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Objective. We undertook this study to examine the X chromosome complement in participants with systemic scle-
rosis (SSc) as well as idiopathic inflammatory myopathies.

Methods. The participants met classification criteria for the diseases. All participants underwent single-
nucleotide polymorphism typing. We examined X and Y single-nucleotide polymorphism heterogeneity to deter-
mine the number of X chromosomes. For statistical comparisons, we used x° analyses with calculation of 95%
confidence intervals.

Results. Three of seventy men with SSc had 47,XXY (P = 0.0001 compared with control men). Among the
435 women with SSc, none had 47,XXX. Among 709 men with polymyositis or dermatomyositis (PM/DM), seven had
47 ,XXY (P = 0.0016), whereas among the 1783 women with PM/DM, two had 47 ,XXX. Of 147 men with inclusion body
myositis (IBM), six had 47,XXY, and 1 of the 114 women with IBM had 47,XXX. For each of these myositis disease
groups, the excess 47,XXY and/or 47, XXX was significantly higher compared with in controls as well as the known birth
rate of Klinefelter syndrome or 47, XXX.

Conclusion. Klinefelter syndrome (47,XXY) is associated with SSc and idiopathic inflammatory myopathies,
similar to other autoimmune diseases with type 1 interferon pathogenesis, namely, systemic lupus erythematosus

and Sjogren syndrome.
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Significance & Innovation

e Autoimmune rheumatic diseases generally impact
women more than men.

¢ A strong component to such bias in systemic lupus ery-
thematosus and Sjogren syndrome is mediated by the
sex chromosome complement.

e We find that the number of X chromosomes is also
important in the sex bias of systemic sclerosis and idio-
pathic inflammatory myopathies.

¢ These diseases all share pathophysiology involving type
1 interferon pathways.

INTRODUCTION

Autoimmune diseases are more common among women
and girls (1). The sex chromosomes are implicated in autoimmune
sex bias (2). Turner syndrome predisposes to some (3) but not all
autoimmune diseases (4). Acquired X chromosome monosomy of
peripheral blood mononuclear cells is found in primary biliary cir-
rhosis (PBC) (5), as well as autoimmune thyroid disease and sys-
temic sclerosis (6), but not in systemic lupus erythematosus
(SLE) (7). Skewed X inactivation is found commonly among
healthy women (8) but may be increased in some but not all auto-
immune diseases (9-11).

Klinefelter syndrome (KS) (47,XXY) is found in 1 in 30 men
with either SLE or Sjégren syndrome, whereas the known birth
rate is about 1 in 500 live-born boys (12-14). Furthermore,
women with 47, XXX are also found in excess among those with
SLE and Sjogren syndrome (12). In contrast, no increase in X
chromosome aneuploidy was found in rheumatoid arthritis
(RA) or PBC (12,14). Genes that escape X inactivation (15) are
candidates to mediate an X chromosome dose effect and include
CD40 (16), TLR7 (17), and CXorf21 (or TASL) (18,19).

We undertook the present study to determine whether X
chromosome aneuploidies play a role in the sex bias of sclero-
derma (systemic sclerosis [SSc]) and idiopathic inflammatory
myopathies, both of which are female biased with sex ratios of
5:1and 3:1 (20,21).

PATIENTS AND METHODS

Participants. We studied cohorts with SSc or myositis that
had undergone genome-wide single-nucleotide microarray geno-
typing (22-27). All participants met classification criteria for the
disease in question (28-32). Diffuse cutaneous SSc was distin-
guished from limited cutaneous SSc by previously reported
schema (23). The discovery cohorts were assembled from large
international collaborative efforts, whereas the Japanese confir-
matory myositis cohort was a nationwide effort involving

18 institutions (27). No participant was excluded except by failing
to meet classification criteria or failure of genetic data in quality
control. The control cohort was assembled at the Oklahoma
Medical Research Foundation from healthy volunteers. Each con-
trol participant was verified not to have an autoimmune disease by
a validated questionnaire and had no serum rheumatic disease
autoantibodies (12,33). Participants in the discovery cohorts were
of European ancestry, with matched control participants of this
same origin. Ethics-committee-approved written informed con-
sent was obtained from all participants at the site of recruitment,
and the overall study was approved at the University of Oklahoma
Health Sciences Center and Oklahoma Medical Research
Foundation.

Sex chromosome complement determination. We
used the lllumina GenomeStudio Software to examine b allele fre-
quency plots of the X and Y chromosomes to determine the num-
ber of sex chromosomes, as previously reported (12—14).

Statistics. Descriptive statistics, including frequency and
proportion, were calculated for categorical variables. x* Tests
were used to examine the association between two categorical
variables when no more than 20% of cells had expected frequen-
cies less than five and no one cell had an expected frequency less
than one. Otherwise, Fisher’s exact tests were used (34). Wilson
type 95% binomial confidence interval (Cl) was calculated for the
proportion in each group because this test has better perfor-
mance than other types of binomial confidence intervals (eg,
Wald, Clopper-Pearson, and Agresti-Coull intervals; see ref. 35).
All calculations were performed by using SAS 9.4 (SAS Insti-
tute, Inc.).

Patient and public involvement. There was no patient
or public involvement in this study.

Ethical approval information. Ethics approval was
obtained from local committees at the sites of recruitment of the
participants. Thus, there were several dozen human investigation
committees that approved this work.

TABLE 1. X chromosome aneuploidies found among participants
with SSc

46,XY 47 XXY 46,XX 47 XXX

Women
SSc 435 0
Control 1345 0
Men
SSc 67 3 (4.3%)*
Control 1253 1 (0.08%)

Abbreviation: SSc, systemic sclerosis.
* P=0.0001 by Fisher's exact test (see text).
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TABLE 2. X chromosome aneuploidies found among participants
with PM/DM

46,XY 47 XXY 46,XX 47 XXX

Women
PM/DM 1781 2
Control 1345 0
Men
PM/DM 702 7 (.99%)*
Control 1253 1 (0.08%)
Abbreviation: PM/DM, polymyositis or dermatomyositis.
* P=0.0016 by Fisher's exact test (see text).

RESULTS

Of 505 participants with SSc, 70 (13.9%) self-identified as
men. Among the men, 3 of 70 had KS (4.3%, 95% CI 0.89%-
12.02% or 1in 112 to 1 in 8; Table 1), substantially higher than
the known live-birth rate (0.2% or 1 in 500) (36). We found a statis-
tically significant increase in 47,XXY among the men with sclero-
derma compared with healthy control men (3 of 70 vs 1 of 1254,
P = 0.0001 by Fisher’s exact test). Among the 435 women, all
had 46,XX (Table 1).

We next studied idiopathic inflammatory myopathies with
polymyositis and dermatomyositis (PM/DM) grouped together
(709 male and 1783 female participants). Among male partici-
pants with PM/DM, 7 of 709 had 47 ,XXY for a ratio of 1 in 101
(0.99%, 95% CI 0.48%-2.03% or 1 in 208 to 1 in 49; Table 2).
Compared with the healthy controls, the men with PM/DM had a
statistically significant increase in 47 ,XXY (7 of 709 [0.99%] com-
pared with 1 of 1254 [0.08%], P = 0.0043 by Fisher’s exact test).
We found that two of the women with myositis had 47,XXX
(Table 2), which does not differ from the expected birth rate of
1 in 1000 live-bomn girls or from the prevalence in the control
women (36,37). We also studied an independent, confirmatory
PM/DM cohort from Japan consisting of 430 women and
146 men. Of the 146 men, 4 had 47 XXY, whereas 2 of
430 women had 47,XXX. Thus, this cohort confirms the finding
of X chromosome aneuploidies at an incidence of 6 in 576 sam-
ples of both sexes.

The clinical characteristics of the participants with PM/DM
with X chromosome aneuploidies are shown in Table 3 and
Supplementary Table 1. Five individuals had cancer-associated
myositis, and only three of the men with KS had myositis-specific
autoantibodies (Table 3).

Finally, we studied participants with inclusion body myositis
(IBM). Among 147 men, we found six with 47, XXY (4.1%, 95%
Cl 1.5%-8.7% or 1 in 66 to 1 in 12; Table 4). The findings were
statistically different from those for the controls (P < 0.00001 by
Fisher's exact test). Among 114 women with IBM we found one
with 47 XXX, which is similar in magnitude to our findings in SLE
and Sjogren syndrome (12); further, the 95% ClI for this ratio did
not include the known prevalence at birth of ~1 in 1000 (0.0481-
0.0016 or 1in 166 to 1in 21). The clinical features of these partic-
ipants are given in Supplementary Table 2.

DISCUSSION

These findings are similar to those in SLE (13,38) and Sjdgren
syndrome (14) but distinct from RA and PBC. Thus, supernumerary
X chromosomes are associated with some but not all sex-biased
autoimmune diseases. We conclude that individual autoimmune
diseases should be studied for X chromosome abnormalities. The
present study adds to the diseases in which an X chromosome
dose effect is present. Up to 15% of genes not in the pseudoauto-
somal regions escape X inactivation (39); therefore, the excess risk
in individuals with 47,XXY and 47 XXX is informative concerning the
differential risk associated with persons with 46,XX compared with
46,XY. That is, X chromosome biology mediates the sex bias of
some autoimmune diseases.

Interferon plays a role in the diseases associated with super-
numerary X chromosomes (12,40-43). Two genes lying on Xp,
Toll-like receptor 7 (TLR7) and CXorf21, both contain risk alleles
for autoimmune disease and escape X inactivation (17,44). TLR7
signaling is initiated by binding of RNA, induces interferon-a as
well as other cytokine production, and is involved in the patho-
genesis of SLE (45). Our recent data show that the TASL

TABLE 3. Participants with PM and DM with X chromosome aneuploidies

Diagnosis Sex chromosomes Autoantibody ILD Cancer Other

PM 47 XXY Anti-HMGCR No No

PM 47 XXY Anti-Jo1 No Lymphoma

PM 47 XXY IP result negative No Liver

DM 47 XXY Anti-U1TRNP No Nasopharyngeal Possible SSc overlap

DM 47 XXY IP result negative No Metastatic

DM 47 XXY Anti-UTRNP/U2RNP No Lung cancer

DM 47 XXY Anti-MI2, anti-UTRNP No No

PM 47 XXX Multiple® No No Sneddon syndrome,
possible lupus overlap

PM 47 XXX Anti-Pm-Scl No No Asbestosis history

Abbreviations: DM, dermatomyositis; HMGCR, 3-hydroxyl-3-methyl-glutaryl-coenzyme A reductase receptor; ILD, interstitial
lung disease; IP, immunoprecipitation; PM, polymyositis; SSc, systemic sclerosis.
@ ANA (antinuclear antibodies), anti-RNP (ribonuclear protein), anti-Sm (Smith), anti-SCL70 (anti-topoisomerase), anti-DNA, and

anti-FR (folate receptor).
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TABLE 4. X chromosome aneuploidies found among participants
with IBM

46,XY 47 XXY 46,XX 47 XXX

Women
IBM 113 1(0.88%)
Control 1345 0
Men
IBM 141 6 (4.1%)*
Control 1253 1 (0.08%)

Abbreviation: IBM, inclusion body myositis.
* P <0.00001 by Fisher's exact test (see text).

(or CXorf21) protein regulates lysosomal pH as well as interferon
and cytokine production in a sexually dimorphic manner (18,46).
The SLE-associated haplotype results in a cis expression quanti-
tative trait locus (eQTL) for CXorf21, which is an interferon
response gene and whose protein product co-localizes with
TLR7 (19). These independent studies find that sexually dimor-
phic expression of TASL in immune cells regulates innate immu-
nity (18,19). Thus, X chromosome aneuploidies are found in sex-
biased autoimmune diseases in which interferon is known to play
a role but are not found in diseases without a known role of
interferon.

The finding of increased KS among men with IBM is unex-
pected, in that this disease does not preferentially affect women
(47). Although a neurodegenerative pathogenesis has been pro-
posed (48), other studies support an autoimmune mechanism
with autoantibodies (49). Highly differentiated CD8* T cells infil-
trating muscle tissue behave similarly to natural killer cells (50).
Antigen-driven transformation of CD20" B cells into clonal
CD138" plasma cells and CD19* plasmablasts (48) led to the
detection of circulating autoantibodies, along with identification
of the target antigen as cytosolic 5’-nucleotidase 1A (NT5C1A)
(561). Presence of this autoantibody may identify a subset of
patients with IBM who are more likely to be female (51,52). Puri-
fied anti-NT5C1A antibodies cause modest myodegenerative
changes with protein aggregation (53). Thus, these findings impli-
cate an autoimmune etiology for a subset of patients. However,
type 2, not type 1, interferon may be a part of IBM pathogenesis
(43). Perhaps X chromosome aneuploidies are found among the
patients with IBM with autoimmunity, but this has not been borne
out in our results thus far.

There are limitations to the present study. Selection bias is a
possibility, but patients were recruited without exclusion or inclu-
sion criteria related to X chromosome aneuploidies. There is no
clinical phenotype of either 47, XXY or 47 XXX that would lead to
misclassification of participants with SSc or inflammatory myopa-
thy. We have studied the heterogeneity of single-nucleotide poly-
morphisms on the X chromosome to determine 47,XXY or
47 XXX. This approach will miss patients who have a duplicated
X chromosome from a nondisjunction in meiosis Il, which occurs
in about 15% of patients with KS. Thus, we might have missed
some patients with X chromosome abnormalities, and our

numbers can be considered a lower estimate of X chromosome
aneuploidies in these diseases.

We posit that our data demonstrate remarkable complexity
in the female sex bias of inflammatory disease as well as sex-
based differences in immune function. Thus far, diseases with evi-
dence of pathological involvement of type 1 interferon, or type
2 interferon in the case of IBM (43), show an X chromosome gene
dose effect. The present data extend these findings to SSc,
PM/DM, and IBM. Further investigation is needed to fully define
the mechanisms related to these findings.
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E. Lundberg (Rheumatology Unit, Department of Medicine, Karolinska
University Hospital, Karolinska Institutet, Stockholm, Sweden), Jiri
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First Faculty of Medicine, Charles University, Prague, Czech Republic),
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(Royal Adelaide Hospital and University of Adelaide, Adelaide, South
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of Neurology, Neuromuscular Reference Centre, Ghent University Hospi-
tal, Ghent, Belgium), Britta Maurer (Department of Rheumatology and
Center of Experimental Rheumatology, University Hospital Zurich, Zurich,
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