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Factor VIII gene, F8, mutations cause haemophilia A (HA), an X-linked recessive disorder. Expression in
heterozygous females has been ascribed to skewed X-chromosome inactivation (XCI). To investigate the
cause of HA in three heterozygous females within an Atlantic Canadian kindred, the proband (severely
affected girl, FVIII activity: 2%) and 17 relatives across three generations were studied. F8 genotype, FVIII
activity, XCI ratio (XCIR) (paternal active X: maternal active X), karyotype, submegabase resolution tiling
set array competitive genome hybridization (competitive genomic hybridization (SMRT)), and
microsatellite analyses were utilized. A positive linear relationship between FVIII activity and percentage-
activated normal X-chromosome was found in HA heterozygous females (R2¼0.87). All affected, but no
unaffected females, had an XCIR skewed toward activation of the mutant X-chromosome (proband 92:8,
SD 2). Unexpectedly, high numbers of females have dramatically skewed XCIRs (480:20 or o20:80)
(Po0.05). The distribution of XCIR frequencies within this family was significantly different than predicted
by normal population data or models of random XCI (Po0.025), with more females having higher degrees
of skewing. Known causes of skewing, such as chromosomal abnormalities, selection against deleterious
alleles, and X-inactive-specific transcript mutations, are not consistent with our results. This study shows
that FVIII activity in HA heterozygous females can be directly related to XCI skewing, and that low FVIII
activity in females in this family is due to unfavourable XCI skewing. Further, the findings suggest that
these XCI ratios are genetically influenced, consistent with a novel heritable human X controlling element
(XCE) functioning similarly to the mouse Xce.
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Introduction
Haemophilia A (HA) (OMIM 306700) is a bleeding disorder

characterized by easy bruising, haemorrhage following

trauma or surgery, and, in severe cases, spontaneous

bleeding, especially into joints. The disease is caused by

mutations in the FVIII clotting factor gene, F8. The FVIII
Received 6 June 2006; revised 23 January 2007; accepted 31 January 2007;

published online 7 March 2007

*Correspondence: Dr WL Greer, Division of Hematology, QEII Health

Sciences Centre, 5788 University Avenue, McKenzie Building, Rm 223B,

Halifax, Nova Scotia, Canada B3H 1V8.

Tel: þ 1 902 473 6691; Fax: þ1 902 473 4113;

E-mail: w.greer@dal.ca

European Journal of Human Genetics (2007) 15, 628–637
& 2007 Nature Publishing Group All rights reserved 1018-4813/07 $30.00

www.nature.com/ejhg



protein is required for propagation of the intrinsic

coagulation pathway. HA is an X-linked recessive disorder

typically affecting hemizygous males and females homo-

zygous for mutant F8. On occasion, heterozygous females

with HA have been described, and in some cases, this has

been attributed to unfavourably skewed X-chromosome

inactivation (XCI).1,2

XCI is a process in mammals in which one X in every XX

female somatic cell is transcriptionally silenced through

CpG hypermethylation and chromatin remodelling.3

Expression of the X-inactive-specific transcript (XIST) is

required for silencing.4 The longstanding view has been

that the determination of the X-chromosome to be

inactivated (maternal or paternal) is random and indepen-

dent in each cell. Females are expected to have two

populations of cells: one with the maternal X inactivated

(Xm
i ), and one with the paternal X inactivated (Xp

i ). The

ratio of cells with active paternal X to cells with active

maternal X, the XCI ratio (XCIR), should be nearly 50:50 in

most females. Determination of the X to be inactivated has

been proposed to occur within a population of eight to

16 progenitor cells.5 XCI skewing of 480:20 has been

considered a threshold defining a dramatically skewed

phenotype.6 Random inactivation at either eight or 16 cells

would be expected to result in dramatically skewed XCIR in

o9% of females. Thus, it would be unlikely to ascertain

multiple females with a dramatically skewed XCIR within

a small family. However, females with a dramatically

skewed XCIR have been found to cluster in families.6 This

suggests that XCI may not be completely random, but can

be genetically influenced.

Here, we describe a family in which three males and

three heterozygous females express the HA phenotype. Our

objective was to determine if skewed XCIR could be related

to low FVIII activity in heterozygous females and whether

XCIR skewing within this family is more consistent with

genetically influenced or completely random XCI.

Materials and methods
Participants

The family was ascertained by the IWK Health Centre

Medical Genetics Department when a young girl (proband)

presented with a severe bleeding disorder at age 2.5

months (III.9 in Figure 1). Her FVIII activity was reportedly

low (0.03U/ml) and she experienced spontaneous bleeds.

She was diagnosed with severe HA. She is now 3 years old

and receives regular FVIII infusions. She has a 6-year-old

unaffected sister. Neither her mother nor her maternal

relatives have a history of HA, although her mother’s

maternal first cousin has mild haemophilia B (Factor IX

deficiency). The proband’s father and two of her paternal

male first cousins have severe HA. One paternal uncle died

in childhood owing to complications of HA. Her paternal

grandmother and one of her paternal aunts have a history

of moderate HA. They have been treated on occasion with

FVIII infusions. The proband has three unaffected paternal

aunts.

Ethics approval

This project (Project no. 2949) was approved by the IWK

Research Ethics Board, and the Capitol Health Research

Ethics Board, Halifax, Nova Scotia, Canada. Informed

consent was obtained for all participants in this study.

DNA extraction

DNA from peripheral blood lymphocytes was extracted

using standard techniques,7 and dissolved in TE buffer

(10mM Tris, 1mM EDTA, pH 8.0).

Cytogenetic studies

Karyotypes were determined using methods described

elsewhere.8 Bands were visualized at a resolution of 500–

550.

Tiling path array competitive genomic hybridization

Array competitive genomic hybridization (CGH) analysis

was performed as described previously.9 Arrays (SMRT v2)

were manufactured at the British Columbia Cancer

Research Centre. This array spans the human physical

map with 26362 BAC clones in a tiling manner. Tumour

and reference DNA samples were labelled using cyanine-3-

dCTP and cyanine-5-dCTP, respectively, for 24h at 371C,

and purified and dissolved in DIG Easy hybridization

solution (Roche Diagnostics, Laval, QC, Canada). Sample

mixture was incubated with 200 mg of Cot-1 DNA (Invitro-

gen, Carlsbad, CA, USA) for 1h at 451C, before addition to

the microarray slide. After hybridization for 48h, slides

were washed for 5min in 0.1� SSC, followed by four 5min

washes in 0.1� SSC with 0.1% SDS, and dried by centrifu-

gation. Arrays were imaged using an ArrayWoRx Scanner

(Applied Precision Instruments). Spot intensity ratios

between the Cy3 and Cy5 channels were calculated from

the resulting images using SoftWorx software, normalized

for biases using CGH Norm, and visualized using SeeGH

software.

F8 gene intron 22 inversion analysis

Southern hybridizations probed for F8A distinguish among

non-rearranged F8 genes and two common inversions,

type I and type II,10 as described by Rossiter et al.11 Family

members were tested for the F8 gene inversion common

among those with severe HA.12 The protocol was modified

as described below.

Genomic DNA from peripheral blood lymphocytes from

patients and controls was digested with BclI and analysed

by Southern blotting and hybridization overnight at 601C

in 0.05mol Na2HPO4, pH 7.4, 7% SDS using the ‘Intron 22’

probe, a 0.9 kb EcoRI/SstI fragment of intron 22 of the F8

gene. This fragment, containing F8A, was prepared from
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the plasmid p482.6 (ATCC cat no. 57203). To reduce

nonspecific hybridization, the probe was pre-incubated for

15min at 651C with sheared placental DNA before use.

After hybridization, blots were washed (15min in 1X SSC

at 601C, 15min in 0.5X SSC at 601C, and 15min in 0.1X

SSC at 601C) and exposed to X-ray film (Kodak, Rochester,

NY, USA) for 2 days at �801C, or analysed on a GS-525

Molecular Imaging phosphorimager (Biorad Laboratories

Ltd, Mississanga, ON, Canada) and quantified using

Molecular Analyst Software v. 1.5 (Biorad).

Figure 1 HA in an Atlantic Canadian family. Pedigrees highlighting the haemophilia A status (a) and XCIR skewing phenotype (b) are shown for 18
family members in three generations. (c) Molecular results are summarized. Peripheral blood samples were collected and analysed for FVIII activity
(FVIII, in U/ml, ref range: 0.51–1.91U/ml), and F8 gene inversions (F8 inv) type I and type II. Four family members were analysed for the 6047T4C
mutation common in Newfoundland (F8 NL).13 Two males and one heterozygous female are severely affected, including the proband (arrow). Two
heterozygous females are less severely affected. Three of the nine unaffected females are HA carriers. No females are homozygous for the F8 intron 22
inversion. Average XCIR (Xp

a: X
m
a ) with SD from at least two independent experiments is indicated. Whether or not the most commonly active X

chromosome carries the F8 inversion is noted where applicable. Parent of origin (paternal, pat or maternal, mat) of the most commonly active X
chromosome is indicated. Degree and direction of XCI skewing shows no parent-of-origin effect and is unrelated to F8 mutation inheritance.
Dramatically skewed XCIR¼480:20 or o20:80; somewhat skewed XCIR¼80:20–60:40 or 40:60–20:80; unskewed XCIR¼60:40–40:60;
Ppt¼participant; Age¼ age (years) of participant at the time of blood collection; XCIR¼Average X-chromosome inactivation ratio; N/A¼no F8
mutation present; ‘?’¼phase unknown; Het t. II¼heterozygous type II, ‘-’¼data unavailable. Squares and circles with dashed lines indicate males, and
uninformative females, respectively.
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F8 Newfoundland mutation analysis

To assay for the F8 mutation common in Newfoundland,

Canada, (6047T4C),13 an allele-specific polymerase chain

reaction (PCR) was used to selectively amplify either the

normal or the mutant sequence. Primer HA19ASP1 (50-

Agc AcA cTT TTT cTg gT-30) and primerHA19ASP2 (50-Agc

AcA cTT TTT CTg gc-30) specifically bind the normal and

mutant sequences, respectively. Both forward primers, the

common reverse primer (E19-2: 50-Agc AAc cAT Tcc AgA

AAg gA-30) and controls were generously provided by Dr

Yangyang Xie, director of the Molecular Genetics Labora-

tory, NL, Canada.

Conformation sensitive gel electrophoresis

To screen for additional F8 gene mutations, samples were

tested for the intron 1 inversion14 and analysed by

conformation sensitive gel electrophoresis (CSGE)15 by Dr

Lillicrap, National Program for Hemophilia Mutation

Testing, Department of Pathology and Molecular Medicine,

Kingston, Ontario. Together with the F8 intron 22 inver-

sion test, these techniques detect 85–90% of F8 gene

mutations (Dr Lillicrap, personal communications).

Functional factor VIII activity

Functional FVIII activity was measured using the Hemo-

liance Factor VIII Deficient Plasma Kit according to the

manufacturer’s directions (Hemoliance, product code no.

49738081). This is the standard method used at the IWK

and the QEII Health Sciences centre to assess HA severity.

Peripheral blood was collected over sodium citrate and

made platelet poor by centrifugation. Samples were

processed immediately, or frozen within 6h and shipped

to our lab for processing. Functional FVIII activity was

determined by comparing clotting times to a standard

curve. Using this protocol, the normal range of FVIII

activity is 0.51–1.93U/ml.

Determination of XCIRs in blood

Digestion and PCR amplification: XCIRs (Xp
a Xm

a ) were

determined by quantitation of the methylation status of

the polymorphic human androgen receptor (HUMARA)

locus as described elsewhere,16 with some modifications.

The methylation sensitive restriction endonucleases, HhaI

and HpaII, yield equivalent results in this assay.5 We chose

HhaI because it more consistently digested to completion

in our hands. DNA samples from each participant (0.7 mg
DNA) and controls (water) were incubated for 5h at 371C

with or without HhaI under appropriate digestion condi-

tions (Invitrogen). Reactions were terminated by incuba-

tion at 951C for 10min. Approximately, 0.1 mg was used as a

template for PCR using 10pmol of primer hetero 1 (50-

gcTgTgAAggTTgcTgTTccTcAT-30) and of primer hetero 2

(50-TccAgAATcTgTTccAgAgcgTgc-30)17 in 1X PCR Rxn buf-

fer (Invitrogen), 1.5mM MgCl2 (Invitrogen), 0.2mM dNTP

(Roche), 1/30 v/v DMSO, 1.25U Taq DNA polymerase

(Invitrogen), 1 mCi [a-32P]-dCTP (GE Healthcare, Bio-

Sciences Inc., Baie d’Urfé, QC, Canada). Samples were

amplified using a PTC-100 programmable thermal con-

troller thermocycler (MJ Research Inc., Waltham, MA, USA)

by denaturation (951C for 5min), followed by 28 cycles of

951C for 45 s, 601C for 30 s, and 721C for 30 s, followed by a

final extension (7min at 721C).

XCIR determination: PCR products were resolved on 6 %

denaturing polyacrylamide gels (1:19 N,N0-methylenebisa-

crylamide: acrylamide (Invitrogen); 9M Urea; 1X TBE

buffer) at 451C for 5h at 80W. The abundance of each

HUMARA allele PCR product was determined by phosphor-

imager analysis. Some alleles amplified more efficiently

than others. To allow comparisons to be made, the ratio of

amplification products obtained for the two alleles after

HhaI digestion was normalized relative to the ratio without

digestion. The PCR procedure amplifies inactive (ie

methylated) HUMARA alleles, thus the ratio of amplifica-

tion products (ie intensity of paternal allele: intensity of

maternal allele) is the inverse of XCIR, which is described

in terms of active X chromosomes (Xp
a:X

m
a ). In informative

females, it was possible to determine which allele was

paternally derived or maternally derived by comparing

allele sizes between parents and their children or between

sisters. Each XCIR was calculated as an average of at least

two replicate assays. Using the established threshold,6 a

female was considered to have a dramatically skewed XICR

if her average XCIR was 480:20 or o20:80. We considered

an XCIR somewhat skewed, or unskewed if the average

XCIR fell between 80:20 and 60:40 or 40:60 and 20:80, or

between 60:40 and 40:60, respectively.

Microsatellite analyses

Peripheral blood DNA from the proband, her sister, and her

parents were analysed at the Australian Genome Research

Facility (AGRF), Victoria, Australia (www.agrf. org.au), at

three microsatellite loci in the X-inactivation centre (XIC)

region (DXS986, DXS1196, and DXS990 at Xq21.1,

Xq21.31, and Xq21.32, respectively). Cytogenetic location

of each marker was determined by the annotations in

Ensembl version 35 (www.ensembl.org), physical locations

as annotated on the UCSC Golden Path (http://geno-

me.ucsc.edu/).

Statistical calculations

The w2 test was used to compare the observed number of

females with dramatically skewed XCI, and the distribu-

tion of frequencies of XCIRs in this family with that found

in the general population, and with those predicted by

models of random XCI. In the normal population

examined elsewhere,5 the average XCIR was 49:51, stan-

dard deviation (SD) 17. Only 8% of females were drama-

tically skewed. As XCI is thought to occur within a

population of eight to 16 progenitor cells,5 two models

were developed. The eight-cell model predicts an average
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XCIR of 50:50, SD 17.71, and that 8.92% of females will be

dramatically skewed. These values are very similar to those

of the normal population. The 16-cell model predicts an

average XCIR of 50:50, SD 12.5, and that 1.64% of females

will be dramatically skewed. Assuming random XCI in all

three cases, 68, 27, and 5% of females would be expected to

have XCIRs within 1 SD, between 1 and 2 SD, and42 SD of

the mean, respectively.

The percentage of lymphocytes with the normal F8 allele

on the active X (%XF8
a ) was determined by the XCIR and

the identification of the maternal or paternal origin of the

X chromosome carrying the mutant F8 allele in hetero-

zygous women. The relationship between FVIII activity

and %XF8
a was determined by linear regression analysis.

Results
Plasma factor VIII activity

HA severity in each participant was evaluated by measuring

plasma FVIII activity using a functional clotting assay.

For individuals receiving FVIII infusions (II.8, III.2, III.9),

relevant pre-infusion FVIII activity measurements were

taken from medical records (Figure 1). As an individual’s

FVIII activity does not vary significantly over short to

moderate time periods,18 one FVIII activity was determined

for each of the remaining study participants.

The proband’s FVIII activity was 0.02. Two of her female

relatives (I.2, II.5), both of whom had a history of HA

expression, had FVIII activity below the normal range

(0.39, 0.28, respectively). Although the proband’s sister

was also heterozygous for the F8mutation, her FVIII activity

was 0.52. This is approximately half the median normal

value, as would be expected in a heterozygote carrier with

an XCIR of about 50:50. All homozygous wild-type female

relatives and heterozygous females not expressing HA had

FVIII activities within the normal range.

Karyotype and tiling path array CGH

Chromosomal abnormalities, such as balanced X:autosome

translocations, can result in the exclusive survival of cells

that have inactivated the normal X chromosome, allowing

correct expression of the autosome. This can lead to the

expression of X-linked recessive disorders in heterozygous

women if the derivative X-chromosome harbours a

recessive disease allele or if the translocation disrupts a

disease causing gene.19 We have determined by standard

cytogenetic analyses that the most extremely skewed girl

(III.9) has a normal karyotype (data not shown), and by

tiling path array CGH (SMRT v2) at submegabase resolu-

tion that no amplifications or deletions are present

(data not shown). Thus, the dramatically skewed XCIRs

in this family are unlikely to be due to chromosomal

abnormalities.

F8 intron 22 inversion analysis

Roughly 40% of severe haemophiliacs have chromosomal

inversions involving intron 22 of the F8 gene. Of these,

approximately 82% have the distal inversion (type I) and

18% have the proximal inversion (type II).12 As is standard

of care at the IWK Health Centre for families with severe

HA, each participant was evaluated for these two F8 gene

intron 22 inversions using a Southern blotting assay.10 No

type I inversions were detected (data not shown). Six of

the paternal family members (I.2, II.2, III.2, II.3, II.5, II.8)

have a type II inversion (Figure 1) (data not shown).

No inversions were detected in the proband’s maternal

relatives. All affected males and females have a single copy

of the type II inversion, as do obligate carriers. No female

has more than one inverted allele. Our controls included

one homozygous normal individual and one male with a

type I inversion.

F8 NL mutation analysis

As the proband has ancestry that can be traced back to NL

on both her maternal and paternal sides, the proband, her

sister, and her parents were tested for the F8 mutation

common in NL (disease prevalence of 44/3300 males in

some NL communities13). This mutation, 6047T4C, is a

missense mutation (V2016A) causing mild HA. No NL F8

mutations were detected in any of the participants tested

(Figure 1) (data not shown).

Mutation screening by CSGE

To rule out any other F8 mutations, the proband and her

mother were assessed for the intron 1 inversion and

screened by CSGE for other mutations. No mutations were

found in the proband’s mother (II.9), and no additional

mutations were found in the proband (III.9, data not

shown).

XCI ratios

To assess whether affected females in this family have

skewed XCI, we determined the XCIR at the HUMARA

locus. The HUMARA gene contains a variable length

polymorphism adjacent to an HhaI restriction endonulease

cleavage site. This site is methylated exclusively on the Xi,

thus only unmethylated Xa alleles are subject to digestion

by this methylation sensitive endonuclease. PCR amplifi-

cation of this region is precluded by HhaI digestion. This

assay allows the calculation of the relative inactivation

of the paternal and maternal X chromosomes, which is

the inverse of the XCIR (active paternal to maternal X

chromosomes). A female was considered informative at

this marker only if she had two alleles that consistently

resolved on a 6% polyacrylamide gel. Male DNA, contain-

ing only one active X chromosome, is used as a positive

control.

All three females with a history of HA expression and low

FVIII activity (I.2, II.5, III.9) were found to have skewed
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XCI in favour of the mutant X (Figure 1). Three additional

paternal aunts (II.2, II.3, II.6) with no history of HA

expression or low FVIII activity also had skewed XCI. Two

of these (II.2, II.3) were skewed in favour of the normal X,

whereas the third (II.6) did not inherit the F8 mutation.

Six out of seven informative females had somewhat or

dramatically skewed XCI. The proband had the most

extreme XCIR skewing (92:8 SD 2). Because of this, the

possibility of an additional skewing influence from the

maternal side of the family was investigated. Four out of

six informative females had somewhat or dramatically

skewed XCI. Again, the proband had the most extreme XCI

skewing. A potentially nonrandom pattern of XCI skewing

in both sides was found, so subsequent analyses of XCI

skewing included both paternal and maternal relatives of

the proband.

In this family, three of eleven informative females have

dramatically skewed XCI (I.2, I.4, III.9). Six more are

somewhat skewed (II.2, II.3, II.5, II.6, II.9, II.11). Surpris-

ingly, only two females are unskewed (I.5, III.8). Two

females were uninformative at the HUMARA locus and

were not included in the analysis. No parent of origin

effects was observed, as some favoured the expression of

the paternal alleles (I.4, I.5, II.2, II.3, II.6, III.8, III.9), and

others the maternal allele (II.5, II.9) (w2¼2.78, P40.05).

The phase of I.2 is unknown. The F8 mutation does not

appear to be influencing the XCI given that the predomi-

nantly active X chromosome sometimes contains the wild-

type F8 (II.2, II.3), sometimes the mutant F8 (I.2, I.4, II.3,

II.11, III.9), and some of the females with skewed XCI are

not HA carriers (I.4, II.11).

The frequency of females with dramatically skewed XCI

and the overall pattern of XCI in this family were assessed.

We compared the observed frequency of dramatically

skewed XCI (3/11 informative females) with that predicted

by 8-cell and 16-cell models of random XCI (0.98/11 and

0.18/11, respectively) and with that found in a normal

population (0.88/11).5 In the family presented here, there

is a significantly larger proportion of females with

dramatically skewed XCIR than predicted by the 8-cell or

16-cell models of random XCI, or that found in a normal

population (Po0.05, Po0.005, Po0.025, respectively). The

overall distribution of XCIR frequencies in this family was

examined. Models of random XCI predict 7.5/11, 3/11, and

0.5/11 females would have XCIRs falling within 1 SD of the

mean, between 1 and 2 SD, and outside 2 SD of the mean,

respectively. Using the thresholds defined by the 8-cell or

normal population models, 3/11 females in this family

have an XCIR falling within 1 SD, 7/11 have an XCIR

falling between 1 and 2 SD, and 1/11 has an XCIR falling

outside 2 SD of the mean. This is significantly different

from the expected distribution of XCIR frequencies

(Po0.025). Using the threshold values defined by the 16-

cell model, 3/11, 4/11, and 4/11 females have XCIRs falling

within 1 SD, between 1 and 2 SD, and outside 2 SD of the

mean, respectively. Again, this is significantly different

from expected (Po0.005). Thus, using the established

threshold, the number of dramatically skewed females in

this family is unexpectedly high when compared with

either of the two models of random XCI or observed XCIR

frequencies from a normal population. Also, the distribu-

tion of XCIRs is significantly different from expected with

fewer family members near the 50:50 ratio, and more than

expected with higher degrees of skewing.

FVIII activities correlate with the degree of XCIR
skewing

To assess whether XCIRs and the resulting proportionate

inactivation of the normal F8 allele could explain FVIII

activity in HA carrier females, we investigated the overall

relationship between %XF8
a and FVIII activity. When FVIII

activity was plotted against %XF8
a for each HA carrier

female, a positive linear correlation was found

(y¼0.0108xþ0.0145, R2¼0.8657) (Figure 3). This linear

correlation supports our hypothesis that low FVIII activity

is related to unfavourable XCIR skewing, which results in

disproportionate representation of the mutant F8 allele.

The extremely low FVIII activity of III.9 (0.02) can thus be

explained by her dramatically skewed XCIR (92:8, SD 2) in

favour of the mutant F8 allele. Conversely, the hetero-

zygous females with higher FVIII activities falling within

the normal range (II.3, II.2) are skewed in favour of the

normal F8 allele. III.8 has a nearly 50:50 XCIR (54:46 SD 3)

and correspondingly has close to half normal FVIII activity.

FVIII activity is therefore not dependant on whether or not

a heterozygous female’s XCIR deviates from 50:50, but

rather by how much has she deviated, and in which

direction (ie toward or away from the expression of the F8

inversion).

It is possible that additional parameters are modulating

FVIII activity. One of the most important parameters is the

time of day at which plasma is collected. A consistent

diurnal variation in FVIII activity has been described.20 Our

values, when corrected for this variation and plotted

against %XF8
a still showed a strong linear correlation

(R2¼0.89, data not shown).

Linkage analyses at the XIC

Some cases of familial skewed XCI have been reported to

result from XIC mutations.21 In these cases, the XCIRs are

completely skewed (100:0) which is not the case in the

family presented here. However, XIC mutations are a

formal possibility, so to determine if the skewing pheno-

type is linked to the XIC in this family, linkage analyses of

the HUMARA marker, and three additional informative

microsatellites near the XIC (DXS986, DXS1196, and

DXS990) were completed on DNA from the proband

(III.9), her sister (III.8), her mother (II.9), and her father

(II.8) (Table 1). The mother was informative for all four

markers and both the proband and her sister inherited the
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same maternal haplotype. As expected, they inherited the

same paternal haplotype. Given that the sisters are

divergent for the skewing phenotype, it is unlikely that

XCIR skewing is linked to the XIC.

Discussion
We have described a 46, XX girl (III. 9) who is heterozygous

for a F8 gene inversion yet expresses severe HA with very

low FVIII activity (Figure 1). Having ruled out the

Figure 2 Three females have dramatically skewed XCIRs. The XCIR in DNA extracted from peripheral blood lymphocytes was determined by
quantifying the relative methylation of the paternal and maternal androgen receptor alleles (HUMARA) (Xp

i : X
m
i ). This is accomplished by incubating

DNA with (þ ) or without (�) a methylation sensitive endonuclease, HhaI, followed by PCR amplification of the polymorphic region of HUMARA.16

Only inactivated (methylated) alleles are undigested and therefore intact PCR templates. PCR products are separated on a polyacrylamide gel. The
intensity of each allele is determined by phosphorimager. The weaker the phosphorimage signal, the more active the corresponding allele. The final
paternal to maternal ratio in digested samples is normalized to the ratio in undigested samples. Representative gels are shown with the average XCIR
(Ave Xp

a: X
m
a ), defined as the ratio of active alleles, and SD from at least two independent experiments. Where the phase is unknown (I.2), the ratio is

given arbitrarily as the larger (upper) allele: smaller (lower) allele. Negative control (�ve), no DNA. Positive control (þ ve), DNA from a female with an
X:autosome translocation. III.3 and II.10 were non-informative (NI) at the HUMARA locus.

Table 1 Skewing phenotype not linked to the XIC

Participant

Marker Cytogenetic location
Physical location
(Mbp from pter) II.8 (father) III.8 (sister) III.9 (proband) II.9 (mother)

HUMARA Xq12 67 5 5/1 5/1 4/1
XIC Xq13 73 F F F F
DXS986 Xq21.1 79 162 162/166 162/166 168/166
DXS1196 Xq21.31 86 215 215/217 215/217 221/217
DXS990 Xq21.32 93 131 131/125 131/125 127/125

Mbp, mega base pairs; XIC, X-inactivation centre.
Alleles at four X-linked loci flanking the XIC are shown.

Figure 3 Factor VIII activity in heterozygous females is directly related to the percentage of lymphocytes with the normal F8 allele on the active X
(%XF8

a ). Results for each individual are the average %XF8
a from at least two independent experiments. Error bars indicate SD.
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possibility that she is a compound heterozygote, we

searched for an alternative explanation for her HA

phenotype. We have determined that she has extreme

skewing of XCI resulting in almost complete inactivation

of her maternally derived X chromosome on which her

only normal F8 gene is located (Figures 1 and 2). Two other

females within the family express HA. They are hetero-

zygous for the F8 mutation, and have skewed XCI

favouring the activation of the mutant X chromosome

(Figure 1). Despite the fact that FVIII activity can be

affected by a number of parameters (time of day,20 age,

ABO blood type22) a strong linear correlation was observed

in all HA carriers in this family between FVIII activity and

the percentage of cells, which have kept the normal X

active. These findings demonstrate that HA expression in

heterozygous females in this family is due to skewed XCI.

An unexpectedly large number of females in this family

were found to have dramatically skewed XCIRs (Figures 1

and 2). Furthermore, an analysis of the distribution XCI

frequencies revealed fewer than expected females with

XCIRs near 50:50 and more than expected females with

increasingly skewed XCIRs. This distribution was signifi-

cantly different than predicted by three different models

that assume random XCI and suggests a genetic influence

over XCI in this family.

Several genetic mechanisms that may lead to XCIR

skewing have previously been described in mammals.

These include chromosomal abnormalities, selection

against deleterious alleles, imprinting, and mutations

within the XIC such as XIST promoter mutations. In

mouse, there is evidence to support a locus, the X-

controlling element (Xce), that influences the choice of

which X will be inactivated.

We have ruled out chromosomal abnormalities as a

mechanism of XCIR skewing in the proband. We have not

formally determined the karyotypes of the other family

members with skewed XCI; however, it is unlikely that

their XCIR skewing is due to an X:autosome translocation,

as none have the completely skewed XCIR expected in

these translocations. Further, it is most likely that all of the

skewed XCI in this family is due to a common mechanism.

Therefore, we are not pursuing X:autosome translocations

as a mechanism in any of the family members.

For some X-linked recessive diseases, carriers are skewed

away from the expression of the mutant allele, such as in

Wiskott–Aldrich Syndrome (WAS).23 Although the initial

XCIR of a WAS carrier may have been unskewed, owing to a

survival advantage of lymphocytes expressing the normal

allele, WAS carriers have an XCIR of 100:0 in favour of the

X chromosome with the normal allele. This extremely

skewed XCIR is found only in the tissue sensitive to the

disease, that is the haematopoietic cell lineages. The

presented kindred does harbour an X-linked recessive

disease allele, the F8 mutation. It is not likely that XCI

skewing is related to the inheritance of the F8 inversion, as

some females have more cells expressing the normal X, and

others have more cells expressing the mutant X. Further,

women from both sides of the family who have not

inherited the F8 mutation have somewhat or dramatically

skewed XCIRs (II.6, I.2, II.11) (Figure 1). In addition, DNA

for these experiments was attained from peripheral blood,

and F8 mutations are not known to produce a selective

disadvantage in white blood cells.

Transcription of XIST is essential for X-chromosome

silencing. Mutations of the XIST promoter can completely

bias XCIRs. One dominant promoter mutation prevents

the X chromosome carrying the mutant XIST from being

inactivated,24 whereas another causes the mutant X to

always be inactivated.21 Thus, XIST promoter mutations

result in complete XCIR skewing (100:0). An XIST

promoter mutation is not a likely explanation for the

XCIR skewing observed in the family reported here. Barring

the unlikely event of double crossovers between these

tightly linked markers close to the centromere (0.4%), the

microsatellite analyses have shown that the proband and

her unaffected sister (III.9 and III.8) have identical

genotypes from HUMARA to DXS990 (Table 1). This

suggests that they have identical XIC genotypes. As she

and her sister are discordant for the skewing phenotype, it

is unlikely that the XCI skewing is due to an inherited XIST

mutation. A new mutation could have occurred within

the XIC of III.9, although this would not explain the

significant number of relatives with XCIR skewing, nor is it

compatible with o100% skewing.

Parental origin effects are unlikely to be a cause of

skewing in this family. Although skewed XCI owing to

imprinting has been observed in mice25 and marsupials,26

it is not believed to be involved in human XCI.27 Further,

some females in this kindred have a maternally biased

XCIR, and others have a paternally biased XCIR, which is

inconsistent with imprinted XCI (Figure 3).

A mechanism that could result in the unusual distribu-

tion of XCIR skewing in this family that has not been ruled

out by our investigations is that of a genetically influenced

choice over which X chromosome is inactivated. Such a

mechanism has been described in the mouse Xce mod-

el.28,29 Experimental observations in mice led Cattanach

and Isaacson to propose that the XCIR is genetically

determined by the mouse genotype at some Xce locus.

They describe complementation groups, each with a

unique allelic variant of the Xce, designated XceA XceB

XceC, and XceD. Each has a different propensity for being

on the active chromosome. The final XCIR in each female

mouse is determined by the difference in allele strengths of

the two Xce alleles she inherited. Significant skewing will

only be observed if a strong and a weak allele are both

inherited.

Although mouse and human mechanisms of XCI differ

in many respects, inheritance studies support the existence

of a human XCE. In one study of 38 families with no
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known genetic diseases, five had familial clustering of

dramatically skewed XCI.6 There was a strong sister–sister

correlation and weak mother–daughter correlation of

XCIR. The authors concluded that an XCE model was the

only model that would adequately describe their observa-

tions. The skewed XCI trait described in that study showed

linkage in the region of the XIC (Xq13–21) and to the

Xq25–26 region. A recent study also describes familial

skewed XCI linked to the Xq25 region in phenotypically

normal females. Six out of eight females had completely

skewed XCI (100:0).30 In contrast to the family we present

here, an X-linked dominant inheritance was found. The

authors suggest that a locus within the Xq25 region may

be involved in XCI choice. If this locus acts similarly to the

mouse Xce, as postulated by Naumova et al,6 perhaps this

family harbours a null-mutation. This would explain the

complete XCI skewing and the X-linked dominant inheri-

tance.

The distribution of females with dramatically skewed

XCIR in the family studied here is consistent with the

effects predicted by the human XCE hypothesis.6 This

hypothesis can explain how sib-pairs such as III.8 and III.9

can be divergent for the skewing phenotype (54:46 vs 92:8,

respectively), and how a child and her grandmother, but

not her mother, could be dramatically skewed, as in the

case of III.9, I.4, and II.9, respectively. If XCE is X-linked,

siblings could have inherited up to two XCE genotype

combinations. It is formally possible that the trait is

autosomal. In that case, siblings could inherit up to four

combinations of XCE alleles.

We have defined two distinct phenotypes segregating in

this family: the HA phenotype and the dramatically skewed

XCIR phenotype. The convergence of these has led to the

expression of HA in three heterozygous females. Studies are

currently underway to identify chromosomal regions that

may contain the putative genetic element responsible for

skewed XCIR in this family.
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