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Abstract
As a result of X chromosome inactivation, females are mosaic 
for cell lineages in which either the paternal or the maternal X 
chromosome is active, and, if inactivation were random, each 
lineage should be present at approximately the same frequency. 
Detection of instances of non-random X inactivation can be 
important both clinically and for the study of X chromosome 
inactivation. Identification of a single-base polymorphism in 
an expressed region of the human XIST gene has permitted the 
development of a direct PCR-based assay for randomness of X 
inactivation. Oligonucleotide primers were designed, incorpo­
rating the variant base, and conditions established that allowed 
allele-specific PCR amplification. As the XIST gene is ex­
pressed only from the inactive X chromosome, differential 
amplification of the alleles in cDNA from heterozygotes can be 
used as an indicator of non-random inactivation. Using this 
assay, non-random X chromosome inactivation has been dem­
onstrated in chromosomally abnormal cell lines and in lympho­
cytes from heterozygous, normal females. Virtually complete 
non-random X inactivation was also shown in a mother and her 
daughter, suggesting the existence of some familial factor 
affecting X chromosome inactivation.
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which of the two X chromosomes to inacti­
vate is believed to be random, and once made, 
this decision is stably maintained and inher­
ited such that all clonal descendants inacti­
vate the same X chromosome [2], Non-ran-

Introduction

X chromosome inactivation results in dos­
age equivalence between females and males 
for X-linked genes [1]. The initial selection of
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dom inactivation can arise either from a bias 
in the original decision as to which chromo­
some to inactivate or from subsequent se­
lective pressures. The latter has been observed 
in females with X chromosome rearrange­
ments [3] and in carriers of a number of X- 
linked diseases such as adrenoleucodystrophy 
[4], X-linked agammaglobulinaemia [5] and 
Lesch-Nyhan syndrome [6], Selection may be 
constitutive in the case of chromosomal rear­
rangements or restricted to a specific cell 
lineage as observed for a number of the X- 
linked lymphoproliférative disorders such as 
Wiskott-Aldrich syndrome [7],

Bias in the initial X inactivation event has 
been observed in marsupials [8], rodent extra- 
embryonic tissues [9, 10], and in mouse 
strains carrying different alleles at the Xce 
locus [11], Apparent skewing of inactivation 
may also result from stochastic variations in 
the X inactivation status of progenitor cells in 
tissues with a limited number of founder cells. 
This has been demonstrated in human T cells 
where 10% of the cell populations showed 
skewing of greater than 75% [12] and in cul­
tured fibroblast cell lines in which several 
populations showed exclusive inactivation of 
either the maternal or the paternal X chromo­
some [13].

We have reported a gene, XIST, whose 
location at the X inactivation centre and ex­
pression from only inactivated X chromo­
somes suggest a role in X chromosome inacti­
vation [14], Comparison of the relative ex­
pression of XIST from the paternal or mater­
nal X in a population of female cells would 
provide a direct measure of the randomness 
of X inactivation in that sample. To develop 
such an assay, we have identified an ex­
pressed polymorphism within XIST and have 
used it to generate two allele-specific primers 
which can be used in PCR amplification of 
specific allele (PASA) reactions. In cases in 
which X chromosome inactivation is random,

both primers will amplify cDNA prepared 
from a heterozygote. If inactivation is not ran­
dom, only one primer (that which corre­
sponds to the allele on the preferentially inac­
tivated X chromosome) will amplify (fig. 1). 
This assay is an efficient and direct method to 
assess the randomness of X chromosome 
inactivation.

Materials and Methods
Sequencing
All nucleotide sequencing was performed on dou­

ble-stranded DNA using either the universal forward 
or reverse primers or the internal primers [14-16], 
Sequence data were stored and analysed using DNA- 
STAR sequence analysis software on Macintosh com­
puters.

DNA and cDNA Preparation
Genomic DNA was prepared from cultured cell 

lines by NaCl/SDS lysis [17] and from whole blood 
using a Non-Organic DNA Extraction Kit (Oncor Inc., 
Gaithersburg, Md., USA). Southern transfer and hy­
bridization were performed by standard techniques. 
Filters were probed with a 32P-labelled segment of 
DNA encompassing the region amplified in the PASA 
experiments. Both alleles were equally represented in 
the probe. Filters were exposed to Kodak X-Omat film 
at -800 C with enhancing screens.

Total RNA was prepared from cultured cell lines as 
described [18], Total RNA from whole blood was pre­
pared as follows: 7-10 ml of blood was drawn into hep­
arin vacutainers and allowed to settle at room tempera­
ture for about 1 h. The top layer (from 2 to 4 ml) was 
drawn off and spun down at 325 g and room tempera­
ture for 10 min. The pellet was resuspended in 1.0 ml 
RNAzolB (Biotecx Laboratories Inc., Houston, Tex., 
USA). Chloroform (0.1 voi) was added and mixed vig­
orously, and the preparation was incubated on ice for 
5 min. Following the incubation, the preparation was 
centrifuged at 12,000 g for 15 min at 4°C and the 
upper phase containing the RNA was drawn off. RNA 
was precipitated on ice with 1 voi isopropanol for 
15 min and collected by centrifugation at 12,000 g for 
15 min at 4°C. The RNA pellet was rinsed with 75% 
ethanol, centrifuged at 7,500 g for 8 min and resus­
pended in 50 gl water which had been pretreated with 
the RNAse inhibitor diethyl pyrocarbonate.
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HETEROZYGOUS
FEMALE
WITH NON-RANDOM 
INACTIVATION

HETEROZYGOUS 
FEMALE 
WITH RANDOM 
INACTIVATIONFig. 1. Schematic diagram of 

PASA analysis of females heterozy­
gous for the XIST alleles. The sam­
ple on the left, in which inactiva­
tion is completely random, will be 
mosaic for XIST expression, and 
her cDNA will amplify with either 
of the allele-specific primers equal­
ly. The sample on the right, in 
which inactivation is completely 
non-random, will have the same X 
inactivated in all cells. Her cDNA 
will amplify with only one of the 
allele-specific primers (in this case, 
the primer corresponding to allele 
1). When the amplification prod­
ucts are analysed by electrophore­
sis (bottom), the amplification 
products from both allele-specific 
primers will be detected from the 
randomly inactivated female, 
whereas only the product from one 
allele will be observed from the 
non-randomly inactivated female.

allele 1 - -allele 2 allele 1. allele 2

RNADNA RNA

reverse
transcription

reverse
transcription

+
cDNA

PASA PCR 
1 2

CDNA 
PASA PCR 

1 2
PASA PCR 

1 2 1

All cDNAs were prepared by reverse transcription 
of 1.0 pg total RNA primed with random hexamers 
with 5 U of reverse transcriptase, as previously de­
scribed [19].

inactive [20], The fibroblast cell line 67 (GM0705) 
[46,X,t(X;9)(ql3.1;p24)] [21] was grown in a-MEM 
(Gibco) supplemented with 15% fetal calf serum, glu­
tamine, non-essential amino acids (Gibco), penicillin 
and streptomycin. This line carries a balanced X;9 
translocation, with the normal X chromosome prefer­
entially inactivated [21], The mouse/human somatic 
cell hybrid tSA70-D 1 -34azlf [22] carries the inactive X 
from SA70 and was grown in a-MEM (Gibco) supple­
mented with 7.5% fetal calf serum, glutamine, penicil­
lin and streptomycin.

Cell Lines
Cell lines were established from members of a 

family ascertained through a boy with apparent X- 
linked ichthyosis. Both a lymphoblast cell line (HSC 
593) and a fibroblast cell line (60) were established 
from the affected child’s maternal grandmother, and a 
fibroblast cell line (59) was established from his aunt.

All lymphoblast cell lines, including SA70 [rec(X) 
dup p, inv(X)(p 11,4q 13)] [20] and those obtained from 
National Institute of General Medical Sciences (USA) 
Human Genetic Mutant Cell Repository (Camden, 
N J., USA), were grown at 370 C in RPMI media (Gib­
co) supplemented with 15% fetal calf serum, gluta­
mine, penicillin and streptomycin (Gibco). BrdU in­
corporation has shown the rearranged X in lympho­
cytes from SA70 to be late-replicating and therefore

PCR Conditions
Conditions for allele-specific PCR were based on 

parameters discussed by Sommer et al. [23], Optimum 
specificity was obtained using the following condi­
tions: assay buffer consisting of 50 mM KCl/10 mM 
Tris/HCl (pH 9.0), 0.1% Triton X-100 (BRL) or 
50 mM KCl/20 mM Tris/HCl (pH 8.4) (Promega), 
1.5 mM MgCh, 0.05 mM dNTPs and 2.5 U of Taq 
DNA polymerase. These conditions were used to am-
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Fig. 2. Pedigree demonstrating mendelian transmission of the XIST alleles. DNAs were 
obtained from the Centre d’Etude du Polymorphisme Humain and was typed using the PASA 
assay. Each genotype is represented by PCR amplification products visualized in two lanes of 
an agarose gel. Presence of a band indicates presence of the allele in the individual. Transmis­
sion of the polymorphism is consistent with mendelian inheritance of an X-linked trait.

plify a sample of approximately 0.1 pg DNA, using 
7.5-40.0 pmol of one of the allele-specific primers and 
an equivalent amout of a second non-specific primer. 
Reactions were 100 pi total volume overlaid with 
— 25 pi mineral oil. Amplification consisted of 30 
cycles of a 1-min dénaturation of 94°C, followed by a 
2-min annealing at 59 °C and a 3-min elongation at 
720 C, with a final 7-min elongation at 72 ° C following 
cycle 30. As the amplification products from the PASA 
primers do not span an intron, controls without reverse 
transcriptase were required to exclude the possibility 
of DNA contamination in the RNA preparations.

All PCRs were performed using an Ericomp Twin- 
block thermocycler. The amplified products were ana­
lyzed by running 15- to 20-pl samples on a 2% agarose 
gel stained with ethidium bromide.

after referred to as 1-1 (5'GTATAGAAC- 
TGTAGGCTTC3') and 1-2 (5'TGTATAGA- 
ACTGTAGGCTTT3'), were used in conjunc­
tion with a non-polymorphic primer (5'CTC- 
ACTGTTAAAGGCACTGA3') to amplify a 
533-bp product from DNA and cDNA in an 
allele-specific manner. The genotype of any 
sample can be determined by performing a 
pair of PASA reactions, one with each of the 
specific primers. The combination of the re­
sults of the two reactions provides an unambi­
guous genotype (fig. 1, 2).

Allele frequencies for this XIST polymor­
phism were established from 57 unrelated 
Caucasians (111 X chromosomes total), and 
the alleles were shown to be in equilibrium 
with frequencies of 0.31 (G; allele 1) and 0.69 
(A; allele 2). Surprisingly, very different allele 
frequencies were observed in a small sam­
pling of black females (0.75 for allele 1, 0.25 
for allele 2, n = 28 X chromosomes). Trans­
mission of the alleles was analyzed in several 
families from the Centre d’Etude du Polymor­
phism Humain and found to be consistent 
with an X-linked inheritance pattern. The pe-

Results

Identification of a Polymorphism in XIST 
A single-base polymorphism (G:A at base 

15944) was detected during the initial se­
quencing of XIST [ 16] and confirmed by hete­
roduplex analysis (data not shown). Primers 
were designed incorporating the variant base 
at the 3' terminal position, with matching 
melting points of 54°C. These primers, here­
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a

b

non-specific amplification can be seen, b Allele-spe­
cific amplification in the presence of excess non-target 
DNA. DNA was prepared from 2 females, each homo­
zygous for a different XIST allele, and was mixed in 
the ratios shown. Each lane represents amplification of 
125 ng of this mixture. Allele-specific amplification 
occurred even when the target DNA made up only 5% 
of the total DNA present. No non-specific amplifica­
tion was seen in either of the pure homozygous DNAs 
(1:0, 0:1 lane pairs).

Fig. 3. a Autoradiograph of a target sequence dilu­
tion experiment. Target DNA was prepared from 2 
males (884-7 and 884-11) who were hemizygous for 
alleles 1 and 2, respectively. Samples ranging from 
0.02 to 100 ng were amplified using the PASA primers, 
electrophoresed in 1% agarose and transferred to a 
nylon filter. The filter was hybridized with a labelled 
XIST probe spanning the polymorphic region and 
exposed for 3 h. Amplification is consistent with each 
male being hemizygous for a different allele, and no

detectable on gels stained with ethidium bro­
mide. After Southern transfer and hybridiza­
tion, allele-specific amplification could be de­
tected from as little as 2 ng of DNA (fig. 3a).

A second dilution series was performed in 
order to determine whether allele specificity 
could be maintained in the presence of excess 
amounts of the other allele, as would be ex­
pected in a case of non-random X inactiva-

digree and representative data from one of 
these families (number 884) is shown in fig­
ure 2.

In order to determine the extent of which 
primer specificity was dependent on target 
availability, a dilution series was performed, 
in which 100 pg to 500 ng of male genomic 
DNA was amplified. Allele-specific amplifi­
cation from as little as 10 ng target DNA was
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tion. DNAs from 1/1 or 2/2 homozygous 
females were mixed in ratios of 19:1, 9:1, 4:1, 
2:1 and 1:1, and amplified. In all cases, am­
plification of both alleles could be seen on 
agarose gels stained with ethidium bromide 
(fig. 3b). Amplification was quantitative in 
that there was a clear correlation between the 
amount of amplification product and the rela­
tive amount of input DNAs.

Table 1. PASA analysis of randomness of X inacti­
vation in lymphocyte and lymphoblast RNAs

Sample Allele 1 Allele 2

Lymphocyte
FI 50 50
F2 50 50
F3 50 50
F4 50 50
F5 50 50
F6 50 50

Assay to Determine Randomness of
Inactivation
The PASA primers were used to amplify 

cDNA prepared from blood taken from nor­
mal heterozygous and homozygous females 
(fig. 4a). In all cases, the amplification of 
cDNA was consistent with the genotype deter­
mined from the genomic DNA. As a further 
test of this assay, we also analysed 2 female 
cell lines with X chromosome rearrangements 
(SA70 [20] and 67 [21]), in which non-ran­
dom X inactivation had previously been dem­
onstrated. Both SA70 and 67 were heterozy­
gous for the XIST polymorphism, as demon­
strated by amplification of both alleles in 
genomic DNA, but expressed only a single 
XIST allele (fig. 4b). For SA70, the expressed 
allele was the same as that shown previously 
to be on the structurally abnormal, inactive 
human X chromosome [22]. This observation 
confirms, in human cells, the exclusive ex­
pression of XIST from the inactive X chromo­
some, previously demonstrated in somatic 
cell hybrids [14, 16].

Having established the specificity of the 
assay and its ability to detect non-random 
inactivation, we examined the randomness of 
X inactivation in a series of samples from nor­
mal females (fig. 1). Lymphocyte cDNAs 
from 11 unrelated heterozygous females were 
assayed (table 1); 7 of these showed equiva­
lent amplification of each allele upon re­
peated analysis. Slight skewing was seen in 2 
(each favouring a different allele), and strong

F7 50 50
F8 40 60
F9 60 40
F10 70 30
Fl 1 80 20

Lymphoblast 
GM 6988 
GM 6999 
GM 7002 
GM 7005 
GM 7023 
GM 7059 
GM 7345 
GM 7348 
GM 7350

90 10
20 80
95 5
80 20
0 100

90 10
30 70
95 5
30 70

PASA analysis of various cDNAs prepared from 
RNA extracted from whole blood (Fl-Fl 1) and from 
lymphoblast cell lines. Fl-Fl 1 are unrelated heterozy­
gous females. The relative extent of expression of each 
allele is based on comparison to a dilution standard 
and is given as a percent of total expression of both 
alleles. Random inactivation will result in equal ex­
pression of each allele and will be scored as 50:50. Esti­
mates are rounded to the nearest 5 or 10%, based on 
the standards (fig. 3).

skewing (>70:30) was observed in the remain­
ing 2 cases. In all cases, equivalent amplifica­
tion of the 2 alleles was observed when ge­
nomic DNA was amplified (data not shown). 
A similar analysis was performed on 9 lym­
phoblast cell lines (table 1). Some degree of 
skewing was observed in all cases, with exten­
sive skewing (>90:10) in 5 lines, probably
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XI ST 1/1 XI ST 1/2 XIST 2/2

I DNA cDNA -RT II DNA cDNA -RT 11 DNA cDNA -RT I
I 1 2 I 1 2 I 1 2 I 1 2 I 1 2 I 1 2 I 1 2 I 1 2 i 1 2 i M

a

SA70 67
II DNA cDNA -RT Xi DNA " DNA cDNA -RT 1 M

1 2,1 2.1 2,1 211 2,1 2.1 2

b

Fig. 4. a Specific amplification of alleles in DNA and cDNA from 3 
unrelated females. The female on the left is homozygous for allele 1, and 
the female on the right is homozygous for allele 2. The female in the center 
is heterozygous. The amplification patterns in cDNA are consistent with 
the genotypes and random inactivation in the heterozygous female. 
Genomic DNA and total RNA was extracted from whole blood. Reverse 
transcriptase minus controls (-RT) are shown for each cDNA. b Non- 
random X chromosome inactivation in cell lines SA70 and 67. Amplifica­
tion of genomic DNA indicates that both cell lines are heterozygous for 
alleles 1 and 2, whereas amplification of cDNA shows expression of only 
one allele (allele 2). The lane pair labelled ‘Xi DNA’ contains amplified 
DNA prepared from the somatic cell hybrid tSA70-Dl-34azlf. This 
hybrid contains the inactive X (Xi) chromosome from SA70, but not the 
active X chromosome. Reverse-transcriptase minus (-RT) controls are 
shown for each cDNA.

reflecting at least in part the well-established 
clonality of many transformed lymphoblast 
lines.

male relative with X-linked ichthyosis. The 
mother and daughter in this family (grand­
mother and aunt of the proband) are carriers 
for the common deletion of the steroid sul­
phatase gene [24], As part of the initial carrier 
detection studies, a total of 25 independent 
human-mouse hybrid lines were established 
from both the daughter and mother, under

Familial Non-Random X Inactivation 
Having established that the assay could be 

used to determine the pattern of inactivation, 
we analysed a family ascertained through a
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Fig. 5. PASA analysis of a fami­
ly in which both the mother and the 
daughter are carriers for steroid 
sulphatase deficiency. Amplifica­
tion of DNA indicates that both 
mother and daughter are heterozy­
gous and that the father is hemizy- 
gous for allele 1. Amplification of 
cDNA indicates that both mother 
and daughter express only the 
XIST-2 allele, which the daughter 
must have inherited from her 
mother. Reverse-transcriptase mi­
nus (-RT) controls are shown for 
each cDNA.

Daughter 
cDNA -RT cDNA -RT M 

1 2,1 2,1 2,1 2

MotherDNA

?r 1 2, 1 2, 1

HAT selection to maintain the active human 
X chromosome. Surprisingly, 23 hybrids car­
ried 1 X and only 2 the other X, based both on 
steroid sulphatase biochemical analyses and 
on DNA marker analysis (data not shown). 
These data suggested the possibility that both 
women had non-random inactivation.

To examine this directly, we used the XIST 
PASA assay (fig. 5). Both XIST alleles were 
detected in their genomic DNA, demonstrat­
ing that both are heterozygous. However, only 
allele 2 was detected in the fibroblast cDNA 
from each woman. Therefore, both mother 
and daughter show extreme preferential inac­
tivation of the same X chromosome. It is 
unlikely that this skewing is due to selection 
against the steroid sulphatase deletion as 
there is no evidence for non-random inactiva­
tion in similar heterozygotes [25, 26].

random, affecting either the maternal or the 
paternal X with equal probability. The choice, 
once made, appears to be stable such that 
females are mosaic for 2 somatic cell popula­
tions distinguished by the inactive X chromo­
some [27],

In order to analyse patterns of X inactiva­
tion directly, we have made use of a transcribed 
sequence polymorphism in the XIST gene to 
design allele-specific PCR primers. Allele-spe­
cific amplification could be detected visually 
from as little as 10 ng of DNA and from rela­
tive concentrations as low as 5% of the total 
target input. Allele specificity was maintained 
in cDNA, and therefore the assay can be used 
in heterozygotes to test for the degree of ran­
domness of inactivation. The assay assumes 
that both alleles are transcribed and reverse- 
transcribed at equal rates and that the trans­
cripts are equally stable; we believe these to be 
valid assumptions as neither allele was consis­
tently underrepresented in blood or lympho­
blast cDNA (table 1). Amplification of cDNA 
produced from a population of cells heterozy­
gous for the alleles should therefore show each 
allele to be equally represented, and any repro­
ducible variation from this should reflect skew­
ing in X chromosome inactivation.

Discussion

X chromosome inactivation occurs early in 
development, resulting in dosage equity for 
X-linked genes between males, who only have 
a single X chromosome, and females, who 
have 2 [1, 2]. Inactivation is believed to be

Rupert/Brown/Willard Analysis of X Inactivation using XIST
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Early assays used to analyse randomness of 
X chromosome inactivation were based on 
isozyme analysis of relatively rare protein 
polymorphisms [28]. Subsequently, the corre­
lation between X inactivation and DNA 
méthylation [2, 29] provided an indirect 
DNA-based approach for assessing the ran­
domness of inactivation. Initially, these as­
says involved Southern analysis of genomic 
DNA [30—32]; although a number of sensitive 
assays combining PCR amplification and 
methylation-sensitive restriction digests have 
been developed recently [33, 34], these meth­
ods are indirect and rely on complete diges­
tion of the DNA and on the relationship 
between X inactivation and DNA méthyl­
ation, which is not yet fully understood [13]. 
In contrast, analysis with the XIST PASA 
assay is expression-based and is, therefore, a 
direct test of inactivation status. The alleles 
are relatively common ( ~ 50% of females are 
heterozygous), and the assay requires a simple 
pair of PCR reactions analysed on an agarose

mother and daughter in this family main­
tained the same X chromosome. This highly 
non-random X inactivation was also seen us­
ing the PASA assay, which showed unilateral 
expression of XIST from both women (fig. 5).

Familial non-random inactivation has 
been reported for a number of families with 
different X-linked diseases [2], including Fa­
bry disease [36], Hunter syndrome [37, 38], 
and hemophilia B [39], It has been proposed 
that such cases may result from selection 
against an unknown mutation on the inacti­
vated X chromosome [40]. An alternative 
possibility is that the familial selective inacti­
vation of one of the X chromosomes is due to 
a mutation affecting the actual mechanism of 
inactivation [2], Although no such locus has 
been documented in humans, the Xce locus in 
mice affects the probability of a chromosome 
being subject to X activation [11]. In mice, 
this locus is tightly to the XIST gene, both of 
which map within the X chromosome inacti­
vation centre region [41], In the family pre­
sented here, the mother and daughter share 
the same XIST allele and, therefore, likely 
share the same copy of the X chromosome 
inactivation centre. Further analysis in addi­
tional families using polymorphic loci along 
the X chromosome would be required to de­
termine whether the X chromosome inactiva­
tion centre is the best candidate region for 
such a putative-X-controlling element in hu­
mans.

gel.
When used on DNA from a small sample 

of unrelated females, the assay detected 
skewed inactivation in 4 (table 1). This fre­
quency is consistent with previous estimates 
based on méthylation analysis [ 13,30, 32,35]. 
A much more comprehensive study of the 
randomness of X inactivation in the general 
population is needed to test the commonly 
accepted notion that the degree of skewed 
inactivation will be randomly distributed 
about a mean of 50:50 [2], The assay we have 
demonstrated here should be suitable for such 
studies.

We had previously identified a family in 
which non-random X inactivation was sus­
pected, based on results from a series of 
somatic cell hybrids. When selected under 
conditions which maintain the human active 
X chromosome, >90% of mouse/human so­
matic cell hybrid lines established from the

Acknowledgments
We would like to thank Karen Gustashaw and Dr. 

Denise Saker for their assistance in obtaining the blood 
samples and preparing the DNA and RNA. We thank 
Dr. Alasdair Hunter (Ottawa, Canada) for providing 
samples from the family with X-linked ichthyosis. This 
work was supported by research grant GM45441 from 
the National Institutes of Health to H.F.W.

341



References
20 Leppig KA, Brown CJ, Bressler SL, 

Gustashaw K, Pagon RA, Willard 
HF, Disteche CM: Mapping of the 
distal boundary of the X-inactiva- 
tion center in a rearranged X chro­
mosome from a female expressing 
XIST. Hum Mol Genet 1993;2:883- 
888.

21 Zonana J, Roberts SH, Thomas 
NST, Sharper P: Recognition and 
reanalysis of a cell line from a mani­
festing female with X-linked hypo- 
hidrotic ectodermal dysplasia and 
an X; autosome balance transloca­
tion. J Med Genet 1988,25:383- 
386.

22 Lafreniere RG, Brown CJ, Rider S, 
Chelly J, Taillon-Miller P, Chinault 
AC, Monaco AP, Willard HF: 2.6 
Mb YAC contig of the human X 
inactivation center region in Xql3: 
Physical linkage of the RPS4X, 
PHKA1, XIST and DXS128E 
genes. Hum Mol Genet 1993;2: 
1105-1115.

23 Sommer SS, Grozbach AR, Bottema 
CDK: PCR amplification of specific 
alleles (PASA) is a general method 
for detecting known single-base 
changes. Biotechniques 1992;12: 
82-87.

24 Yen PH, Li X, Tsai S, Johnson C, 
Mohandas T, Shapiro LJ: Frequent 
deletions of the human X chromo­
some distal short-arm result from re­
combination between low-copy re­
petitive elements. Cell 1990;61: 
603-610.

25 Shapiro LJ, Mohandas T, Weiss R, 
Romeo G: Non-inactivation of an 
X-chromosome locus in man. 
Science 1979;204:1224-1226.

26 Shapiro LJ, Yen P, Pomerantz D, 
Martin E, Rolewic L, Mohandas T: 
Molecular studies of deletions at the 
human steroid sulfatase locus. Proc 
Natl Acad Sci USA 1989;86:8477- 
8481.

27 Davidson RG, Nitowsky HM, 
Childs B: Demonstration of two 
populations of cells in the human 
female heterozygous for glucose-6- 
phosphate dehydrogenase variants. 
Proc Natl Acad Sci USA 1963;50: 
481-485.

1 Lyon MF: Gene action in the X- 
chromosome of the mouse (Mus 
musculus L.) Nature 1961;190:372- 
373.

2 Willard HF: Sex chromosomes and 
X chromosome inactivation; in 
Scriver CK, Beaudet AL, Sly WS, 
Valle D (eds): The Metabolic and 
Molecular Bases of Inherited Dis­
ease ed 7. New York, McGraw-Hill, 
1995, pp 719-737.

3 Schmidt M, Du Sait D: Functional 
disomies of the X chromosome in­
fluence the cell selection and hence 
the inactivation pattern in females 
with balanced X; autosome translo­
cations: A review of 122 cases. Am J 
Med Genet 1992;42:161-169.

4 Migeon BR, Moser HW, Moser AB,
Axelman J, Sillence D, Norum RA: 
Adrenoleukodystrophy: Evidence
for X linkage, inactivation, and se­
lection favoring the mutant allele in 
heterozygous cells. Proc Natl Acad 
Sci USA 1981;78:5066-5070.

5 Conley ME, Brown P, Pickard AR, 
Buckley RH, Miller DS, Raskind 
WH, Singer JW, Fialkow JJ : Expres­
sion of the gene defect in X-linked 
agammaglobulinemia. N Engl J 
Med 1986;35:564-566.

6 Nyhan WLA, Bakay B, Connor JD, 
Marks JF, Keele DK: Hemizygous 
expression of glucose-6-phosphate 
dehydrogenase in erythrocytes of 
heterozygotes for the Lesch-Nyhan 
syndrome. Proc Natl Acad Sci USA 
1970;65:214-218.

7 Prchal JT, Carroll AJ, Prchal JF, 
Christ WM, Skalka HW, Gealy WJ, 
Harley J, Malluh A: Wiskott-Aldrich 
syndrome: Cellular impairments 
and their implication for carrier de­
tection. Blood 1980;56:1048-1054.

8 Johnston PG, Sharman GB, James 
EA, Cooper DW: Studies on meta- 
therian sex chromosomes. VII. Glu- 
cose-6-phosphate dehydrogenase ex­
pression in tissues and culture fibro­
blasts of kangaroos. Aust J Biol Sci 
1978;31:415-425.

9 West JD, Frels WI, Chapman VM, 
Papaioannou VE: Preferential ex­
pression of the maternally derived X 
chromosome in the mouse yolk sac. 
Cell 1977;12:873-882.

10 Kratzer PG, Chapman VM, Lam­
bert H, Evans RE, Liskay RM: Dif­
ferences in the DNA of the inactive 
X chromosomes of fetal and ex- 
traembryonic tissues of mice. Cell 
1983;33:37-42.

11 Johnston PG, Cattanach BM: Con­
trolling elements in the mouse. IV. 
Evidence of non-random X-inacti- 
vation. Genet Res 1981;37:151— 
160.

12 Puck JM, Stewart CC, Nussbaum 
RL: Maximum-likelihood analysis 
of human T-cell X chromosome 
inactivation patterns: Normal wom­
en versus carriers of X-linked severe 
combined immunodeficiency. Am J 
Hum Genet 1992;50:742-748.

13 Brown RM, Brown GK: X chromo­
some inactivation and the diagnosis 
of X-linked disease in females. J 
Med Genet 1993;30:177-184.

14 Brown CJ, Ballabio A, Rupert JL, 
Lafreniere RG, Grompe M, Tonlo- 
renzi R, Willard HF: A gene from 
the region of the human X inactiva­
tion centre is expressed exclusively 
from the inactive X chromosome. 
Nature 1991;349:38-44.

15 Korneluk RG, Quan F, Gravel RA: 
Rapid and reliable dideoxy sequenc­
ing of double-stranded DNA. Gene 
1985;40:317-323.

16 Brown CJ, Hendrich BD, Rupert 
JL, Lafreniere RG, Xing Y, Law­
rence J, Willard HF: The human 
XIST gene: Analysis of a 17-kb inac­
tive X-specific RNA that contains 
conserved repeats and is highly lo­
calized within the nucleus. Cell 
1992;71:527-542.

17 Miller SA, Dykes DD, Polesky HF: 
A simple salting out procedure for 
extracting DNA from human nu­
cleated cells. Nucleic Acids Res 
1988;16:1215.

18 Chomczynski P: The RNAzol meth­
od. Cinna/Biotecx Bull 1989; No 3.

19 Brown CJ, Flenniken AM, Williams 
BRG, Willard HF: X chromosome 
inactivation of the human TIMP 
gene. Nucleic Acids Res 1990; 18: 
4191-4195.

Analysis of X Inactivation using XIST
Polymorphism

Rupert/Brown/Willard342



33 Hendriks RW, Chen Z-Y, Hinds H, 
Schuurman R KB, Craig IW: An X 
chromosome inactivation assay 
based on differential méthylation of 
a CpG island coupled to a VNTR 
polymorphism at the 5' end of the 
monoamine oxidase A gene. Hum 
Mol Genet 1993;1:187-194.

34 Allen RC, Zoghbi HY, Moseley AB, 
Rosenblatt HM, Belmont JW: 
Méthylation of Hpall and Hhäl sites 
near the polymorphic CAG repeat 
in the human androgen receptor 
gene correlates with X chromosome 
inactivation. Am J Hum Genet 
1992;51:1229-1239.

35 Puck JM, Nussbaum RL, Conley 
ME: Carrier detection in X-linked 
severe combined immunodeficiency 
based on patterns of X chromosome 
inactivation. J Clin Invest 1987;79: 
1395-1400.

36 Ropers H-H, Wienker TF, Grimm 
T, Schroetter K, Bender K: Evi­
dence for preferential X-chromo- 
some inactivation in a family with 
Fabry disease. Am J Hum Genet 
1977;29:361-370.

37 Clarke JTR, Willard HF,Teshima I, 
Chang PL, Skomoroswki MA: Hunt­
er disease (mucopolysaccharidosis 
type II) in a karyotypically normal 
girl. Clin Genet 1990;37:355-362.

38 Schmidt M, Certoma A, Du Sait D, 
Kalitsis P, Leversha M, Fowler K, 
Sheffield L, Jack I, Danks DM: Un­
usual X chromosome inactivation in 
a mentally retarded girl with an in­
terstitial deletion Xq27: Implica­
tions for the fragile X syndrome. 
Hum Genet 1990;84:347-352.

39 Taylor SAM, Degau KV, Lillicrap 
DP: Somatic mosaicism and female- 
to-female transmission in a kindred 
with hemophilia B (factor IX defi­
ciency). Proc Natl Acad Sci USA 
1991;88:39-42.

40 Migeon B: The postulated X-inacti- 
vation center at Xq27 is most rea­
sonably explained by ascertainment 
bias: Heterozygous expression of re­
cessive mutations is a powerful 
means of detecting unbalanced X 
inactivations. Am J Hum Genet 
1993;52:431-432.

41 Heard E, Avner P: Role play in X 
inactivation. Hum Mol Genet 1994; 
3:1481-1485.

28 Nance WE: Genetic tests with a sex-
linked marker: Glucose-6-phos-
phate dehydrogenase. Cold Spring 
Harb Symp Quant Biol 1964;29: 
415-424.

29 Gartier SM, Riggs AD: Mammalian 
X-chromosome inactivation. Annu 
Rev Genet 1983;17:155-190.

30 Vogelstein B, Fearon ER, Hamilton 
SR, Preisinger AC, Willard HF, Mi- 
chelson AM, Riggs AD, Orkin SH: 
Clonal analysis using recombinant 
DNA probes from the X-chromo­
some. Cancer Res 1987;47:4806- 
4813.

31 Boyd Y, Fraser NJ : Méthylation pat­
terns at the hypervariable X-chro­
mosome locus DXS255 (M27B); 
correlation with X inactivation sta­
tus. Genomics 1990;7:182-187.

32 Gale RE, Wheadon H, Boulos P, 
Linch DC: Tissue specificity of X 
chromosome inactivation patterns. 
Blood 1994;83:2899-2905.

343


