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To investigate the genetic influence on X chromosome inactivation and on age-related skewing of X
inactivation, in particular, we analysed the X inactivation pattern (XIP) in peripheral blood cells from 118
young monozygotic (MZ) twin pairs (18–53 years), 82 elderly MZ twin pairs (55–94 years), 146 young
dizygotic (DZ) twin pairs (20–54 years) and 112 elderly DZ twin pairs (64–95 years). Elderly twins had a
higher frequency of skewed X inactivation (34%) than young twins (15%) (Po0.001). Our data suggest
that the increase in skewing occurs after age 50–60 years. The intraclass correlation was 0.61 and 0.58 in
young and elderly MZ twin pairs, and 0.08 and 0.09 in young and elderly DZ twin pairs. Biometric analysis
showed that dominant genetic effects accounted for 63 and 58% of the variance of XIP in the young and
elderly twin pairs, respectively. The dominant genetic effect and the shared environment for
monochorionic MZ twins may explain the high intraclass correlation for the MZ twin pairs compared to the
DZ twin pairs. We did not observe a significant decrease in the intraclass correlation in elderly MZ twins
compared to young MZ twins, which would be expected if age-related skewing were due to stochastic
factors. We conclude that the increased skewing with age implies that a genetically dependent selection of
blood cells take place.
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Introduction
In female mammalian cells, one of the two X chromo-

somes is inactivated in early embryonic life.1 Females are

therefore mosaics for two cell lines, one with the maternal

X as the active X chromosome, and one with the paternal

X as the active X chromosome. In young females, the

distribution of the two cell lines is close to normal with a

mode corresponding to the 50:50 ratio. A skewed X

inactivation is a marked deviation from the 50:50 ratio

and may be primary, either due to chance or to factors that

affect the process of X inactivation during early embryo

development.2,3 A skewed X inactivation may also be

secondary due to a selection process against or in favour of

cells with a specific genotype.4 Although X inactivation
Received 20 October 2004; revised 14 January 2005; accepted 26 January

2005

*Correspondence: Professor KH Ørstavik, Department of Medical Genet-

ics, Rikshospitalet, Forskningsveien 2b, Oslo, Norway. Tel: þ 47

23075588; Fax: þ47 23075590; E-mail: k.h.orstavik@medisin.uio.no

European Journal of Human Genetics (2005) 13, 599–606
& 2005 Nature Publishing Group All rights reserved 1018-4813/05 $30.00

www.nature.com/ejhg



has been assumed to be random for each cell, and

permanent for all descendants of the cell, there is evidence

that the pattern of X inactivation is also genetically

controlled.5–10

Elderly females have a much higher frequency of skewed

X inactivation in the myeloid cell lineage of peripheral

blood cells compared to younger females.11 This age-

related skewing of X inactivation could be the result of a

clonal stochastic loss of haematopoietic cells12–15 or to

competitive advantage for haematopoietic stem cells with

a specific genotype of X-linked genes, as suggested by

Abkowitz et al.16

In a study of DNA from peripheral blood cells from 71

elderly monozygotic (MZ) twin pairs (73–93 years), we

found a strong tendency for the same X chromosome in a

twin pair to be the predominating active X chromosome,

and an intraclass correlation coefficient of 0.57 for X

inactivation pattern (XIP).9 This observation is consistent

with an effect of X-linked genes on the X inactivation

phenotype in elderly females. To determine if the correla-

tion within twin pairs increased (in case of a strong genetic

influence on age-related skewing) or decreased (in case of

stochastic processes) with age, we analysed the XIP in 118

young MZ twin pairs, and in 146 young and 112 elderly

dizygotic (DZ) twin pairs, for comparison.

Subjects and methods
Twin material

Blood samples were obtained fromMZ and DZ twin pairs in

The Longitudinal Study of Aging Danish Twins in the

Nationwide Danish Twin Registry17–19 and The Twin Study

of The Metabolic Syndrome (GEMINAKAR)20 after in-

formed consent. Zygosity was determined using a PCR

analysis of the highly polymorphic markers D7S482, ApoB,

D19S19, LIPE and the androgen receptor (AR), or by means

of nine polymorphic DNA-based microsatellite markers

with the PE Applied Biosystems AmpFISTR Profiler Plus Kit.

Blood samples were available from 310 DZ twin pairs

aged 20–95 years, and 151 MZ twin pairs aged 18–73 years.

Of these, 258 DZ pairs and 129 MZ pairs were informative

for X inactivation analysis. In addition, the 71 previously

analysed elderly MZ twin pairs9 were included, giving a

total number of 200 informative MZ twin pairs.

Singletons

In order to compare the XIP in various age groups, blood

samples from 93–95-year-old females from the Danish

1905 Cohort21 were included. Of these, 80 were informa-

tive for X inactivation analysis.

Also included were 144 previously analysed premeno-

pausal females aged 20–44 years and 91 postmenopausal

females aged 55–72 years,22 43 females aged 83–101

years23 and 33–101–year-old females.9

X inactivation analysis

XIP was determined by PCR analysis of a polymorphic

(CAG)n repeat in the first exon of the androgen receptor

(AR) gene.24 After digestion of DNA with the methylation-

sensitive enzyme HpaII, a PCR product is obtained from the

inactive X chromosome only. The PCR products were

separated on an ABI 373 or ABI 3100 automated sequencer,

and analysed by GeneScan software (Applied Biosystems).

Each sample was analysed in duplicate and without

knowledge of the results from the co-twin.

We used two measures of X inactivation. Degree of

skewing (DS) describes the magnitude of skewing. DS

designates the percentage of the most intense PCR product

(the preferentially inactive allele). DS varies between 50

and 100, where 50 indicates a random X inactivation

pattern and 100 a completely skewed inactivation pattern.

XIP describes both the magnitude and the direction of

skewing. For DZ twin pairs who had similar AR alleles, the

XIP was recorded as the percentage of the PCR product of

the smallest AR allele. For DZ twin pairs who differed in

one allele in the AR locus, the parental origin of the

X chromosome could be identified, and the XIP was

recorded as the percentage of the amount of PCR product

of the paternally inherited X chromosome instead of the

smallest allele. XIP varies between 0 and 100, where 50 is

a random, and 0 and 100 is a completely skewed X

inactivation.

XIP was arbitrarily classified as skewed when 80% or

more of the cells preferentially inactivated one X chromo-

some.

Statistical methods

The relationship between age and DS was illustrated using

the Lowess procedure, which draws a smooth curve

through data using a robust regression.25 Since a relation-

ship between MZ twinning and X inactivation has been

suggested,26–28 MZ twins were excluded from this analysis.

For the DZ twins, only one randomly chosen twin was

included from each pair. The Pearson correlation coeffi-

cient was calculated to test the association between age and

DS.

Pearson’s w2 was used for the comparison of frequencies.

P-values p0.05 was set as statistical significant.

The intraclass correlation coefficient was calculated for

twin pairs and was determined as twice the covariance

between twins in a pair, divided by the sum of the variance

for each twin in a pair.

Structural equation modelling

Structural equation modelling (SEM) was used to provide

estimates of genetic and environmental components of

variance of X inactivation.29 The genetic contribution was

divided into variance due to additive (A) genetic effects and

variance due to dominance (D). The environmental

contribution was divided into variance due to shared
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environmental effects (C) and variance due to unique

environmental effects (E). This latter component also

includes measurement error. The study design only allows

estimation of a maximum of three components in the

same model. The interpretation of the variance compo-

nents is based on a variety of assumptions.29 Particularly

important is the so-called ‘equal environment assumption’

implying that the common environmental effect (C) is

equal for MZ and DZ twins. The significance of the

components A, D, C and E were tested by removing them

sequentially in submodels and comparing them with the

full models. The selection of the best fitting model was

based on a balance between goodness of fit and parsimony.

The fit of models were tested by w2 tests, where a small w2-
value and a high P-value indicated a good fit between the

model and the observed data. Parsimony was assessed by

means of Akaike’s Information Criterion (AIC), which

corresponds to the w2 value minus 2 times the number of

degrees of freedom.30 A negative AIC indicated the best

fitting models. The software Mx was used for these

analyses.31

Results
Age and DS

The relationship between age and DS was analysed using

the data from all singletons and one randomly chosen DZ

twin from each pair. The correlation between age and DS

was 0.31 (Po0.001) (Figure 1). The Lowess curve25 detected

an increase of skewing after age 50–60 years (Figure 1).

Age and frequencies of skewed X inactivation

The total twin population was divided into young twins

(o55 years) and elderly twins (Z55 years). The frequency

of skewed X inactivation in young MZ twins (12%) was

slightly lower than that of young DZ twins (17%)

(w2¼2.53, P¼0.11) (Figure 2a), whereas the frequency of

skewed X inactivation in elderly MZ twins (33%) did not

differ from that of DZ twins of the same age group (35%)

(w2¼0.23, P¼ 0.63). The frequency of skewed X inactiva-

tion in the elderly twins was much higher than the

frequency in the young twins (15%) (w2¼ 49.10,

Po0.001). Furthermore, the frequency of skewed X

inactivation also in the centenarians (67%) was signifi-

cantly higher than in 95-year-old females (45%) (w2¼4.39,

P¼0.04) (Figure 2b).

Analysis of twin similarity

There was a significant intraclass correlation of DS for both

young and elderly MZ twin pairs (0.67 and 0.51, respec-

tively). Young and elderly DZ twin pairs were also

correlated (0.18 and 0.22, respectively), suggesting that

Figure 1 Scatterplot of age and DS in DZ twins (one twin from
each pair, randomly selected), 91 postmenopausal females, eighty 95-
year-old females and 33 centenarians. In all, 50 indicates random and
100 a completely skewed XIP. A Lowess curve between age and the
degree of skewing suggests that the degree of skewing start to increase
around age 50–60 years.

Figure 2 Frequency of skewed XIP: (a) young and elderly twins
and (b) singletons of various age groups.
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sisters are more similar with respect to X inactivation

pattern than unrelated females.

The intraclass correlation using DS considers the magni-

tude of skewing and is expected to be responsive to any

genetic factor that affects skewing per se. The intraclass

correlation using XIP also takes into account the direction

of skewing and is expected to respond to any genetic factor

that have a preference for one of the two X chromosomes.

The intraclass correlations of XIP are illustrated in Figure 3.

There was a significant intraclass correlation of XIP for

both young and elderly MZ twin pairs (0.61 and 0.58,

respectively) but not for young or elderly DZ twin pairs

(0.08 and 0.09, respectively) according to the confidence

intervals (Table 1). There was a significant difference

between MZ and DZ twin pairs in both age groups,

suggesting a genetic influence on the XIP.

Since the intraclass correlations using XIP show both the

magnitude of X inactivation skewing and the direction of

skewing, the genetic contribution to X inactivation was

measured using the XIP results. The best fitting model was

one including only D and E according to the criteria

described in the Subjects and methods section, with a

heritability of 0.61 (Table 2a). Biologically, it is rare to have

genetic dominance in the absence of genetic additivity,

and the outcome of the analysis raises the suspicion that

the equal environment assumption is not fulfilled. How-

ever, the measure of XIP is relative (strength of one X versus

Figure 3 Scatterplot of XIP for young MZ twin pairs (18–53 years), elderly MZ twin pairs (55–94 years), young DZ twin pairs (20–54 years) and
elderly DZ twin pairs (64–95 years). r: intraclass correlation coefficient.

Table 1 Intraclass correlations of XIP and DS

Zygosity
group

Twin
pairs
(n)

Intraclass
correlation of XIP

(95% CI)

Intraclass
correlation of DS

(95% CI)

MZyoung 118 0.61 (0.48 to 0.71) 0.67 (0.56 to 0.75)
DZyoung 146 0.08 (�0.08 to 0.24) 0.18 (0.02 to 0.32)
MZelderly 82 0.58 (0.41 to 0.70) 0.51 (0.32 to 0.65)
DZelderly 112 0.09 (�0.10 to 0.27) 0.22 (0.03 to 0.39)
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another), which may explain the absence of genetic

additivity for this particular trait.

When the twin group was divided into younger twins

(o55 years) and elderly twins (Z55 years), a DE model also

provided the best fit to the data (Table 2b). According to

this model, the heritability of XIP was 0.63 and 0.58 for

young and elderly twins, respectively.

Parental origin of preferentially active X chromosome

There is no evidence of imprinting of X inactivation in

somatic cells in the human.32,33 However, to exclude an

imprinting effect in the age-related skewing of X inactiva-

tion, we determined the parental origin of the predomi-

nantly active X chromosome both in the young and in the

elderly DZ twins. Of the younger twins, 10 of 18 (55%) had

the maternal X and 8 of 18 (45%) had the paternal X as the

predominating active X chromosome. Similar results were

found in elderly DZ twins, where 15 of 29 (52%) of twins

had the maternal X and 14 of 29 (48%) of twins had the

paternal X as the active X chromosome.

Discussion
No increased frequency of skewed X inactivation in
MZ twins

X inactivation occurs at late blastocyst stage (B5 days after

fertilization),34,35 which is about the same time as the MZ

twinning process.36 A relationship between MZ twinning

and X inactivation has therefore been suggested, with an

expected higher frequency of skewed X inactivation in MZ

twins.26,27 In a study of umbilical cord tissue in 43 MZ and

24 DZ twin pairs, a higher frequency of skewed X

inactivation was found in MZ twins compared to DZ

twins.37 This increase was not confirmed in the present

study, since we found that young MZ twins had a slightly

lower frequency of skewed X inactivation than young DZ

twins (P¼0.11), and did not differ from young singletons

(P¼0.44). This is also in agreement with the results of

Monteiro et al,28 who found the XIP in young MZ twins to

be similar to young singletons. Furthermore, also in the

elderly MZ twins we found the frequency of skewed X

inactivation to be similar to that of elderly DZ twins and

elderly singletons.

Genetics of X inactivation

Genetic control of X inactivation has been demonstrated

in mice, where the choice of which X chromosome to be

inactivated is under the control of the X-controlling

element (Xce).38 This locus contains alleles of different

‘strength’. In a female mouse heterozygous for a ‘strong’

and a ‘weak’ allele, the X chromosome that carries the

‘strong’ Xce allele is more likely to be active than the X

chromosome that carries the ‘weak’ allele. These mice have

a 20–30% distortion from the 50:50 distribution of

XIP.39,40 Furthermore, mouse studies have recently re-

vealed two autosomal dominant mutations that affect X

chromosome choice early in development causing skewed

XIP.10

In humans, selection for an advantage in proliferation of

peripheral blood cells has been seen in female carriers of

several X-linked disorders.3,41 However, the increased

skewing of X inactivation in phenotypically normal

females has been more puzzling. Mutations in the minimal

promoter of the XIST (X inactivation specific transcript)

gene have been found in families with familial skewed X

inactivation.7,42 However, these mutations are rare, and do

not explain other reports of familial occurrence of skewed

X inactivation.2,6,43,44 Linkage analysis has mapped X

Table 2 (a) Results of biometrical modelling of the total twin population and (b) Best fitting biometric model for young
twins (o55 years) and elderly twins (Z55 years)

(a)

Model fit statistic Variance components
Model w2 df P AIC A2 (95% CI) D2 (95% CI) C2 (95% CI) E2 (95% CI)

ACE 21.98 3 0 15.98 0.54 (0.43–0.63) 0 0 (0–0.05) 0.46 (0.37–0.57)
ADE 5.46 3 0.14 �0.54 0 (0–0.19) 0.61 (0.40–0.68) 0 0.39 (0.32–0.49)
AE 21.98 4 0 13.98 0.54 (0.43–0.63) 0 0 0.46 (0.37–0.57)
DE 5.46 4 0.24 �2.5 0 0.61 (0.51–0.68) 0 0.39 (0.32–0.49)
CE 56.04 4 0 48.25 0 0 0.26 (0.18–0.35) 0.74 (0.65–0.82)
E 88.68 5 0 78.68 0 0 0 1.00 (1.00–1.00)

(b)

Model fit statistic Variance components
DE w2 df P AIC A2 (95% CI) D2 (95% CI) C2 (95% CI) E2 (95% CI)

Young twins 3.15 4 0.513 �4.9 0 0.63 (0.51–0.72) 0 0.37 (0.28–0.49)
Elderly twins 0.92 4 0.92 �7.10 0 0.58 (0.42–0.70) 0 0.42 (0.3–0.58)

X inactivation in twins
M Kristiansen et al

603

European Journal of Human Genetics



inactivation phenotype in 38 normal families to the region

of the X inactivation centre and to Xq25–26.8

There are few studies on the XIP in twins. MZ twins may

be monochorionic, where the two embryos have a

common placenta and chorion and therefore share a

common blood supply, or dichorionic where each embryo

has its own placenta and chorion. About 1/3 of MZ twins

are dichorionic and result from a twinning event that

occurs about 0–4 days after conception. The remaining 2/3

of MZ twins are monochorionic, and seem to be the result

of an event that occurs 44 days after fertilization.45,46 A

highly similar XIP has been reported for monochorionic

but not for dichorionic twin pairs.28,47 It was suggested

that monochorionic twin pairs undergo splitting after X

inactivation has taken place, while dichorionic twin pairs

split before or around the time of X inactivation. In our

study, as in most twin studies, information on chorion and

placenta was not available. We found an intraclass

correlation of XIP, which was much higher for the young

MZ twin pairs (0.61) than for the young DZ twin pairs

(0.08). The heritability was estimated to be 0.63 and a role

of dominant genes is suggested. Part of the high correlation

for XIP in the young MZ twin pairs may be due to gene

interactions, which would add to the genetic dominance,

or due to similarity in the monochorionic twins, and not

related to genetic factors. However, since DS for young DZ

twin pairs is correlated, a genetic influence on the XIP is

likely. A human homologue of the mouse Xce locus, with

different ‘strengths’ that influence the XIP in humans

would give rise to several different X inactivation pheno-

types. Such a locus is in accordance with a dominance

model and could explain the many DZ twin pairs with

opposite XIP found in this study and, again, the low

intraclass correlation of XIP for DZ twin pairs.

Age-related skewing of X inactivation

An acquired skewing with increased age has been reported

to occur mainly in blood cells of the myeloid cell

lineage.14,48 We could confirm an increased frequency of

a skewed XIP in elderly females. This increase seemed to

continue throughout life, also for females between 90 and

100 years. In a recent study of 350 females aged 0–88 years,

a significant correlation was found between age and DS

(r¼0.23, Po0.0001),49 which is in agreement with our

results. They also found a tendency of an increase in

skewing after a certain age as we have seen in this study.

The reasons for age-related skewing are not known.

However, our findings of an increase after 50–60 years

could indicate that hormonal changes following meno-

pause may contribute to age-related skewing.

In a study of X inactivation in granulocytes from 29 MZ

pairs and 18 DZ pairs aged 51–73 years, an intraclass

correlation for XIP for elderly MZ twin pairs was found to

be 0.53, which is in agreement with our results.50 The

intraclass correlation of XIP in their elderly DZ twin pairs

was 0.19, also much lower than in their MZ twins.

The genetic contribution to the X inactivation pheno-

type in the elderly twins in our study was suggested to be

dominant with an estimated heritability of 0.58. The weak,

but significant intraclass correlation of DS for the elderly

DZ twin pairs support this assumption. However, the

population of skewed elderly twins is a mixture of twins

who have been skewed since they were young, and twins

who have an acquired age-related skewing. Therefore, as

for the young MZ twin pairs, part of the high intraclass

correlation for elderly MZ twin pairs could be an effect of

similar XIP within monochorionic MZ twin pairs. The

frequency of skewed X inactivation increased from 12% in

the young MZ twin pairs to 33% in the elderly MZ twin

pairs. If the age-related skewing was a stochastic phenom-

enon, and therefore random, it would be expected that the

correlation for MZ twin pairs and the heritability amongst

twins would decrease with increasing age. Conversely, if

age-related skewing was due predominantly to selective

differences between the two X chromosomes, the correla-

tion should increase with age. Since this was not the case,

we conclude that the age-related skewing is a combination

of stochastic and genetic events.

The consequences of the age-related skewing of X

inactivation are not known. One possible consequence of

skewing with advanced age is the manifestation of

X-linked disorders in elderly carrier females. There are

reports of elderly female carriers with X-linked haemato-

poietic disorders who showed late manifestation of the

disease caused by unfavourable skewed X inactivation.51,52

Manifestations of an X-linked disorder in elderly females

should therefore be considered as a possibility in other

X-linked haematopoietic disorders such as X-linked hyper-

IgM syndrome, severe combined immunodeficiency and

chronic granulomatous disease.

In summary, we found evidence of a genetic influence on

the X inactivation phenotype, which is in agreement with

previous family studies.8 We have showed that aging leads

to more variation in the X inactivation phenotype and that

the increase of skewing seems to continue throughout life.

Our data indicate that age-related skewing is not solely a

stochastic process and may be due to complex mechanisms

that involve both stochastic and genetic events.

We have studied X inactivation in blood cells, a mixture

of cells that may be differently influenced by aging. Family

studies of X inactivation in elderly females where DNA is

available from various cell types may increase the knowl-

edge of the effect of genetic factors on age-related skewing.
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