnormal phenotype thought to be due to excess X-chromosome
dosage is seen in animals with additional X-chromosomes, if these are derived
from the mother, In the human, XXY or XXX females in which two X-chromosomes
are of maternal origin are normally viable, but in the mouse such females die
" early in gestation. Nobuo Takagi®® showed that such embryos tended to have
two X-chromosomes active in the extraembryonic cell lineages, where imprinting
was occurring, and the development of these extraembryonic tissues was
abnormal. Thus, this work suggests that the maternal X in the mouse bears an
imprint tending to prevent its inactivation in the relevant tissues. In the human,
Barbara Migeon®” has found that either X-chromosome can be expressed in the
extraembryonic tissues, and this, together with the viability of X™X™Y and X™X™XP
humans, is part of the evidence that imprinting may not occur in human
X-inactivation.

Sohaila Rastan and her colleagues have carried out two pieces of work on the
imprinting of the Xist gene in the mouse which are relevant to the question of
imprinting of the X-chromosome in humans.

In the first3® they studied the methylation of sites in the 5' region of the gene.
As already mentioned, the inactive X shows differential methylation; in addition,
methylation has been suggested as a basis for imprinting, and thus methylation
is a reasonable feature to study. In the male, where the Xist gene is inactive,
its 5' region was heavily methylated, whereas in the female the allele on the
active X was methylated, and that on the inactive X unmethylated. In the male
germ cell, the Xist gene showed demethylation in the course of spermatogenesis.
Thus, it is possible that differential methylation of Xist in male and female germ
cells may constitute the imprint. The allele in the female germ cell, where both
X-chromosomes are active, may well be methylated, but this is not known. Thus,
there is no conclusive evidence at present that differential methylation does indeed
constitute the imprint, but it is a possibility.

In the second piece of work, Kay et al.’® studied the expression of Xist in
parthenogenotes, gynogenotes and androgenotes. In androgenotes, which are
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embryos with all their chromosomes derived from the father, and therefore with
demethylated Xist, the gene was expressed at the four-cell stage as in normal
embryos, whereas in parthenogenotes and gynogenotes, both of which have only
maternally derived chromosomes, Xist expression appeared only later at the morula
to blastocyst stage. Thus, this provides evidence that the expression of Xist does
indeed show imprinting and that the imprint apparently disappears with time. There
were also other findings. When expression did appear in gynogenotes, either allele
could be expressed, which is as one might expect since both are maternally either
allele could be expressed, which is as one might expect since both are maternally
derived. In contrast to gynogenotes, androgenotes can be chromosomally of three
types: XPXp, XPY, or YY. The YY embryos would be expected to die early because
of their lack of X-linked gene products. The evidence indicated that Xist was
expressed in all the surviving embryos, both XX and XY. Thus, the counting
mechanism which maintains one X active was apparently not functional at this
early stage, but must develop later. Thus, what we see is that an imprint is present
early, preventing expression of Xist in maternally derived X-chromosomes of
gynogenotes and parthenogenotes, and this disappears as development proceeds.
Conversely, the counting mechanism is not present at first and appears as
development continues. A further finding in androgenotes was that Xist expression
was not maintained as development progressed, as it is in normal embryos, but
was down-regulated at the eight-cell stage and disappeared by the morula to
blastocyst stage. The authors interpret this to mean that there must be a maternally
expressed gene involved in maintaining Xist expression in the early embryo'®,

This work raises the question whether the counting mechanism is a relatively late
evolutionary development in X-inactivation. In normal embryos such a mechanism
is not needed if there is imprinting. Males are always X™Y and would have an
active X-chromosome, and females are X™XP and would have one active and one
inactive X. In eutherian mammals we know of the counting mechanism through
many aneuploids and polyploids. In marsupials, far fewer aneuploids are known,
and it remains possible that marsupials do not have a counting mechanism but
rely on imprinting. It may be that imprinting is the ancestral form of X-inactivation.
In eutherian mammals X-inactivation has been delayed until a stage when the imprint
has worn off, and a counting mechanism developed in its place, and this is
apparently associated with a more stable type of X-inactivation. It may be that in
the human embryo X-inactivation occurs relatively later than in the mouse, so that
even in the extraembryonic membranes the imprint has been lost.

2. Chromosome Anomalies :

An important feature seen in humans with X-chromosome anomalies such as
translocations and deletions is non-random inactivation. Evidence concerning
the explanation for this comes from mice. In mice most translocations show
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inactivation of one or another X-chromosome, but one, called T16H or Searle's
translocation, shows non-random inactivation with the translocated X active in
all cells. The result is that mice heterozygous for this translocation, and for a
mutant gene, express the allele of the gene on the translocated X only, and
show a phenotype like that of a male. The question is whether the actual initiation
of inactivation is abnormal, so that only one inactivation center responds, or "
whether inactivation first occurs at random and then cell selection eliminates
cells with the translocated X inactive. Takagi®® showed that cell selection was
the explanation. He studied embryos at the time of inactivation and found some
cells with one segment of the translocated X-inactive but the other segment
remaining active, presumably through lack of the inactivation center. Thus, such
cells have a double abnormality. They have excess X-chromosome activity, and
also a deficiency of autosomal gene activity through the spread of inactivation
into the autosomal segment attached to the segment of X-chromosome
undergoing inactivation. When Takagi looked at somewhat older embryos, cells
with the translocated X inactive had disappeared and only cells with the normal
X inactive and the translocated X active remained. Thus, by analogy with the
mouse situation, it is thought that the non-random inactivation seen in humans
heterozygous for X-autosome translocations is again due to cell selection.
Similarly, in humans heterozygous for deleted X-chromosomes, the normal X is
active in all cells, and again this is thought due to cell selection. In such females
any mutant genes on the active X are expressed fully as in a male. This is
particularly important in translocations where the translocation break itself may
interrupt genes and so cause a mutation. For example, some females affected
with Duchenne muscular dystrophy have been found to carry translocations
disrupting the gene.

3. Cell Selection in Certain Tissues :

In some cases non-random inactivation is seen only in certain tissues. This is
thought to be due to cell selection against cells with the mutant allele active,
in those cell lineages in which the gene acts. This is seen for example in females
heterozygous for X-linked immunodeficiencies, such as Wiskott-Aldrich syndrome.
Here, in heterozygotes, B and T lymphocytes, granulocytes and platelets all have
the normal X active in all cells, but erythrocytes and fibroblasts have a mixture
of cells with the normal or the mutant X active®®42,

In diseases where the gene product is not known, as in Wiskott-Aldrich syndrome
until very recently, this non-random inactivation is useful in detecting
heterozygotes. One looks in the fibroblasts for X-linked markers for which the
female might be heterozygous. If in the lymphocytes there is non-random
inactivation, detected either by gene expression or by differential methylation,
then the female is a heterozygote for the disease.
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Another possible cause of apparent non-random inactivation is passage of the gene
product from one cell to another. An example is Duchenne's muscular dystrophy.
Each fiber in skeletal muscle is multinucleate and may include cells of both types
with the normal or the abnormal X-chromosome active. If any cells with the normal
X active are present in a particular fiber, dystrophin will be formed and the fiber
will look normal. Thus, the proportion of normal-looking fibers is well above 50 percent.

4. Reactivation of X-linked genes :

In the mouse another type of departure from typical inactivation that has been
seen is due to reactivation of specific genes occurring in some cells. Typically
X-inactivation is very stable in eutherian mammals and it used to be thought that
reactivation did not occur in somatic cells, but it is now known that it can occur
at a low level. This was seen using the translocation T16H, which as discussed
above causes non-random inactivation with the translocated X active. Females
were bred heterozygous for the translocation and for sparse-fur, the deficient allele
of ornithine transcarbamylase (OTC), with the deficient allele on the active X. On
histochemical staining for OTC in the liver one would expect the mutant deficient
allele to be active in all cells, and hence the sections should look uniformly negative
for OTC. In fact a few positive cells were seen, and these became more numerous
with age. This was attributed to reactivation of the Otc gene in some celis®. A
similar phenomenon had been seen earlier by Cattanach in animals carrying his
translocation opposite T16H. Cattanach's translocation carries the normal allele of
albino translocated to the X-chromosome, and the animals were bred so that with
the Cattanach translocation inactive in all cells, they should have been albino. In
fact they had small patches of pigment, and became darker with age. Thus, this
phenomenon is not confined to the Otc locus. However, it does not occur with
all genes and has not yet been found in man, although the possibility of it occuring
with particular X-linked diseases cannot be excluded.

A question that has arisen lately is whether loss of the Xist gene from a
chromosome that had already been inactivated would cause its reactivation. Two
pieces of work have been done on this. In one case, Brown and Willard*3 took
cultured human cells and induced deletions of the Xist gene in them. In the other
case, Tony Monaco and Veronica Buckle and colieagues** studied two
isodicentric X chromosomes found in patients with leukemia, and found these
two chromosomes had lost the Xist gene. In both cases these X-chromosomes
without the Xist gene remained inactivated. Thus, there is no evidence that the
presence of the Xist gene is needed to maintain inactivation once it has occurred.

5. Non-Random Initiation of X-lnactivation :

Another question is whether there can be true departure from random inactivation
at the time of the actual initiation. In the mouse this has been found. Cattanach
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found a genetic factor termed Xce. Various strains of mice had different alleles
of Xce which affected the probability of the X carrying them being the active
one. The allele Xcec was most likely to remain active, with Xce® next, and Xce®
weakest. The result was that in females that were genetically heterozygous for
Xce® and Xcee, instead of a 50 percent ratio, 70 percent of cells had the
X-chromosome with Xce® active, and only 30 percent had Xce® active. This was
thought not to be due to cell selection but to be a true effect on the choice of
X for inactivation at the time of initiation. The Xce factor maps to the same point
as the inactivation center and is thought probably to be part of the center. There
is some evidence that the Xce effect might be produced by different alleles of
the Xist gene. Kay et al.'® found that expression of Xist varied in different Xce
alleles, with the strongest Xce allele having the weakest Xist expression. This
is interesting but not conclusive evidence that Xce and Xist may be different
aspects of the same thing. However, Simmler et al.*s found apparent
crossing-over between Xce and Xist, suggesting that they involve distinct genetic
loci. In humans, it is possible that some cases of heterozygotes showing non-
random inactivation may be due to similar Xce-like effects, but this is very difficult
to investigate in humans.

Conclusions :

Thus, consideration of the history of X-inactivation shows that the present time
is an exciting one. The situation is poised for possible further important
developments, particularly concerning the role of the Xist gene and its relation
to the X-inactivation center. Furthermore, recent developments have provided
new insights into the abnormalities seen in human X-linked diseases and
X-chromosome aneuploidies. It is likely that further understanding will emerge
in the near future.
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