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Abstract

Background—X-chromosome inactivation (XCI) is the mechanism by which gene dosage 

uniformity is achieved between female mammals with two X chromosomes and male mammals 

with a single X chromosome, and is thought to occur randomly. For molecular genetic testing, 

accessible tissues (eg blood) are commonly studied, but the relationship with inaccessible tissues 

(eg brain) is poorly understood. For accessible tissues to be informative for genetic analysis, a high 

degree of concordance of genetic findings among tissue types is required.

Objective—To determine the relationship among multiple tissues within females at different ages 

(fetus to 82 years).

Methods—XCI patterns were analysed using the polymorphic androgen receptor (AR) gene 

assay. DNA was isolated from 26 different human females without history of malignancy, using 34 

autopsy tissues representing the three embryonic germ layers.

Results—33 of the 280 tissue samples analysed from 13 of the 26 females showed skewed XCI 

values (>80:20%). Average XCI value was not significantly different among the tissues, but a 

trend for increasing XCI variability was observed with age in blood and other tissues studied (eg 

the SD for all tissues studied for the 0–2 years group was 9.9% compared with 14.8% in the >60 

years group). We found a significant correlation (rs = 0.51, p = 0.035) between XCI values for 

blood and/or spleen and brain tissue, and in most other tissues representing the three embryonic 

germ layers.

Conclusions—In our study, XCI data were comparable among accessible (eg blood) and 

inaccessible tissues (eg brain) in females at various ages, and may be useful for genetic testing. A 

trend was seen for greater XCI variability with increasing age, particularly in older women (>60 

years).

Each tissue of an adult female is composed of cells that actively transcribe genes from either 

the maternal or the paternal X chromosome. X-chromosome inactivation (XCI) is the 

mechanism by which gene dosage equivalence is achieved between female mammals with 

two X chromosomes and male mammals with a single X chromosome.1 XCI is thought to 
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take place within 7–10 days after fertilisation, when the embryonic cell mass contains no 

more than a few dozen cells,23 and is subsequently stable in daughter cells. XCI is thought 

to occur at random in the general female population, resulting in an average XCI ratio of 

50:50 with normal distribution. Thus, an equal number of cells in any tissue will have a 

transcriptionally active maternal or paternal X chromosome, and the other X chromosome 

will be transcriptionally silenced. Given a normal distribution of maternal versus paternal X 

inactivation, a small percentage of females (8%) will have skewness (>80%:20%), where 

there is a bias in the inactivation of the X chromosomes.4 Extreme skewness (95%:5%) in 

peripheral blood cells is rare, occurring in approximately 1% of human females, but is more 

common in older women (>60 years of age).56 However, in the case of an X-chromosome 

aberration, the ratio is skewed in favour of the normal X chromosome, which may be due to 

post-inactivation cell selection, and the resulting cell population is not random.

Skewed XCI has been described in many disorders or conditions, including in female 

carriers of X-linked mental retardation,7 in women with recurrent spontaneous abortions8 

and in lymphocytes from females with Rett syndrome, a severely disabling neurological 

disorder caused by MECP2 gene mutations located at Xq28.9 Clinical severity in patients 

with Rett syndrome appears to correlate with the direction and degree of skewing of XCI.10 

Furthermore, we have perviously reported that non-random X inactivation occurs at a higher 

frequency in females with autism compared with unaffected females, indicating that X-

linked genes may play a role in the reported higher male:female ratio seen in this 

neurodevelopmental disorder.11

Females with Prader–Willi syndrome (PWS) due to maternal disomy 15 also show more 

XCI skewness compared with PWS females with the paternal 15q11–q13 deletion or in 

control females.12 Fragile X tremor/ataxia syndrome (FXTAS) consisting of tremor, ataxia, 

parkinsonism, and executive dysfunction, results from a premutation in the fragile X gene 

(FMR1). The severity of clinical symptoms in females carrying a premutation in this gene 

has been shown to correlate with a molecular pattern of X inactivation favouring higher 

expression of the premutation FMR1 allele.13 However, X-inactivation skewness is seen 

occasionally in healthy females, possibly indicating unknown genetic factors involved in the 

process.14–16 The small population of embryonic cells present when a specific X 

chromosome is committed to inactivation could lead to skewed patterns seen in healthy 

individuals. Studies have shown that skewness increases with age.56 A finite pool of stem 

cells may exist that could diminish over time, creating a small sample size of precursor cells, 

which eventually lead to a higher degree of XCI skewness.17

X-inactivation patterns can be assessed using the human androgen receptor (AR) gene 

located at Xq11.2. This gene contains a highly polymorphic in-frame CAG triplet, repeated 

11–31 times in exon 1. Assessment is possible for females with different alleles 

(informative) at the CAG repeat using DNA digestion with methyl-sensitive restriction 

enzymes (eg HpaII), which will not cut the methylated (inactive) alleles, followed by PCR 

amplification. After capillary electrophoresis, the resulting peak sizes (the signal intensity is 

directly related to the amount of PCR product made) can be compared to determine the 

skewness ratio. XCI status (one X chromosome may be more or less active (unmethylated) 

compared with the second X chromosome in somatic cells) is defined as being highly 

Bittel et al. Page 2

J Med Genet. Author manuscript; available in PMC 2017 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



skewed (>80:20%) or extremely skewed (>90:10%).811121819 In healthy females, XCI is 

considered to follow a Gaussian or bell-shaped distribution, with highly skewed patterns 

being uncommon events.20

For molecular genetic testing, accessible tissues (eg blood) are commonly used; however, 

their relationship with inaccessible tissues (eg brain) is poorly understood. For accessible 

tissues to be informative for genetic analysis, a high degree of concordance of genetic 

findings among tissue types would be required. A previous report indicated a general 

concordance between XCI pattern in three different tissues, but was limited in scope.21 

Therefore, we examined the XCI pattern in 26 human females (20 weeks gestation to 82 

years old), using multiple autopsy tissues representing the three primordial germ layers, to 

characterise the relationship of XCI patterns within and among females at all ages. We 

examined tissues collected at autopsy from 26 females ranging in age from fetus (20 weeks 

gestation) to 82 years.

METHODS

We analysed 280 frozen autopsy tissues from 26 females without a history of malignancy 

grouped by age as follows: fetus (n = 4); 0–2 years (n = 5); 5–8 years (n = 3); 15–20 years (n 

= 4); 21–40 years (n = 4); 41–60 years (n = 3) and >60 years (n = 3). In total, 34 different 

tissues were collected, representing the three embryonic germ layers, with an average of 11 

different tissues from each female (table 1). Most tissue samples were evaluated with a 

single assay, with the exception of those performed multiple times to test the reliability of 

the assay (see Results section).

Androgen receptor assay

Genomic DNA was extracted from tissue samples (about 1 cm3) using a DNA purification 

kit (Gentra, Madison, Wisconsin, USA) according to the manufacturer’s instructions. The 

AR gene contains a highly polymorphic region consisting of CAG repeats. Template DNA 

from each tissue was amplified by PCR using primers flanking the polymorphic region of 

the AR gene. The size of the PCR product and signal intensity was determined by capillary 

electrophoresis using an ABI 3100 DNA sequencer (Applied Biosystems, Foster City, 

California, USA). Subsequently, 200 ng of genomic DNA was digested with the methyl-

sensitive restriction enzyme HpaII, as previously described.22 The reverse primer was 

labelled with the fluorescent marker 6-FAM and the resulting PCR fragments analysed by 

capillary electrophoresis, using established protocols.1112 Genomic DNA from a male with a 

different CAG repeat size was added to the digestion reaction as an internal control to ensure 

that the restriction was complete. XCI was calculated as the ratio of the height of the shorter 

peak to the sum of the two peaks, using genotyping software after digestion as previously 

described.1112 To account for preferential allele amplification, values for the digested DNA 

were normalised with those for the undigested DNA for each subject and XCI was 

calculated using the following formula: (phd1/phu1)/(phd1/phu1)+(phd2/phu2), where phd1 is 

peak height of first allele (digested DNA), phd2 is peak height of second allele (digested 

DNA), phu1 is peak height of first allele (undigested DNA) and phu2 is peak height of 

second allele (undigested DNA), as previously described.23 Spearman’s rank correlation (rs) 
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analysis was performed using SPSS version 12 statistical software package on the XCI data 

obtained from the 26 females.

RESULTS

We analysed XCI patterns in multiple tissues from 26 human females to determine the 

relationship of XCI among tissues within individuals at different ages (See supplementary 

table S1). We repeated the AR assay on 22 randomly selected tissue samples to evaluate 

precision of the technique, including re-isolating DNA from the same tissue source of an 

individual. The mean value of the XCI difference between repeated measures was 3.1% (SD 

2.3%) (range 0% to 8%).

The variation in XCI pattern was reasonably consistent within individuals. We assessed the 

variation of X inactivation between females by determining the standard deviation (SD) of 

the difference between the percentage X inactivation of the two alleles (first and second) and 

calculated the average of the SD for all individuals. This value relates variation in XCI 

among tissues within an individual to the entire set of subjects. The average SD was 16.8%. 

We also examined the variation of the percentage X inactivation of the first (smaller) allele 

by determining the SD and comparing among individuals. The average SD of the first 

(smaller) allele among all individuals was 10.7% (range 4.7% to 18.7%).

We compared haematopoietic tissues (eg blood and/or spleen) with the central nervous 

system (CNS; eg brain) to test a paradigm of accessible versus inaccessible tissue. Available 

blood and/or spleen and brain tissue from 17 of our 26 subjects were compared after 

determination of a high concordance of XCI between blood and spleen obtained from the 

same individuals (n = 17, rs = 0.94, p = 0.002). Figure 1 shows a comparison of percentage 

inactivation of the first (smaller) allele for blood/ spleen with brain, beginning from the 

youngest (fetus, 20 weeks’ gestation) to one of the oldest (61 years) females. Figure 2 shows 

a scatter plot of percentage X inactivation in blood/spleen versus brain. The XCI pattern 

found in the brain was similar to that found in blood/spleen, with 11 of 17 subjects differing 

by ≤10% (n = 17, rs = 0.51, p = 0.035). The SD was 12% for the difference between 

percentage X inactivation of the first allele for blood/spleen samples and brain. The two 

females with the greatest discrepancy between the XCI pattern for blood/spleen and brain 

were >50 years of age (figs 1,2). These data suggest that most females, particularly younger 

subjects, have a relatively high level of concordance in XCI pattern between haematopoietic 

and CNS tissues.

We also found significant correlations between samples of blood/spleen and skin (n = 14, rs 

= 0.82, p<0.001), heart (n = 18, rs = 0.66, p = 0.002), lung (n = 13, rs = 0.77, p = 0.002), 

muscle (n = 17, rs = 0.66, p = 0.004), oesophagus/ stomach/intestine (n = 14, rs = 0.72, p = 

0.004) and kidney (n = 14, rs = 0.54, p = 0.018) (supplementary figs 1–6), suggesting 

concordance between haematopoietic and other tissues, including those from other 

embryonic germ layers. Some tissues in individuals, particularly older women, did not 

demonstrate a significant XCI correlation pattern but showed a trend towards correlation (eg 

blood/spleen and liver (n = 20, rs = 0.40, p = 0.083); supplementary fig 7). However, small 

sample sizes may have contributed to the comparisons failing to reach significance.

Bittel et al. Page 4

J Med Genet. Author manuscript; available in PMC 2017 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We also examined the variation of XCI in germ layers as a function of age and found no 

obvious patterns. We compared the difference in the two alleles for tissues within each age 

group for the separate germ layers (ie absolute value of the difference in percentage 

inactivation of the first and second alleles, fig 3). We also compared the mean percentage 

inactivation of tissues within a germ layer across age groups (fig 4). This chart shows the 

proportion (in percentages) of the total standard deviations within groups, calculated from 

the variance of X-inactivation values for all tissues from a subject. Variation among subjects 

within each age group was noted for each germ layer, but the greatest variation was observed 

in the three oldest subject groups (>21 years). However, the sample sizes were relatively 

small, which made identifying trends more difficult.

XCI values for tissues within an individual tended to be clustered around the mean value, but 

nearly all females studied had one or two tissues that were >1 SD above or below the mean 

XCI value. These were collected to identify patterns. A total of 81 samples had inactivation 

values >1 SD from the mean XCI value for that individual. Tissues with XCI values >1 SD 

from the mean did not appear to originate in any particular germ layer: there were 27 such 

tissues (8 of which were liver) out of a total of 91 in endoderm; 39/148 tissues (7 of which 

were kidney) in mesoderm; and 15/41 (7 of which were skin) in ectoderm. Nearly half of 

these tissues with atypical XCI values in the ectoderm were from skin. A possible 

explanation may be the regenerating nature of skin, which could allow for selection of a 

particular cell type, leading to more XCI variation and resulting in a less valuable accessible 

candidate tissue for study.

We attempted to examine the variation associated with X inactivation related to age and 

germ layer origin. We determined the variance of X inactivation values from the smaller AR 
allele for all tissues measured from each individual. We then determined the mean (SD) of 

the variance for individuals within an age group and plotted the total SD as a pie chart to 

illustrate the variation within age groups (fig 4). It is clear that there is greater variation 

(greater SD of the variance) in the oldest three groups than in the younger groups, indicating 

a trend toward greater variability in XCI values with increasing age.

DISCUSSION

Several studies have reported on the relationship between XCI skewing and developmental 

disorders in females. These studies often examined XCI patterns in blood because the tissue 

of interest (eg CNS) was unavailable. Thus, the rationale for our study was to examine 

concordance of X inactivation patterns in blood compared with other tissues representing the 

three embryonic germ layers (accessible and inaccessible tissues), and to compare changes 

in X inactivation patterns with age among the different tissues. Therefore, we examined the 

XCI pattern in 34 tissues representing all three embryonic germ layers from 26 females at 

various ages (supplementary table S1).

Although the sample size is relatively small, a general concordance was seen in XCI pattern 

between haematopoietic (blood and/or spleen) and several other tissues (eg brain, skin, heart, 

lung, muscle, kidney and gastrointestinal; fig 2, supplementary figs 1–7). Perhaps not 

surprisingly however, the general concordance of XCI between tissues does not hold for all 
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tissues in every individual examined; a 53-year-old woman in our study had greater variation 

in her tissues than did other subjects. The concordance of XCI among tissues may weaken 

with age. For example, in comparing haematopoietic tissues with brain (fig 2), the two oldest 

women had the greatest difference between inactivation values of the two tissues studied. 

This might result from a changing prevalence of cell lineage with age, perhaps due to cell 

selection.

In our study, the germ layer of origin did not seem to affect XCI variability between tissues 

(figs 3, 4). All tissues had non-significant differences in variation when examined by germ 

layer versus age. Greater variability in these comparisons may reflect the small sample sizes.

Furthermore, a general concordance of XCI patterns was seen between tissues within the 

same person, but occasionally one or more tissues had an XCI pattern in one tissue that was 

different from other tissues in that person; this applied particularly in older females. This has 

implications for expression of genes on the X chromosome in those tissues showing X-

chromosome skewness (ie the expression may be primarily from one X chromosome, 

resulting in expression that may be detrimental and cannot be predicted by examining the 

XCI pattern of other tissues). Hopefully, our study will stimulate additional research with 

larger subject numbers and tissue types to further characterise the relationship (similarities 

and differences) among different tissues within an individual and the effect of age on XCI 

data and clinical outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

• X-chromosome inactivation (XCI) patterns were studied using the 

polymorphic androgen receptor (AR) gene assay with DNA isolated from 26 

different human females without history of malignancy, using 34 autopsy 

tissues representing the three embryonic germ layers.

• A significant correlation (rs = 0.51, p = 0.035) was found between XCI values 

for blood/spleen and brain tissue, and for most other tissues representing the 

three embryonic germ layers.

• A trend was seen for greater XCI variability with increasing age, particularly 

in older women (>60 years).

• XCI data were comparable among accessible (eg blood) and inaccessible 

tissues (eg brain) in females at various ages and suggests that accessible 

tissues may be useful for genetic testing.
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Figure 1. 
Scatterplot of X-chromosome inactivation values for blood/spleen and brain (cerebrum) 

versus age. d, Days; w, weeks; y, years.
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Figure 2. 
Scatterplot of X-chromosome inactivation values for blood/ spleen versus brain. Lines are +/

−10% variation in allele inactivation to allow for technical variation. When both blood and 

spleen were available from an individual, the average of the X-chromosome inactivation 

values was taken. w, Weeks; y, years.
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Figure 3. 
Mean difference in X-chromosome inactivation for germ layers by age group. Mean absolute 

value of the difference between X-chromosome inactivation value for the first (smaller) and 

second alleles was calculated for each individual. Mean (SD) were determined for each 

subject age group and for tissues representing each of the three germ layers.
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Figure 4. 
Pie chart illustrating the proportion (%) of the age-group average SD, calculated from the 

variance of each individual within a group. Group mean variance in percentage X-

chromosome inactivation of the first allele was calculated for all tissues from each individual 

and grouped by subject age, and the SD calculated from the individual variances.
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