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Abstract

X-chromosome inactivation (XCI) is a pivotal epigenetic mechanism involved in the dosage compensation of X-linked genes
between males and females. In any given cell, the process of XCI in early female development is thought to be random
across alleles and clonally maintained once established. Recent studies, however, suggest that XCI might not always be
random and that skewed inactivation may become more prevalent with age. The factors influencing such XCI skewing and
its changes over time are largely unknown. To elucidate the influence of stochastic, heritable and environmental factors in
longitudinal changes in XCI, we examined X inactivation profiles in a sample of monozygotic (MZ) (n = 23) and dizygotic
(DZ) (n = 22) female twin-pairs at ages 5 and 10 years. Compared to MZ twins who were highly concordant for allelic XCI
ratios, DZ twins showed much lower levels of concordance. Whilst XCI patterns were moderately stable between ages 5 and
10 years, there was some drift over time with an increased prevalence of more extreme XCI skewing at age 10. To our
knowledge, this study represents the earliest longitudinal assessment of skewed XCI patterns, and suggests that skewed XCI
may already be established in early childhood. Our data also suggest a link between MZ twinning and the establishment of
allelic XCI ratios, and demonstrate that acquired skewing in XCI after establishment is primarily mediated by stochastic
mechanisms. These data have implications for our understanding about sex differences in complex disease, and the
potential causes of phenotypic discordance between MZ female twins.
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Introduction

Unlike males who have only one X chromosome, females carry

both a maternally- and paternally-inherited X chromosome. To

ensure dosage compensation of X-linked genes with males, many

loci on the X chromosome are allelically inactivated in females. This

X chromosome inactivation (XCI) is associated with hypermethyla-

tion of CpG islands, a process regulated by the X-chromosome-

inactivation centre [1]. XCI occurs early in female embryonic

development, and is believed to be stochastically-determined and

clonally maintained once established [1]. As a result of XCI,

heterozygous females are hemizygous mosaics for the expression of

most X-linked genes, with one population of cells expressing

maternally inherited alleles and the other population expressing

paternally inherited alleles [2]. Recent studies, however, suggest that

XCI might not be truly equal across both alleles, with a bias towards

silencing of either the paternally- or maternally-inherited allele

leading to allelically skewed XCI patterns [3]. Skewing in favour of

either the maternally- or paternally-inherited X chromosomes is

relatively common in adult females, with about 35% of individuals

having greater than 20% skewed XCI in either direction [3].

Extreme skewing (.40%) has been observed in about 7% of females

and becomes more prevalent with increasing age [4,5,6,7,8,

9,10,11]. To date, most studies of age-associated changes in XCI

have been based on cross-sectional comparisons of female samples

of different ages. Only a number of limited intra-individual studies

have been performed; these indicate that while XCI patterns appear

somewhat stable over time, there is increased prevalence of

significantly-skewed XCI in older females [12,13]. No study has

yet assessed longitudinal changes in XCI in females during

childhood, and the specific factors (stochastic, heritable, environ-

mental) controlling allelic biases in XCI, as well as changes in such

biases over time, are largely unknown. In the present study, we

assessed allelic patterns of XCI in both monozygotic (MZ) and

dizygotic (DZ) female twin-pairs using two successive DNA samples

taken 5 years apart during childhood development from the same

set of individuals. Our goal was to ascertain the influence of

stochastic, heritable and environmental factors on skewed X-

inactivation, and document changes in XCI patterns over time.

Results

Distribution of X-Inactivation Patterns in female children
at ages 5 & 10 years

We observed similar allelic patterns of XCI between MZ and

DZ twins at ages 5 and 10 (see Table 1) ; the means of the

PLoS ONE | www.plosone.org 1 March 2011 | Volume 6 | Issue 3 | e17873



distributions for ages 5 and 10 years were 48:52 (allele 1: allele 2),

i.e. 2% skewing, and 47:53 (3% skewing), respectively. However

there was a wider range of XCI ratio at age 10 (9:91 to 84:16)

compared to age 5 (22:78 to 77:23), and an increased prevalence

of females with allelic skewing greater than 20% (i.e. XCI ratio

.70:30 or ,30:70) at age 10 (17.4%) compared to age 5 (12.3%).

Whilst no individual demonstrated allelic skewing greater than

30% at age 5, 7.3% of individuals at age 10 had skewed XCI ratios

greater than 30%, with 1.5% demonstrating allelic skewing greater

than 40% (Figure 1).

Stability of X-inactivation
A wide range of change in allelic XCI patterns between ages 5

and 10 years was observed (Figure 2A). While the majority

(74.9%) of the sample demonstrated highly stable patterns of XCI

between ages 5 and 10 years, with a shift of less than 10% in XCI

ratio, 11.9% showed a skew of greater than 20% with 6.8% of the

samples changing by greater than 30% during this period. A

significant inter-individual stability in XCI ratio over time was

observed (r = 0.47; p = 0.01) (Figure 2B). Furthermore, the allelic

direction of XCI skewing was stable across ages 5 and 10; 92.3%

of individuals with allelic XCI skewing of greater than 10% (i.e.

XCI ratio .60:40 or ,40:60) showed the same direction of allelic

skewing across both ages.

MZ and DZ within-twin correlations for skewed XCI
Figures 3A and 3B show the XCI ratio of each twin versus

her co-twin at ages 5 and 10 years, respectively. At both age 5 and

age 10, twin concordances for allelic XCI ratio were substantial for

MZ-twins (r = 0.71, p = 0.01 and r = 0.50, p = 0.08 for ages 5 and

10 years, respectively) and negligible for DZ-twins (r = 0.17,

p = 0.56 and r = 20.24, p = 0.41 for ages 5 and 10 years,

respectively). We observed little concordance in within-pair

intra-individual change correlations for XCI ratio in both MZ

(r = 0.20; p = 0.64) and DZ twin-pairs (r = 20.45; p = 0.14),

suggesting that alterations in XCI patterns between ages 5 and

10 years are not influenced by factors common to both members

of a twin-pair (i.e. heritable or shared environmental influences).

Discussion

XCI is a fundamental mammalian dosage compensation

process, regulated by epigenetic mechanisms, that operates to

ensure the equal expression of X-linked genes between males and

females. In this study, we employed a genetically informative

approach using female twin-pairs to assess allelic XCI patterns

across two ages (age 5 and age 10) during childhood development.

The mean allelic XCI ratio across all individuals resided near

50:50 at both ages, as expected given the presumed stochastic

nature of XCI. Interestingly, however, we find that allelic XCI

skewing of greater than 20% (i.e. XCI ratio .70:30 or ,30:70) is

already apparent in some children by age 5 (12.3% of all female

children) and becomes more prevalent by age 10 (17.4% of all

female children). These data support the conclusions from

previous analyses demonstrating an increase in XCI skewing with

age [4,5,6,7,8,9,10,11,12,13,14]. This study, to our knowledge,

represents the earliest longitudinal assessment of skewed XCI

patterns, and suggests that skewed XCI may already be established

in early childhood; previous data show that the prevalence of

marked (.20%) XCI skewing increases to greater than 35%

during adulthood [3]. Whilst the degree of skewing was subject to

Table 1. Skewed X-inactivation ratios (deviation from 50:50)
in females at ages 5 and 10 years (The percentage reported is
cumulative for each group).

Percentage of Sample with Allelic
Skewing of

Age Zygosity Mean (SD) .20% .30% .40%

5 ALL 48:52 (13.4) 12.3 (n = 8) 0 0

MZ 47:53 (13.8) 12.9 (n = 4) 0 0

DZ 49:51 (13.2) 11.8 (n = 4) 0 0

10 ALL 47:53 (14.8) 17.4 (n = 12) 7.3 (n = 5) 1.5 (n = 1)

MZ 47:53 (16.7) 23.5 (n = 8) 8.8 (n = 3) 2.9 (n = 1)

DZ 47:53 (12.9) 11.4 (n = 4) 5.7 (n = 2) 0

doi:10.1371/journal.pone.0017873.t001

Figure 1. Allelic skewing of female children at ages 5 and 10 years as ascertained by the HUMARA assay performed in triplicate.
Allelic skewing of female children at (A) age 5 and (B ) age 10. Allelic skewing is defined as the percentage deviation from the presumed ‘normal’
50:50 XCI patterns and is assigned to 5 ‘‘bins’’ representing increments of 10%. More instances of extreme allelic XCI skewing are observed at age 10
than age 5. XCI = X-Chromosome Inactivation.
doi:10.1371/journal.pone.0017873.g001
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some change over time, the direction of XCI skewing remained

largely stable between ages 5 and 10. 92.3% of individuals with

allelic XCI skewing of greater than 10% (i.e. XCI ratio .60:40 or

,40:60) showed the same direction of allelic skewing across both

ages.

Our use of a genetically informative twin design allowed us to

elucidate the factors (stochastic, heritable, or environmental)

contributing to allelic skewing of XCI. Twin correlations for

XCI patterns were high for MZ twins (r = 0.71 at age 5 and

r = 0.50 at age 10, respectively) but very low for DZ twins at both

ages (r = 0.17 at age 5 and r = 20.24 at age 10, respectively),

concurring with existing data [11,14]. Quantitative genetic

analyses traditionally interpret such a dramatically higher

concordance rate in MZ twins compared to DZ twins as indicating

the contribution of a large non-additive genetic effect to XCI

patterns [11]. An alternative explanation is mechanistic. The

initiation of XCI is believed to be a largely stochastic biological

process occurring at the time of, or just before, the process of MZ

twinning [15], potentially explaining the higher similarity in XCI

profiles within MZ twin-pairs. The relationship between X-

inactivation and the timing of MZ-twinning is supported by

previous research demonstrating that X-inactivation patterns are

Figure 2. Longitudinal analysis of allelic XCI ratios in female children over early childhood development. (A) Individual changes in
absolute XCI ratio between ages 5 and 10 years. (B ) Inter-individual stability correlation for XCI ratio, between ages 5 and 10 years. XCI = X-
Chromosome Inactivation.
doi:10.1371/journal.pone.0017873.g002

Figure 3. Allelic XCI ratios of MZ and DZ twin pairs at ages 5 and 10 years. (A) MZ and DZ twin correlations for XCI ratio at age 5. (B ) MZ and
DZ twin correlations for XCI ratio at age 10. XCI = X-Chromosome Inactivation; MZ = Monozygotic; DZ = Dizygotic.
doi:10.1371/journal.pone.0017873.g003
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virtually identical in monoamniotic-monochorionic-MZ twin

pairs, highly similar in diamniotic-monochorionic-MZ twin pairs

and notably different in dichorionic-MZ twin pairs [16,17].

Because DZ twins originate from individually fertilized embryos

that are subjected to independently established XCI patterns, it is

not surprising that our data concur with other studies highlighting

minimal correlation between DZ twin-pairs. Once XCI patterns

are established they are subject to stochastic drift over embryonic

(and later, post-natal) development [5]. Such random changes in

XCI explain the observed reduction in MZ correlation observed

between ages 5 and 10 years in our data (Figure 3), and the

increased level of MZ twin discordance seen with advancing age in

other published data [11]. Our observation of little MZ and DZ

twin concordances for change in XCI patterns between ages 5 and

10 years further supports the notion that alterations in XCI ratios

in early development are primarily regulated by stochastic

mechanisms [18,19].

Despite the overall high MZ twin correlations in allelic XCI

ratios observed at both time points, there is still noticeable XCI

discordance among genetically identical individuals: the average

within-twin-pair difference in allelic XCI ratio was 10.8% (range

from 0.71% to 24.7%) at age 5 and 10.7% (range from 0.49% to

27.7%) at age 10. The observed discordance in XCI patterns

within MZ twin-pairs adds to the growing body of evidence of how

genetically identical individuals can be epigenetically different

[20,21,22,23]. Such MZ twin differences in allelic XCI ratios may

have relevance for etiological studies of disease. Marked

discordance for skewed XCI has been observed in female MZ

twin pairs discordant for X-linked gene disorders including

Duchenne muscular dystrophy [24], fragile X mental retardation

[25] and even complex non-Mendelian disorders such as bipolar

disorder [26,27].

It is important to note that our study has several limitations

and that the findings reported here require replication in

additional longitudinal sample cohorts. First, our study assessed

longitudinal changes in XCI using DNA obtained from buccal

cells, which may not necessarily be reflective of patterns observed

in other cell types. However, whilst it is likely that there are

tissue-specific factors influencing XCI, data from our group and

others indicate that, as expected for a key epigenetic pattern

established early in development, allelic patterns of XCI are

strongly conserved across tissues obtained from the same

individual, including comparisons of blood and saliva [28], blood

and buccal cells [16,26], and blood and brain [29]. Second, our

sample size is relatively small for a twin study and this has

precluded the use of quantitative twin model fitting. Future

studies will extend these analyses to a larger number of twin-

pairs. Third, we do not have access to our twins’ parental DNA,

precluding us from calculating the direction (towards the paternal

or maternal X chromosome) of XCI skewing. Finally, the

amniotic and chorionic data of our twins are unavailable, which

prevent us from testing hypotheses about how amnionicity and

chorionicity influence XCI concordance [16,17]. Future studies

investigating longitudinal skewed X-inactivation patterns in MZ

twins of known amnionicity and chorionicity (indicating at what

developmental time the twinning event happened) across

additional ages will allow us to gain further insight into the

relationship between MZ twinning and XCI, and elucidate the

factors that underlie acquired skewing.

To conclude, this study assessed longitudinal changes in

skewed XCI patterns in both MZ- and DZ-twin pairs during

the course of early childhood development. Findings from our

genetically informative study support the notion of a link between

MZ twinning and the establishment of allelic XCI ratios, and

suggest that acquired skewing in XCI after establishment is

primarily mediated by stochastic mechanisms. A better under-

standing of the factors underlying skewed XCI will provide

insight into the role it plays in mediating sex differences in

complex disease and phenotypic discordance between MZ female

twins.

Methods

Subjects
Samples were obtained from Caucasian MZ and DZ twin-pairs

enrolled in the Environmental Risk (E-Risk) Longitudinal Twin

Study, which has been described in detail elsewhere [30]. In brief,

E-Risk investigates how genetic and environmental factors shape

children’s development. For our XCI analyses, we selected female

children, comprising 23 MZ twin-pairs and 22 DZ twin pairs for

whom DNA was available at both ages 5 and 10 years. DNA

samples (total n = 180) were collected from buccal cells using an

established method yielding high molecular weight genomic DNA

[31]. All DNA samples were tested for degradation and purity; any

degraded or impure samples, as well as those uninformative (i.e.

homozygous) for the XCI assay were excluded from analysis (25

and 21 DNA samples were excluded at ages 5 and 10 years,

respectively). Ethical approval was granted by the Joint South

London and Maudsley and the Institute of Psychiatry Research

Ethics Committee and written informed consent were given by all

subjects.

Determination of X-inactivation pattern
Allelic XCI ratios were determined by examining DNA

methylation in the vicinity of a polymorphic (CAG)n repeat in

the first exon of the human androgen receptor (AR) gene as

described previously [26,32]. DNA methylation across this region

of the AR gene is highly correlated with X-inactivation status [32]

and the human androgen receptor assay (HUMARA) is a widely

used clinical assay for determining XCI status. In brief, 150 ng of

genomic DNA was divided into three aliquots and incubated with

HpaII, MspI or water. Digested DNA was amplified using primers

(one fluorescently labeled) flanking the polymorphic (CAG)n repeat

in the first exon of the AR gene (F: 59-FAM-GCTGTGAAG-

GTTGCTGTTCCTCAT-39 and R:59-TCCAGAATCTGTTC-

CAGAGCGTGC-39). Fluorescently labeled products were sepa-

rated on an automated DNA sequencer (Applied Bioscience,

Foster City, CA, USA) to accurately quantify the peak heights for

each allele. Allelic XCI ratios were calculated as the normalized

ratio of peak heights of the shorter to longer alleles of the HpaII

digest to those observed in a water (mock) digest.

The formulae used to calculate XCI ratio were as follows (see

also [16]):

– Ratio in mock digestion (Rm) = allele 1 peak height/allele 2

peak height

– Ratio in HpaII digestion (Rh) = allele 1 peak height/allele 2

peak height

– Normalized ratio (Rn) = Rh/Rm

– Percentage of inactivation of allele 1 = [Rn/(Rn+1)]6100.

Digestion efficiency was confirmed using the MspI digest (which

cleaves irrespective of DNA methylation status) on the same DNA

samples. All samples were randomized in the experiment and each

sample was independently processed in triplicate for the entire

experiment to control for potential technical bias. The average

XCI scores across all readings were calculated for each individual

and reported in this study.

Acquired Skewed X Inactivation in Twins

PLoS ONE | www.plosone.org 4 March 2011 | Volume 6 | Issue 3 | e17873



Author Contributions

Conceived and designed the experiments: CCYW JM AC. Performed the

experiments: CCYW. Analyzed the data: CCYW JM AC IWC RH.

Contributed reagents/materials/analysis tools: JM AC BW RH. Wrote the

paper: CCYW JM AC.

References

1. Avner P, Heard E (2001) X-chromosome inactivation: counting, choice and

initiation. Nat Rev Genet 2: 59–67.

2. Migeon BR (2006) The role of X inactivation and cellular mosaicism in women’s
health and sex-specific diseases. Jama 295: 1428–1433.

3. Amos-Landgraf JM, Cottle A, Plenge RM, Friez M, Schwartz CE, et al. (2006)
X chromosome-inactivation patterns of 1,005 phenotypically unaffected females.

Am J Hum Genet 79: 493–499.
4. Busque L, Mio R, Mattioli J, Brais E, Blais N, et al. (1996) Nonrandom X-

inactivation patterns in normal females: lyonization ratios vary with age. Blood

88: 59–65.
5. Gale RE, Fielding AK, Harrison CN, Linch DC (1997) Acquired skewing of X-

chromosome inactivation patterns in myeloid cells of the elderly suggests
stochastic clonal loss with age. Br J Haematol 98: 512–519.

6. Champion KM, Gilbert JG, Asimakopoulos FA, Hinshelwood S, Green AR

(1997) Clonal haemopoiesis in normal elderly women: implications for the
myeloproliferative disorders and myelodysplastic syndromes. Br J Haematol 97:

920–926.
7. Tonon L, Bergamaschi G, Dellavecchia C, Rosti V, Lucotti C, et al. (1998)

Unbalanced X-chromosome inactivation in haemopoietic cells from normal
women. Br J Haematol 102: 996–1003.

8. Sharp A, Robinson D, Jacobs P (2000) Age-and tissue-specific variation of X

chromosome inactivation ratios in normal women. Hum Genet 107: 343–349.
9. Hatakeyama C, Anderson CL, Beever CL, Penaherrera MS, Brown CJ, et al.

(2004) The dynamics of X-inactivation skewing as women age. Clin Genet 66:
327–332.

10. Knudsen GPS, Pedersen J, Klingenberg O, Lygren I, Ørstavik KH (2007)

Increased skewing of X chromosome inactivation with age in both blood and
buccal cells. Cytogenetic and Genome Research 116: 24–28.

11. Kristiansen M, Knudsen GP, Bathum L, Naumova AK, Sorensen TI, et al.
(2005) Twin study of genetic and aging effects on X chromosome inactivation.

Eur J Hum Genet 13: 599–606.
12. Sandovici I, Naumova AK, Leppert M, Linares Y, Sapienza C (2004) A

longitudinal study of X-inactivation ratio in human females. Hum Genet 115:

387–392.
13. van Dijk JP, Heuver L, Stevens-Linders E, Jansen JH, Mensink EJ, et al. (2002)

Acquired skewing of Lyonization remains stable for a prolonged period in
healthy blood donors. Leukemia 16: 362–367.

14. Vickers MA, McLeod E, Spector TD, Wilson IJ (2001) Assessment of

mechanism of acquired skewed X inactivation by analysis of twins. Blood 97:
1274–1281.

15. Hall JG (2003) Twinning. Lancet 362: 735–743.
16. Monteiro J, Derom C, Vlietinck R, Kohn N, Lesser M, et al. (1998)

Commitment to X inactivation precedes the twinning event in monochorionic
MZ twins. Am J Hum Genet 63: 339–346.

17. Chitnis S, Derom C, Vlietinck R, Derom R, Monteiro J, et al. (1999) X

chromosome-inactivation patterns confirm the late timing of monoamniotic-MZ
twinning. Am J Hum Genet 65: 570–571.

18. Ohlsson R, Paldi A, Graves JAM (2001) Did genomic imprinting and X

chromosome inactivation arise from stochastic expression? Trends in Genetics

17: 136–141.
19. Lyon MF (1961) Gene action in the X-chromosome of the mouse (Mus musculus

L.). Nature 190: 372–373.
20. Kaminsky ZA, Tang T, Wang SC, Ptak C, Oh GH, et al. (2009) DNA

methylation profiles in monozygotic and dizygotic twins. Nat Genet 41:
240–245.

21. Wong CC, Caspi A, Williams B, Craig IW, Houts R, et al. (2010) A longitudinal

study of epigenetic variation in twins. Epigenetics 5: 516–526.
22. Fraga MF, Ballestar E, Paz MF, Ropero S, Setien F, et al. (2005) Epigenetic

differences arise during the lifetime of monozygotic twins. Proc Natl Acad
Sci U S A 102: 10604–10609.

23. Mill J, Dempster E, Caspi A, Williams B, Moffitt T, et al. (2006) Evidence for

monozygotic twin (MZ) discordance in methylation level at two CpG sites in the
promoter region of the catechol-O-methyltransferase (COMT) gene. Am J Med

Genet B Neuropsychiatr Genet 141B: 421–425.
24. Richards CS, Watkins SC, Hoffman EP, Schneider NR, Milsark IW, et al.

(1990) Skewed X inactivation in a female MZ twin results in Duchenne muscular
dystrophy. Am J Hum Genet 46: 672.

25. Plenge RM, Stevenson RA, Lubs HA, Schwartz CE, Willard HF (2002) Skewed

X-chromosome inactivation is a common feature of X-linked mental retardation
disorders. Am J Hum Genet 71: 168–173.

26. Rosa A, Picchioni MM, Kalidindi S, Loat CS, Knight J, et al. (2008) Differential
methylation of the X-chromosome is a possible source of discordance for bipolar

disorder female monozygotic twins. Am J Med Genet B Neuropsychiatr Genet

147B: 459–462.
27. Kuratomi G, Iwamoto K, Bundo M, Kusumi I, Kato N, et al. (2007) Aberrant

DNA methylation associated with bipolar disorder identified from discordant
monozygotic twins. Molecular psychiatry 13: 429–441.

28. Van De Kamp JM, Mancini GMS, Pouwels PJW, Betsalel OT, Van
Dooren SJM, et al. (2010) Clinical features and X inactivation in females

heterozygous for creatine transporter defect. Clin Genet;doi:10.1111/j.1399-

0004.2010.01460.x.
29. Bittel DC, Theodoro MF, Kibiryeva N, Fischer W, Talebizadeh Z, et al. (2008)

Comparison of X-chromosome inactivation patterns in multiple tissues from
human females. J Med Genet 45: 309–313.

30. Moffitt TE (2002) Teen-aged mothers in contemporary Britain. J Child Psychol

Psychiatry 43: 727–742.
31. Freeman B, Smith N, Curtis C, Huckett L, Mill J, et al. (2003) DNA from buccal

swabs recruited by mail: evaluation of storage effects on long-term stability and
suitability for multiplex polymerase chain reaction genotyping. Behav Genet 33:

67–72.
32. Allen RC, Zoghbi HY, Moseley AB, Rosenblatt HM, Belmont JW (1992)

Methylation of HpaII and HhaI sites near the polymorphic CAG repeat in the

human androgen-receptor gene correlates with X chromosome inactivation.
Am J Hum Genet 51: 1229–1239.

Acquired Skewed X Inactivation in Twins

PLoS ONE | www.plosone.org 5 March 2011 | Volume 6 | Issue 3 | e17873


