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Context: Autoimmune thyroid diseases (AITD) comprise Graves’ dis-
ease (GD) and Hashimoto’s thyroiditis (HT). They are characterized
by loss of immunological self-tolerance and female preponderance.
Theoretically, X chromosome inactivation (XCI) and resultant tissue
chimerism could offer an explanation for the female predisposition to
AITD.

Aim: Our aim was to examine whether skewed XCI is associated with
AITD.

Designs: We first conducted a classical case-control study of twin
individuals with and without AITD, and then a case-control study of
twin pairs discordant for AITD.

Participants: Participants included 32 female twins with AITD and
a control group of 96 healthy female twin individuals.

Methods: XCI analysis was performed by enzymatic predigestion of
DNA with a methylation-sensitive enzyme followed by PCR of the

polymorphic CAG repeat of the androgen receptor gene. The XCI
pattern was classified as skewed when 80% or more of the cells
preferentially inactivated the same X chromosome.

Main Outcome Measures: We assessed the prevalence of skewed
XCI.

Results: The frequency of skewed XCI in female twins with AITD,
GD, and HT was 34, 37, and 31%, respectively, which was higher than
the prevalence in the corresponding control populations, 11% (P =
0.003), 14% (P = 0.045), and 8% (P = 0.057), respectively. Similar
results were found in twin pairs discordant for AITD. Overall, skewed
XCI was associated with an increased risk of developing AITD, with
an odds ratio of 9.0 (95% confidence interval, 1.64—49.4) (P = 0.022).

Conclusion: These observations suggest a possible role of XCI in the
etiology of AITD and may in part explain the female preponderance
of AITD. (J Clin Endocrinol Metab 90: 5949-5953, 2005)

UTOIMMUNE THYROID DISEASES (AITD) are a
group of disorders characterized by loss of immuno-
logical self-tolerance (1). AITD can roughly be divided into
Graves’ disease (GD) and Hashimoto’s thyroiditis (HT). In
both phenotypes, lymphocytic infiltration of the thyroid
gland with accompanying evidence of both humoral and
cellular immune system activation is seen (1). In GD, the
autoimmune process results in the production of thyroid-
stimulating antibodies that activate the TSH receptor and
leads to hyperthyroidism (2), whereas in HT the immune
response is destructive, leading to thyroid cell death and
hypothyroidism (3).
Together, clinically overt AITD affect 1-2% of the popu-
lation, with a 5- to 10-fold excess in women (4). This phe-
nomenon of female predisposition to thyroid autoimmunity
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is often ascribed to hormonal differences, because in a num-
ber of experimental disease models, estrogens exacerbate
disease and androgens can inhibit disease activity (5, 6).
However, studies in man have failed to demonstrate a clear-
cut influence of sex hormones on disease susceptibility to
AITD. Moreover, the observed gender differences in AITD
and other autoimmune disorders extend far beyond the hor-
monal differences (7). With this in mind, it is reasonable to
consider alternative explanations for the increased preva-
lence of AITD in females.

A unifying feature of AITD seems to be the loss of im-
munological tolerance to self-antigens. A potential mecha-
nism through which lack of exposure to X-linked self-anti-
gens could occur in women is a skewing of X-chromosome
inactivation (XCI) (8-10). In female mammalian cells, one of
the two X chromosomes is inactivated in early embryonic life
(11). Thus, females are mosaics for two cell lines, cells with
the paternal or cells with the maternal X chromosome as the
active X. Females frequently exhibit a random 50:50 ratio of
the two cell lines (12). A skewed XCl is a deviation from this
ratio and is arbitrarily defined, for instance, as a pattern
where 80% or more of the cells inactivate the same X chro-
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mosome (12, 13). It follows that this can yield a situation in
which self-antigens on one X chromosome may fail to be
expressed at sufficiently high levels in the thymus, or in other
peripheral sites that are involved in tolerance induction, but
may yet be expressed with a high frequency in other pe-
ripheral tissues and blood cells. Theoretically, some females
may be predisposed to express X-linked antigens in the pe-
riphery to which they have been insufficiently tolerized (9).
Indeed, a skewed XCI in blood cells of women with the
autoimmune connective tissue disease scleroderma has very
recently been described (14). We speculate whether an anal-
ogous mechanism occurs in AITD.

Subjects and Methods
Subjects

Twin individuals with AITD as well as the control twins were iden-
tified through the Danish Twin Register. The ascertainment of twins
with clinically overt AITD and their healthy twin siblings has previously
been described and evaluated in detail (15-17). In brief, twins with
clinically overt AITD and their co-twins were identified by means of
questionnaires mailed in 1996/1997 to a representative nationwide sam-
ple of 6628 same-sex twin pairs born between 1953 and 1976. Based on
a careful review of information from questionnaires, hospital files, out-
patient clinics, and general practitioners, with special emphasis on blood
tests and clinical criteria, the participants were classified as having or
having had GD, nodular toxic goiter, HT, nontoxic goiter, or no thyroid
disease. Definition of the various phenotypes is given in detail in pre-
vious publications based on this twin cohort (15, 16, 18). In all, 69 female
twin individuals with AITD were identified (mean age at diagnosis, 27.9
yr; range, 19-40 yr). DNA samples were available from 40 of these
individuals, and 32 (19 GD and 13 HT) subjects were heterozygous for
the analyzed polymorphism in exon 1 of the androgen receptor gene and
hence suitable for X-chromosome analysis. Because of death (two sub-
jects), emigration (two subjects), loss of blood sample or insufficient
amount of blood (10 subjects), and unwillingness to give a blood sample
(15 subjects), DNA was not available in the remaining 29 subjects with
AITD. To increase power, three control twin individuals, who were
healthy, biochemically euthyroid, and matched for age (within 5 yr) and
zygosity were identified for each case with AITD.

Informed consent was obtained from all the participants, and the
study was approved by all the Regional Scientific Ethical Committees in
Denmark.

Case-control study with external controls

In the first part of the study, we compared twin individuals with
AITD (cases) with matched unrelated control twin individuals (external
controls). The external case-control comparison is based on the 32 AITD
cases and 96 external control subjects.

Case-control study using the co-twin as a control

The second part of the study was a within-pair comparison of 26 twin
pairs discordant for AITD. In this approach, the discordant twin pairs
are considered as matched pairs. This method has an additional ad-
vantage over other matched-pair designs in that twin pairs are also
genetically matched [monozygotic (MZ) twins share 100% of their seg-
regating genes, whereas dizygotic (DZ) twins share 50%, on average].
Moreover, the twins in a pair are of the same age and usually share their
early life exposures, such as in utero environment, home location, nu-
trition, in-house toxicant exposures, and socioeconomic background.

XCI analysis and zygosity determination

DNA was extracted from peripheral blood cells. The XCI phenotype
was determined by PCR analysis of a polymorphic (CAG)n repeat in the
first exon of the androgen receptor gene (19). After digestion of the DNA
with the methylation-sensitive enzyme Hpall, a PCR product is obtained
from the inactive X chromosome only. The PCR products were separated
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on an ABI 3100 automated sequencer and analyzed by GeneScan soft-
ware (Applied Biosystems, Oslo, Norway) (Fig. 1). Each sample was
analyzed in duplicate and blinded as to the clinical phenotype and the
result in the co-twin.

The XCI pattern was recorded as the relative amount of the PCR
product of the smallest allele to the amount of PCR product from both
alleles. Thus, XCI is a number between 0 and 100, where 50 reflects a
random XCI pattern, and 0 and 100 indicate a completely skewed XCI.
The XCI pattern was classified as skewed and extremely skewed, re-
spectively, when 80% and 90% or more of the cells inactivated the same
X chromosome.

Zygosity was established by analysis of nine highly polymorphic
restriction fragment length polymorphisms and microsatellite markers
scattered widely throughout the genome with a PE Applied Biosystems
(Foster City, CA) AmpFISTER Profiles Plus Kit.

Statistical methods

In comparisons between AITD cases and external unrelated controls,
group frequencies were analyzed with the x* test or Fisher’s exact test.
Within-pair comparisons between AITD cases and their healthy co-
twins were done using 2 X 2 contingency tables for paired observations
and tested using the McNemar’s test. With this approach, the odds ratio
is given by the ratio of pairs in which the exposure differs, that is number
of pairs in which the twin with AITD has a skewed XCI and the co-twin
has a random XCI divided by the number of pairs in which the twin with
AITD has a random XCI and the co-twin has a skewed XCL

All tests applied were two tailed, and P = 0.05 was considered
significant. All analyses were carried out using version 7 of the STATA
statistical package.

Results
Case-control study with external controls

The prevalence of skewed XCI (=80% skewing) in AITD
and control subjects is summarized in Table 1. Overall, AITD
cases had a significantly higher prevalence of skewed XCI
than the external controls (34 vs. 11%; P = 0.003). Subdividing
according to the clinical phenotype of the affected twin (GD
and HT) yielded essentially similar results. The frequency of
extremely skewed XCI (=90% skewing) in cases with AITD,
GD, and HT was 16% (5 of 32), 16% (3 of 19), and 15% (2 of
13), respectively, which was much higher than the preva-
lence in the corresponding control populations, 1% (1 of 96;

A B C
Hpall- ‘ Hpall- Hpall-
T T
T I —
Hpalh[ Nll Hpall+ Hpall+
& Neal &

Random X inactivation Skewed X inactivation Male control

Fia. 1. Hpall indicates no predigestion and Hpall+ indicates pre-
digestion with Hpall. A, Random XCI pattern; B, skewed XCI pattern;
C, male control. A PCR product is obtained only from the inactive X
chromosome. Note lack of a PCR product after Hpall digestion in the
male control.
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TABLE 1. XCI pattern in relation to phenotype

Phenotype Ra?go(l;;)i(CI Ske[vrxlr e((,i%)ﬁCI P value
AITD cases (n = 32) 21 (66) 11 (34) 0.003
Control subjects (n = 96) 85 (89) 11(11)
GD (n = 19) 12 (63) 7(37) 0.045°
Control subjects (n = 57) 49 (86) 8(14)
HT (n = 13) 9 (69) 4(31) 0.057°
Control subjects (n = 39) 36 (92) 3(8)

¢ At least 80% of the cells preferentially used the same X chromo-
some.
® Fisher’s test.

P =0.004), 0% (0 of 57; P = 0.01), and 3% (1 of 39; P = 0.15),
respectively.

Case-control study using the co-twin as control

The prevalence of skewed XCI in twins with AITD was
42% (11 of 26), which was significantly higher than the prev-
alence in the corresponding healthy co-twin population, 12%
(3 of 26; P = 0.03). Overall, skewed XCI (=80% skewing) was
associated with an increased risk of developing AITD, with
an odds ratio of 9.0 (95% confidence interval, 1.64-49.4) and
P = 0.022 (Table 2). When the twin pairs were stratified
according to the phenotype of the affected twin individual
(17 pairs with GD and nine pairs with HT) or zygosity (six
MZ pairs and 20 DZ pairs), the association did not reach
statistical significance. However, even in the small number
of pairs discordant for GD and HT, there was a trend toward
an increased risk associated with skewed XCI (Table 2).

Discussion

We have demonstrated a significantly higher prevalence of
skewed XCI in blood cells of females with AITD compared
with a matched control group. Moreover, this frequency was
much higher in female twins with AITD than in their healthy
co-twins, indicating a possible role of XCI in the etiology of
AITD and in the female preponderance of AITD.

We also tested the specificity of the relationship between
XCIand AITD by stratifying the AITD cases into GD and HT.
In the case-control study with external controls, skewed XCI
was associated with both GD and HT, although the associ-
ation with the latter was not statistically significant (P =
0.057). In within-pair comparisons between GD and HT cases
and their healthy co-twins, no significant differences in
skewed XCI were found. In this approach, however, a strong
association will lead to relatively few discordant pairs (on
which the odds ratio is calculated), and hence, the compar-
ison will be of low power because of overmatching. The
presence of overmatching may well explain why no statis-
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tically significant associations were found among twin pairs
discordant for GD or HT. Although the effect estimates were
imprecise, the prevalence of skewed XCI seems to be much
more apparent in twins with GD or HT than in their healthy
co-twins. However, additional studies with larger sample
sizes are needed to determine the relationship between XCI
and GD and HT.

Another feature of our results is that they can explain the
relatively low concordance rates (30-50%) for AITD in MZ
twin pairs (15, 16) because the pattern of XCI differs if the
twinning event is early (20). MZ twins may be monochori-
onic, where the two embryos have a common placenta and
chorion, or dichorionic, where each embryo has its own
placenta and chorion. Approximately one third of MZ twins
are dichorionic and result from a twinning event that occurs
about 0-4 d after conception, whereas the remaining two
thirds are monochorionic and seem to be the result of an
event that occurs more than 4 d after fertilization (21). A
highly similar XCI pattern has been reported for monocho-
rionic but not for dichorionic twin pairs (20). It is therefore
possible that monochorionic twin pairs undergo splitting
after X chromosome inactivation has taken place, whereas
dichorionic pairs split before or around the time of the XCI
process. In our study, as in most twin studies, information on
the anatomy of chorion and placenta was not available, mak-
ing it impossible for us to further explore a possible link
between chorionic anatomy and concordance for AITD.

If a skewed XClI pattern is a significant factor in AITD, then
one would expect this to occur also in other autoimmune
disorders. Indeed, supporting data have recently been pub-
lished for scleroderma (14). However, examination of XCI
pattern in female patients with other autoimmune diseases
such as systemic lupus erythematosus, insulin-dependent
diabetes mellitus, and rheumatoid arthritis did not reveal
skewed XCI patterns (10, 20, 22). Conversely, a higher than
expected prevalence of autoimmune disease has been de-
scribed in X-chromosome aneuploidies such as Turner’s syn-
drome (23) and Klinefelter’s syndrome (24).

Whether our results, obtained in twins, can be generalized
to the background population depends on whether twins can
be considered to be no different from non-twin individuals
with respect to the XCI process and to the etiology of AITD.
XCI occurs at the late blastocyst stage (approximately 5 d
after fertilization), which is about the same time as the MZ
twinning process. A relationship between the MZ twinning
process and XCI has therefore been suggested (25), and a
higher frequency of skewed XCI has been described in MZ
compared with DZ twins (26). However, in a number of other
studies, the degree of skewing in the MZ twins was no

TABLE 2. Number of pairs according to the XCI pattern in the probands and the corresponding healthy co-twins, stratified by phenotype

XCI status of the proband and healthy co-twin 0Odds ratio
Phenotype & . e
Random and random Random and skewed Skewed and random Skewed and skewed (95% confidence interval)
AITD 14 1 9 2 9 (1.64-49.4)°
GD 9 1 6 1 6(0.94-38.5)°
HT 5 0 3 1

¢ Given as a test-based confidence interval.
® McNemar’s test; P = 0.022.
¢ McNemar’s test; P = 0.125.
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different from that observed in non-twin females (27, 28) or
in DZ twins (12). In fact, we found that young (18-54 yr) MZ
twins had a slightly lower frequency of skewed XCI than
young DZ twins (12). Thus, there is no evidence of any major
differences between twins and non-twin individuals with
respect to the XCI process. Moreover, the great majority of
the twin pairs in the present study were DZ, which further
minimizes this potential confounder.

Environmental factors of importance for developing AITD
could have considerable impact during fetal life, when the
immune system is immature and tolerance to various anti-
gens is induced. If low birth weight per se, as recently sug-
gested (29), is associated with AITD, one would expect a
higher disease prevalence among twins than in the non-twin
background population, because the birth weight of twins on
average is 1000 g less than that of singletons. We can find no
support of this, neither among twin pairs discordant for overt
AITD nor among pairs discordant for thyroid autoantibodies
(30, 31). Moreover, the prevalence of thyroid autoantibodies
(31) and clinically overt AITD (15, 16) are not different from
that reported in the Danish population (32, 33), indicating
that there are no major differences between twins and non-
twin individuals with respect to the occurrence of AITD.

A skewed XCI pattern may occur by chance, because of
genetic factors influencing the XCI process or because of a
selection process (34). In humans, the XCI phenotype has
been linked to loci on the X chromosome, suggesting an
X-linked inheritance of the XCI phenotype (35). It has also
been suggested that genes on the X chromosome might show
linkage with AITD (36). Thus, it is possible that the observed
association between skewed XCI and AITD is not causal but
just an epiphenomenon related to the inheritance of X-linked
susceptibility genes. It is also important to point out that the
XCI patterns vary between tissues because the event occurs
at different times in different tissues (13). We have examined
XCI in blood cells and it is possible that this does not accu-
rately reflect the XCI patterns of cells in the thyroid gland.
Thyroid tissue was, however, not available.

Accepting that a skewed XCI pattern is highly associated
with AITD in females, it does not, however, lead to AITD in
all. Thus, a skewed XClI is neither necessary nor sufficient for
the development of AITD, indicating that environmental
factors, such as iodine intake (37), smoking habits (38), stress
(39), certain infections (40), or other agents, may trigger
events leading to the development of AITD. In addition, the
coinheritance of genetic susceptibility factors, such as func-
tional variants of regulator genes of the immune system (36),
may exacerbate the effects of skewed XCI and thereby con-
tribute to the development of AITD.

In conclusion, our findings suggest a possible role of
skewed XCI in the etiology of AITD and may in part explain
the female preponderance of AITD.
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