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ABSTRACT
Background Genetic deletions at Xp22.31 are
associated with the skin condition X linked ichthyosis
(XLI), and with a substantially increased risk of atrial
fibrillation/flutter (AF), in males. AF is associated with
elevated thrombosis, heart failure, stroke and dementia
risk.
Methods Through: (a) examining deletion carriers
with a diagnosis of AF in UK Biobank, (b) undertaking
an online survey regarding abnormal heart rhythms
(AHRs) in men/boys with XLI and female carriers of
XLI-associated deletions and (c) screening for association
between common genetic variants within Xp22.31 and
idiopathic AF-related conditions in UK Biobank, we have
investigated how AHRs manifest in deletion carriers,
and have identified associated risk factors/comorbidities
and candidate gene(s). Finally, we examined attitudes
towards heart screening in deletion carriers.
Results We show that AHRs may affect up to 35%
of deletion carriers (compared with <20% of age-
matched non-carriers), show no consistent pattern of
onset but may be precipitated by stress, and typically
resolve quickly and respond well to intervention.
Gastrointestinal (GI) conditions and asthma/anaemia
were the most strongly associated comorbidities in male
and female deletion carriers with AHR, respectively.
Genetic analysis indicated significant enrichment of
common AF risk variants around STS (7 065 298–7
272 682 bp in GRCh37/hg19 genome build) in males,
and of common GI disorder and asthma/anaemia risk
variants around PNPLA4 (7 866 804–7 895 780 bp)
in males and females, respectively. Deletion carriers
were overwhelmingly in favour of cardiac screening
implementation.
Conclusion Our data suggest AHRs are frequently
associated with Xp22.31 deletion, and highlight
subgroups of deletion carriers that may be prioritised for
screening. Examining cardiac function further in deletion
carriers, and in model systems lacking steroid sulfatase,
may clarify AF pathophysiology.

INTRODUCTION

Prenatal screening estimates indicate that genetic
deletions within Xp22.31 occur in around 1 in
1500 males and 1 in 750 females.1 2 Twenty-five
per cent to 60% of males carrying such variants are
diagnosed with X linked ichthyosis (XLI (MIM:
308100)), a dermatological condition characterised
by skin scaling and resulting from absence of the

WHAT IS ALREADY KNOWN ON THIS TOPIC
⇒ Deletions at Xp22.31 are associated with a
substantially increased likelihood of diagnosis
of atrial fibrillation/flutter in middle-aged
individuals, but how abnormal heart rhythms
(AHRs) manifest in this population is unclear.
WHAT THIS STUDY ADDS
⇒ We show that AHR in Xp22.31 deletion
carriers are common, comparatively mild,
largely responsive to treatment, tend to be
precipitated by stress, and are comorbid
with gastrointestinal conditions, asthma and
anaemia. We identify STS as a candidate gene
for AHR and PNPLA4 as a candidate gene for
comorbidities. We also show that deletion
carriers are in favour of cardiac screening.
HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY
⇒ The study guides future work in Xp22.31
deletion carriers and suggests that work in
steroid sulfatase-deficient model systems may
provide insights into the pathophysiology
of atrial fibrillation. The feasibility of cardiac
screening in individuals carrying Xp22.31
deletions or diagnosed with X linked ichthyosis
(particularly those exhibiting gastrointestinal
conditions, asthma or anaemia) might be
investigated.

steroid sulfatase (STS) enzyme.3 In males, typically
sized XLI deletions of 1.5–1.7 Mb are associated
with extracutaneous symptoms including: corneal
opacities,3 testicular maldescent,3 focal epilepsy,4
atopic disorders (asthma, eczema and allergic
rhinitis),5–7 aberrant haemostasis and fibrosis,8 and
increased neurodevelopmental and mood diagnoses/traits9; larger deletions (>2.5 Mb) can be
associated with more severe developmental issues.
Heterozygous female carriers can also show high
neurodevelopmental and mood traits, and around
60% experience delayed or prolonged labour
during childbirth, but these individuals do not
usually exhibit the physical (skin, eye and neurological) phenotypes seen in males.10
Using the large UK Biobank sample recruited
from the general population of the UK, we have
recently shown that middle-
aged men carrying
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METHODS
Comorbid conditions in carriers of Xp22.31 deletions and AF
in UK Biobank sample

The UK Biobank sample comprises almost half a million participants recruited between 2006 and 2010 at ages 40–69 years
from the UK general population for which anonymised genotype
and extensive phenotype data are available.19 Descriptive International Classification of Diseases 10th Revision (ICD-10) codes
2

and self-reported ‘blistering/desquamating disorder’ (ie, ichthyosis) diagnoses in Xp22.31 deletion carriers (0.8–2.5 Mb around
STS) from the UK Biobank sample were compared between individuals diagnosed with AF and those not diagnosed with AF.

Online survey
Participants

Adult (>18 years) men with a confirmed diagnosis of XLI, confirmed
adult female carriers and parents of boys with a confirmed diagnosis
of XLI were recruited via relevant charities, online patient support
groups and social media; diagnosis/carrier status was typically
confirmed on the basis of a combination of: family history, assessment of skin condition and biochemical/genetic testing. Participants
were directed to an online survey which was open from 2 September
to 22 December 2021, and anonymised data were returned to the
study team upon completion.

Survey structure

The survey was designed in Qualtrics20 and was available via a specific
URL. Participants were initially asked to provide basic demographic
information including their (or their son’s) age, country of residence
and ethnicity, before confirming the basis of their (or their son’s)
diagnosis/carrier status. Men with XLI, or parents of boys with XLI,
were then asked to rate their (or their son’s) skin severity across life
based on the Congenital Ichthyoses Severity Index (possible scores
2–8),21 and check whether their son(s) had been affected by any of
the following developmental conditions: testicular maldescent or a
neurodevelopmental/neurological condition. Participants were then
asked to specify if they (or their sons) had ever experienced, or been
diagnosed by a medical professional with, an AHR (and if so, to
specify the condition); they were also asked to check whether they
(or their sons) had been diagnosed with an array of other cardiovascular or metabolic conditions known to be risk factors/comorbidities for AF (online supplemental text 1), and to confirm whether or
not there was a family history of cardiovascular issues. There were
then a series of questions about the precipitants, nature, developmental course and severity of any self-reported heart arrhythmias
and their treatments. Finally, participants were presented with a
short vignette about the potential link between XLI and AF, and
the possible complications associated with AF (online supplemental
text 2) and were asked to rate the following statements on a 5-point
scale ranging from strongly disagree to strongly agree: ‘Do you
think that risk of AF in XLI males is a significant health concern?’,
‘Do you think that males should be screened for heart abnormalities
routinely following confirmation of XLI?’, ‘I believe that screening
for heart problems in XLI is a good use of healthcare funding’,
‘I would be happy to attend/bring my son to a doctor’s surgery/
hospital regularly for heart screening’, ‘I believe that knowing that
I/my son have a heart condition with possible adverse consequences
is preferable to not knowing’, ‘I believe that the benefits associated
with screening for, monitoring and treating any heart condition
outweigh their risks’ and ‘I require more information about the
relationship between XLI and heart conditions in order to make
any judgement about the benefit of screening’. Participants could
leave their email address if they wanted further information or were
happy to be recontacted.

Survey analysis

For each group, the proportion of individuals reporting AHRs
was calculated, and the nature of those abnormalities characterised. Subsequently, each participant group was divided into
individuals with and without self-reported AHRs, and the two
subgroups were then directly compared across demographic
Wren G, et al. J Med Genet 2022;0:1–8. doi:10.1136/jmg-2022-108862

J Med Genet: first published as 10.1136/jmg-2022-108862 on 15 November 2022. Downloaded from http://jmg.bmj.com/ on November 28, 2022 by guest. Protected by copyright.

deletions of 0.8–2.5 Mb within Xp22.31 (a region which escapes
X-inactivation in females11) are at significantly elevated (approximately fourfold) risk of being diagnosed with atrial fibrillation
and/or atrial flutter (AF) (but not other cardiovascular or metabolic conditions) compared with male non-carriers12; the excess
of AF diagnoses was not apparent in female deletion carriers,12
nor was it apparent in males with genetic duplication of the same
region.13 AF is the most common supraventricular arrhythmia,
and is characterised by dysregulated and chaotic twitching of
the atrium.14 The severity of the condition can vary from a
single, rapidly resolving incident, to recurrent, rapidly resolving
episodes (‘paroxysmal AF’), episodes resolving more slowly
(‘persistent AF’) or not resolving at all (‘permanent AF’).15
Xp22.31 deletions could potentially explain up to 1 in 300 cases
of AF in middle-aged men.15
AF can have significant effects on morbidity and mortality
with downstream consequences including: thrombosis due
to turbulent cardiac blood flow, embolism and stroke, as well
as dementia.16 Risk factors for idiopathic AF include: age and
heart tissue pathology (eg, arising due to hypertension, valvular
or congenital heart disease, pericarditis, cardiomyopathy and
diabetes), and the condition may be secondary to pulmonary
conditions such as asthma.14 Recent case reports in males with
XLI have described paroxysmal supraventricular tachycardia
with anaemia,17 and AF with kidney disease, type 2 diabetes
mellitus, hypertension and dyslipidaemia.18 AF is commonly
associated with the sensation of an irregular or very fast heartbeat even while at rest, with palpitations and chest pain, and
with breathlessness, fatigue and feelings of dizziness or faintness;
however, in some cases, AF is asymptomatic and may be picked
up incidentally during medical examinations or check-
ups.15
AF may be screened for, and diagnosed in, ‘at-risk’ individuals
through a combination of ECG and echocardiograms, chest
X-ray and blood tests.15
The purpose of the present study was fourfold. First, we
aged male and
aimed to identify comorbidities in middle-
female carriers of XLI-associated deletions in the UK Biobank
who had been diagnosed with AF. Second, we aimed to characterise abnormal heart rhythm (AHR)-related phenotypes and
comorbidities in men and boys with XLI, and in female carriers,
through an online survey. These initial analyses were intended to
enhance our understanding of the nature and course of, and risk
factors for, AF in individuals with Xp22.31 deletions with a view
to improving AF prediction within this genetic cohort. Convergent findings across our two distinct participant groups (UK
Biobank and online samples) would be expected to be robust and
generalisable. Third, we aimed to gauge opinion on screening for
cardiac abnormalities in patients with confirmed XLI/Xp22.31
deletion. Finally, we aimed to identify candidate genes within the
Xp22.31 deletion interval by screening for common risk variants
for idiopathic AF and associated conditions in the UK Biobank
sample; this would provide clues regarding biological mechanisms for any phenotype–genotype associations and would
suggest future studies geared towards clarifying these.
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Molecular genetics in UK Biobank sample

A total of 363 693 white British and Irish individuals remained
in our UK Biobank sample after removing related individuals
and those who have since chosen to withdraw from the study.
Diagnoses were coded according to ICD-10. The UK Biobank
contains 3 917 799 imputed SNPs on the X chromosome. These
imputed data were quality controlled (QC) by removing rare
SNPs with minor allele frequency <0.01, SNPs imputed with
poor accuracy (INFO <0.4) and SNPs with missing data proportion >0.05. The data were split into males and females. After
these QC steps, 262 278 SNPs in 195 638 females and 267 937
SNPs in 168 055 males remained for analysis.
First, SNPs in the region of interest (ChrX:6 435 064–8 414 482
GRCh37/hg19 genome build, that is, consensus deletion interval for
individuals with AF in UK Biobank) were extracted: 3966 and 4060
SNPs remain in females and males, respectively; individual SNPs with
−log10(p)>4.90 (p<1.26×10−5) or −log10(p)>4.91 (p<1.23×10–
5
) were regarded as significant following multiple testing correction
in females and males, respectively. We then ran multiple association
analyses between all SNPs in the region of interest with a number
of different phenotypes linked to AF. We investigated AF (ICD-10
code ‘I48’), stroke (ICD-10 code ‘I64’), acute myocardial infarction
(ICD-10 code ‘I21’), dementia (combined ICD-10 codes ‘F00–03’),
asthma (ICD-
10 code ‘J45’), anaemia (combined ICD-
10 codes
‘D50−52’) and gastrointestinal (GI) disorders (combined ICD-10
codes ‘K50−59’). The association analyses were run for each phenotype in males and females separately. Fifteen principal components,
array and age were included in the model as covariates. Finally, we
used MAGMA23 to run a gene-based analysis for the different association analyses to determine whether the SNPs within our region of
interest had an aggregate effect in a particular protein-coding gene.
The SNPs were annotated to genes using the gene location file from
the MAGMA website; this contains gene locations from protein-
coding genes obtained from the National Center for Biotechnology
Information (NCBI) site. SNPs within the transcription start and
stop sites were included. The mean Χ2 gene-based analysis was used
on the summary statistics from the association analyses, and unadjusted p values are presented.

Availability of data and materials

UK Biobank data are available upon application to that
resource.24 Online survey data generated or analysed during this
study are included in this published article and the online supplemental file 1, or are available from http://doi.org/10.17035/d.
2022.0230251614.

RESULTS
Comorbid conditions in carriers of Xp22.31 deletions
diagnosed with AF in UK Biobank

Of the 86 male Xp22.31 deletion carriers previously identified in
UK Biobank, 9 had been diagnosed with AF. These nine individuals, were on average, significantly older than the remaining 77
(age in 2016: 69.8±1.6 years vs 65.3±0.9 years, t[11.7]=2.40,
p=0.034), but the two groups did not differ with respect to
Wren G, et al. J Med Genet 2022;0:1–8. doi:10.1136/jmg-2022-108862

self-reported blistering/desquamating disorder diagnoses (1 of 9
(11%) vs 3 of 77 (4%), Fisher’s exact test p=0.36). In the nine
subjects with AF, the most common comorbid diagnoses were:
GI problems (viral intestinal infection in one individual, and non-
infective gastroenteritis and colitis in two individuals) and respiratory conditions (asthma in one individual and pneumonia in
two individuals). Comparison of the most common diagnoses in
the male deletion carrier AF versus non-AF group revealed that
only the prevalence of ‘non-infective gastroenteritis and colitis’
differed significantly between groups, being more common in
the former group (2 of 9 (22%) vs 1 of 77 (1%), p=0.028 Fisher’s exact test). Of the 312 female deletion carriers identified in
the UK Biobank, just 3 had been diagnosed with AF. All three
carriers diagnosed with AF displayed prominent cardiovascular
abnormalities and had also been diagnosed with left ventricular
failure. The other most common comorbidities in female carriers
with AF were dyspnoea (two individuals) and bone/joint conditions (rheumatoid arthritis in one patient and fracture in the
second); one individual diagnosed with AF presented with acute
renal failure and anaemia.

Online survey data
Comparison of demographics and comorbidities in individuals with
and without AHR

We recruited a total of 191 participants (43 adult men with
XLI, 79 female carriers and 69 boys with XLI), although not
all participants completed all aspects of the survey. The prevalence of self (or parent)-reported AHRs was similar across the
three groups (35% in adult men with XLI, 28% in adult female
carriers and 28% in boys with XLI); across the three groups,
individuals affected by AHRs and those unaffected did not
differ significantly with respect to age, country of residence and
ethnicity, although individuals experiencing AHRs tended to
be older on average (online supplemental table 1). Across both
male groups combined, severity of the skin condition did not
differ between those with AHR and those without (4.1±1.7 and
3.7±1.4, respectively, U=1092.0, z=−0.132, p=0.90). Boys
with AHR did not exhibit more developmental conditions than
those without (testicular maldescent: 20% vs 10%, respectively,
p=0.09; neurodevelopmental disorder: 27% vs 27%, respectively, p=1.0). Consistent with a possible genetic influence on
arrhythmia risk, males self-reporting AHRs were more likely to
endorse a family history of cardiovascular issues than males not
reporting (77% vs 46%, respectively, p=0.005); this pattern of
results was maintained when female carriers were also included
in the analysis (74% vs 49%, respectively, χ2(1)=8.88, p=0.003).
Of all the comorbid medical conditions assessed, only ‘gut
problem’ was significantly more frequently self-
reported in
males with AHR than males without (OR: 7.0; 95% CI: 1.3 to
38.4, p=0.022). ‘Heart murmur’ (OR >10, p=0.005), anaemia
(OR: 5.0; 95% CI: 1.5 to 17.2, p=0.011) and asthma (OR:
5.0; 95% CI: 1.3 to 18.2, p=0.017) were all significantly more
common in female carriers reporting heart rhythm abnormalities than in those without. When adult/young male, and female
deletion-carrying groups were all combined, four medical conditions were significantly more common in AHR than in non-
AHR groups: ‘heart valve disease or malformation’ (OR: 10.6
(95% CI: 1.2 to 97.4), p=0.025), ‘anaemia’ (OR: 3.2 (95% CI:
1.1 to 8.7), p=0.027), ‘asthma’ (OR: 2.9 (95% CI: 1.3 to 6.4),
p=0.010) and ‘gut problem’ (OR: 4.9 (95% CI: 1.7 to 14.3),
p=0.004); of these, only ‘gut problem’ survived Benjamini-
Hochberg False Discovery Rate correction (adjusted p=0.1)
(online supplemental table 2A,B).
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measures and medical phenotypes to identify factors co-
segregating with heart arrhythmias within these populations.
Continuous variables were compared between groups with
unpaired t-test or Mann-Whitney U test depending on normality
of the data, and categorical data were analysed by Χ2 or Fisher’s exact test; ORs are presented as a measure of effect size.
Where multiple medical phenotypes were assessed, Benjamini-
Hochberg False Discovery Rate correction was applied.22

Genotype-p henotype correlations

Nature of rhythm abnormalities in individuals with AHR

In adult men, AF had been diagnosed by a medical professional
in 60% of individuals with AHR, and tachycardia in 27%. Thirty
per cent of female carriers with AHR had been diagnosed with
AF, and 60% with tachycardia. In boys with XLI and AHR, 53%
had been diagnosed with tachycardia, 40% with bradycardia and
20% with AF.
Stress was cited in the top three precipitating factors for AHR
across all three groups (referred to as a precipitant by 42% of
men with XLI, 45% of female carriers and 14% of parents of
boys with XLI); other precipitants were less-consistently identified but included ‘no obvious cause’ (men and boys with XLI),
‘exercise’ (female carriers) and ‘increased body temperature’
(boys with XLI) (online supplemental table 3). There was no clear
pattern as to when AHRs onset during the day across all three
groups (online supplemental table 4). For the majority of participants who provided responses, AHRs resolved spontaneously
4

within 12 hours (82% of men with XLI, 85% female carriers and
82% boys with XLI), and often within 1 hour (36%, 61% and
55%, respectively). Where interventional strategies (typically
breathing exercises) were required, their success was reported as
being good (>5 out of 10) in 61% of males with XLI, in 100%
of female carriers and in 86% of boys with XLI.

Response to the vignette
A total of ≥80% of men with XLI (figure 1A) and female carriers
(figure 1B) agreed or strongly agreed that: (1) risk of AF in XLI
was a significant health concern, (2) cardiac screening should
be routinely performed following confirmation of XLI, (3)
screening for heart problems in XLI is a good use of healthcare funding, (4) they would be happy attending, or bringing
their child to attend, heart screening appointments, (5) they
would prefer to be made aware of potentially adverse medical
Wren G, et al. J Med Genet 2022;0:1–8. doi:10.1136/jmg-2022-108862
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Figure 1 Responses to the vignette in adult men with XLI (n=21) (A) and adult female carriers (n=58) (B). AF, atrial fibrillation/flutter; XLI, X linked
ichthyosis.
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Males

Females

Gene

Start (bp)

Stop (bp)

NSNPs

NParam

P value

NSNPs

NParam

P value

VCX3A

6 451 659

6 453 159

5

3

0.229

5

3

0.745

HDHD1

6 966 961

7 066 231

225

12

0.061

223

13

0.983

STS

7 065 298

7 272 682

343

20

0.041*

336

20

0.793

VCX

7 810 303

7 812 184

4

2

0.639

3

2

0.259

PNPLA4

7 866 804

7 895 780

39

6

0.633

39

6

0.278

VCX2

8 137 985

8 139 308

11

4

0.444

8

3

0.444

*P<0.05.
NParam, the number of relevant parameters used in the model (essentially the number of independent SNPs in the gene); NSNPs, the number of SNPs in the data annotated to
the gene.

conditions to not know, and (6) the potential benefits of heart
screening outweighed the risks. Fewer than 50% of individuals
from these two groups stated that they required further information regarding the link between XLI and heart arrhythmias.

Molecular genetic analyses

Across all conditions, only two closely linked individual SNPs
(rs141750978;chrX:7 934 924 and rs2051996;chrX:7 933 380
GRCh37/h19 genome build) exceeded the threshold for significant association (p=2.24×10−6 and 2.39×10−6, respectively),
and this was with GI disorders in males (42 680 cases (25.4%)
vs 125 375 controls (74.6%)). These SNPs are located closest
to the PNPLA4 transcriptional start site25 and show evidence
for gene expression correlation with PNPLA4 in small intestine
terminal ileum (effect size 0.15, p=0.009).26 Gene-based analysis suggested a nominally significant association between STS
(chrX:7 065 298–7 272 682, GRCh37/h19 genome build) and
AF in males (4556 cases (2.7%) vs 163 499 controls (97.3%),
p=0.041) but not in females (2144 cases (1.1%) vs 193 494
controls (98.9%), p=0.793) (table 1 and figure 2). No significant gene-based associations were identified in either males or
females for stroke, acute myocardial infarction or dementia.
Nominally significant associations between PNPLA4 and asthma
(p=0.040) and anaemia (p=0.013) were noted in females only.
Finally, gene-
based analysis suggested significant associations
between VCX3A, VCX, PNPLA4 and VCX2 genes and GI conditions in males only (p values between 0.018 and 0.044). Gene-
based analysis results for medical conditions related to AF are
presented in online supplemental tables 5–10.

DISCUSSION

Using the UK Biobank sample, we previously showed that
approximately 10% of middle-aged men carrying Xp22.31 deletions had been diagnosed with AF, a prevalence around four
times than that in the non-carrier male population.12 Theoretically, the increased prevalence of AF in male Xp22.31 deletion
carriers might have been due to the administration of retinoid-
derived medications sometimes used to treat severe skin scaling
which can have extensive side-effect profiles.27 28 However, <5%
of male Xp22.31 deletion carriers within UK Biobank reported
being formally diagnosed with ichthyosis, AHRs are not typically reported as a side effect of acitretin/(iso)tretinoin administration,27 29 and no male deletion carriers within the UK Biobank
sample self-reported receiving acitretin or (iso)tretinoin treatment. Therefore, it is likely that the Xp22.31 deletion somehow
confers a biological predisposition to AF. In the present study, we
aimed to characterise the features and causes of cardiac rhythm
Wren G, et al. J Med Genet 2022;0:1–8. doi:10.1136/jmg-2022-108862

abnormalities associated with this genetic variant more fully. We
also aimed to investigate the acceptability of cardiac screening
for deletion carriers.
Our online survey suggested self-reported AHRs in 28%–35%
of male and female carriers of Xp22.31 deletions, and, consistent with this, many affected carriers had received a cardiac
arrhythmia-related diagnosis from a medical professional and
reported a family history of cardiovascular issues. This prevalence figure is likely higher than the 10% figure reported previously as it includes multiple causes of AHR in addition to AF
and may include subclinical and undiagnosed cases; on the one
hand, true prevalence rates may be underestimated given that
only perceptible and symptomatic AHRs can be self-reported,
but on the other hand, reported rates may be somewhat overinflated due to response bias. While we acknowledge the limitations of self-reported data on AHRs (eg, possible misreporting
by participants and challenges associated with parental reporting
on their sons’ experiences), this assessment method allows interrogation of comparatively large samples and provides information on AHRs occurring at time points across the lifespan as
opposed to temporally restricted clinical monitoring via, for
example, ECG. While AHR prevalence rates across the three
online samples appear broadly similar, we note that the expected
pattern of data was obtained, that is, highest rate (and worst
response to intervention) in older, hemizygous males and lower
rates (and better intervention responses) in heterozygous females
and younger males. The prevalence of AHRs in our deletion-
carrying population appears elevated compared with that in
non-carrier samples, for example, arrhythmia was self-reported
in 13.3% of men and 21.9% of women aged 40–49 years in
a large European general population sample previously30 and
cardiac arrhythmias of any type were detected in 17.2% of
>10 000 general dentistry patients.31 Conceivably, the novelty
of the confirmed XLI–cardiac arrhythmia association, the apparently non-impairing and sporadic nature of AHRs in individuals
with XLI/female carriers, and the fact that individuals with XLI
are typically managed by clinicians without significant expertise
in cardiology may explain why high rates of AHRs within XLI
populations have not been recognised previously.
So far as we could determine and bearing in mind lack of
power, there was no clear relationship between heart rhythm
abnormalities and the severity or presence of other features
commonly associated with XLI (skin condition, testicular
maldescent, neurodevelopmental disorders) implying partially
dissociable causes. Our data suggest that, as with idiopathic
cardiac arrhythmias, the prevalence of AHR within the Xp22.31
deletion population increases with age. They also indicate that
5
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Table 1 A gene-based analysis of SNPs associated with atrial fibrillation/flutter in the consensus Xp22.31 deletion interval in males (4556 cases vs
163 499 controls) and females (2144 cases vs 193 494 controls) from the UK Biobank
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AHRs in Xp22.31 deletion carriers typically resolve quickly and
respond well to intervention where this is required. The most
commonly reported precipitant within this subpopulation was
psychological and/or physiological stress.
Gene-based analyses suggested an aggregate effect of SNPs
within STS on male (but not female) risk of idiopathic AF. These
genetic findings, in combination with: (a) our finding of high
rates of AHR in female carriers not affected by XLI and boys
unlikely to have been on long-term medication, and (b) medication not being reported as a significant contributor to AHR
in males with XLI, provide further evidence against the idea
that elevated rates of AHR in Xp22.31 deletion carriers are a
secondary consequence of pharmacotherapy but instead support
the idea of a biological predisposition to risk.
STS deficiency appears a strong functional candidate for
AF risk in Xp22.31 deletion carriers given that STS is highly
6

expressed in adult arterial vasculature and at a lower level in
the atrial appendage.32 Systemic inhibition of the STS enzyme in
a cohort of 10 patients with early breast cancer prescreened to
exclude a history of cardiac arrhythmia resulted in three grade 2
adverse events (two related to abnormal ECG and one to tachycardia) and one grade 1 adverse event (prolonged QT).33 The
STS enzyme affects cardiac valve function34 and fibrotic pathways,8 15 35 and regulates androgen and oestrogen production
and the balance between sulfated and non-
sulfated steroids
such as dehydroepiandrosterone sulfate (DHEAS) and DHEA.36
DHEA(S) levels correlate with AF risk in older men in some
studies,12 and levels of these hormones (and the DHEA:DHEAS
ratio) increase upon acute psychosocial stress, with the increase
in levels correlating with the stress-induced increase in heart
rate.37
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Figure 2 LocusZoom plots showing the SNPs most significantly associated with atrial fibrillation/flutter in the Xp22.31 deletion consensus interval in
males (A) and females (B).

Genotype-p henotype correlations

Twitter Georgina Wren @WrenGeorginaCU, Emily Baker @EmB1105, Jack
Underwood @JFGUnderwood, Andrew Thompson @ProfARThompson, George Kirov
@GeorgeKirov1, Valentina Escott-Price @ValentinaEPrice and William Davies @
DrWillDavies77
Acknowledgements We would like to thank participants in UK Biobank and
respondents to our survey, administrators of various social media sites, and the
following organisations who aided with advertisement of the study and recruitment
of participants: Ichthyosis Support Group UK, Foundation for Ichthyosis and
Related Skin Types (FIRST) (USA), DermNet New Zealand Trust and the British Skin
Foundation.
Wren G, et al. J Med Genet 2022;0:1–8. doi:10.1136/jmg-2022-108862

Contributors GW developed online survey and analysed data. EB performed
association analyses with supervision from VE-P. JU and GK called CNVs in UK
Biobank. TH and AT developed the online survey. WD conceived the study, developed
the online survey and analysed data, and wrote the first draft. All authors revised the
manuscript and approved submission of the final version. WD is guarantor for this
study and accepts full responsibility for the work and/or the conduct of the study,
had access to the data, and controlled the decision to publish.
Funding This work was supported by a Cardiff University School of Psychology
PhD studentship to GW, UK Dementia Research Institute (supported by
the Medical Research Council (UKDRI-3003), Alzheimer’s Research UK and
Alzheimer’s Society) funding to EB, a Wellcome Trust GW4-CAT Clinical Doctoral
Fellowship (222849/Z/21/Z) to JU, and the Medical Research Council Centre for
Neuropsychiatric Genetics and Genomics (centre grant number MR/L010305/1).
Disclaimer The funding bodies had no role in the design of the study and
collection, analysis and interpretation of data and in writing the manuscript.
Competing interests None declared.
Patient consent for publication Not required.
Ethics approval This study involves human participants. This research has been
conducted using the UK Biobank resource under application numbers 14421 and
15175; ethical approval for UK Biobank was granted by the North West Multicentre
Ethics Committee, UK under Research Ethics Committee approval number 11/
NW/0382. The online survey was ethically approved by Cardiff University School of
Psychology Ethics Committee (EC.21.07.13.6374R), and participants provided online
informed consent for participation and publication of anonymised data.
Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available as follows: UK Biobank data
are available upon application to that resource. Online survey data generated
or analysed during this study are included in this published article and its online
supplemental files, or are available from https://doi.org/10.17035/d.2022.
0230251614.
Supplemental material This content has been supplied by the author(s). It
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.
Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.0/.
ORCID iDs
Georgina Wren http://orcid.org/0000-0001-9179-136X
Emily Baker http://orcid.org/0000-0001-5691-597X
Jack Underwood http://orcid.org/0000-0003-1731-6039
Trevor Humby http://orcid.org/0000-0002-1840-1799
Andrew Thompson http://orcid.org/0000-0001-6788-7222
George Kirov http://orcid.org/0000-0002-3427-3950
Valentina Escott-Price http://orcid.org/0000-0003-1784-5483
William Davies http://orcid.org/0000-0002-7714-2440

REFERENCES

1 Craig WY, Roberson M, Palomaki GE, Shackleton CHL, Marcos J, Haddow JE.
Prevalence of steroid sulfatase deficiency in California according to race and ethnicity.
Prenat Diagn 2010;30:893–8.
2 Langlois S, Armstrong L, Gall K, Hulait G, Livingston J, Nelson T, Power P, Pugash D,
Siciliano D, Steinraths M, Mattman A. Steroid sulfatase deficiency and contiguous
gene deletion syndrome amongst pregnant patients with low serum unconjugated
estriols. Prenat Diagn 2009;29:966–74.
3 Fernandes NF, Janniger CK, Schwartz RA. X-linked ichthyosis: an oculocutaneous
genodermatosis. J Am Acad Dermatol 2010;62:480–5.
4 Myers KA, Simard-Tremblay E, Saint-Martin C. X-linked familial focal epilepsy
associated with Xp22.31 deletion. Pediatr Neurol 2020;108:113–6.
5 Hand JL, Runke CK, Hodge JC. The phenotype spectrum of X-linked ichthyosis
identified by chromosomal microarray. J Am Acad Dermatol 2015;72:617–27.
6 Harangi F, Morava E, Adonyi M. Occurrence of X-linked ichthyosis along with atopy.
Orv Hetil 2000;141:1301–3.

7

J Med Genet: first published as 10.1136/jmg-2022-108862 on 15 November 2022. Downloaded from http://jmg.bmj.com/ on November 28, 2022 by guest. Protected by copyright.

Despite the UK Biobank and online samples having different
ascertainment biases and characteristics, they provided
converging evidence that GI problems, asthma and anaemia are
the comorbidities most closely associated with AHR in deletion carriers, with GI issues more prominent in male carriers
with AHR, and asthma and anaemia more strongly comorbid
in female deletion carriers. GI issues are increasingly being
recognised as contributors to AF risk via multiple plausible pathways.38 Our genetic analyses provide information pertinent to
these sex-specific comorbidity effects. Specifically, they implicate PNPLA4 in asthma and anaemia risk in females only, and
PNPLA4 in GI disorder risk in males only. PNPLA4 (previously
known as GS2 and iPLA2eta) encodes an enzyme with triacylglycerol lipase and acylglycerol transacylase activities,39 which
may play a role in mitochondrial respiratory chain complex function40; PNPLA4 deficiency could feasibly contribute to the lipid
metabolism and mitochondrial abnormalities associated with
asthma,41 42 anaemia43 44 and GI disorders.45 46 We speculate that
loss of PNPLA4 in female Xp22.31 deletion carriers may predispose to asthma/anaemia while in males loss of PNPLA4 may
predispose to GI issues, and that these medical vulnerabilities
may exacerbate any AHR risk incurred as a consequence of STS
deficiency. Potentially, effective treatment of GI issues and atopic
conditions/anaemia in male and female deletion carriers, respectively, could reduce AHR risk. We did not identify any genetic
signatures within Xp22.31 associated with possible downstream
consequences of AF including stroke, acute myocardial infarction and dementia; this may be because common variants within
Xp22.31 contribute marginally towards AF risk, and AF, in turn,
only contributes to the pathogenesis of a relatively small fraction
of stroke, acute myocardial infarction and dementia cases.
Work in relevant in vitro (eg, cardiomyocyte/neuronal
cultures derived from stem cells from patients with XLI) and in
vivo models (eg, Sts-deficient mice), in combination with more
focused clinical analyses in Xp22.31 deletion carriers guided by
the preliminary results presented here, should clarify the physiological, cellular and molecular mechanism(s) through which
genetic variants at Xp22.31 affect risk of AF and other relevant
medical conditions. In turn, this should lead to better-informed
genetic counselling for deletion carriers.
We have shown that individuals with XLI (or female carriers
of associated genetic deletions) are strongly in favour of
cardiac screening shortly after diagnosis to mitigate long-term
health consequences associated with AHRs for them and their
offspring. As such, the utility and viability of screening within
these populations, and particularly in individuals with comorbid
GI disorders, asthma or anaemia where clinical prognosis
appears worse,47 48 should be investigated. Our results further
indicate that routine targeted cardiac screening of both male and
female Xp22.31 deletion carriers may be warranted, irrespective
of whether they present with XLI-associated phenotypes or not.
Such an approach may identify individuals requiring early clinical intervention to mitigate later-life adverse outcomes.

Genotype-p henotype correlations

8

30 Løchen ML. The Tromsø study: associations between self-reported arrhythmia,
psychological conditions, and lifestyle. Scand J Prim Health Care 1991;9:265–70.
31 Little JW, Simmons MS, Kunik RL, Rhodus NL, Merry JW. Evaluation of an EKG system
for the dental office. Gen Dent 1990;38:278–81.
32 GTEx Portal. Available: https://gtexportal.org/home/ [Accessed 02 Aug 2022].
33 Palmieri C, Szydlo R, Miller M, Barker L, Patel NH, Sasano H, Barwick T, Tam H,
Hadjiminas D, Lee J, Shaaban A, Nicholas H, Coombes RC, Kenny LM. IPET study: an
FLT-PET window study to assess the activity of the steroid sulfatase inhibitor irosustat
in early breast cancer. Breast Cancer Res Treat 2017;166:527–39.
34 Aguado BA, Walker CJ, Grim JC, Schroeder ME, Batan D, Vogt BJ, Rodriguez
AG, Schwisow JA, Moulton KS, Weiss RM, Heistad DD, Leinwand LA, Anseth KS.
Genes that escape X chromosome inactivation modulate sex differences in valve
myofibroblasts. Circulation 2022;145:513–30.
35 Humby T, Davies W. Brain gene expression in a novel mouse model of postpartum
mood disorder. Transl Neurosci 2019;10:168–74.
36 Reed MJ, Purohit A, Woo LWL, Newman SP, Potter BVL. Steroid sulfatase: molecular
biology, regulation, and inhibition. Endocr Rev 2005;26:171–202.
37 Lennartsson A-K, Kushnir MM, Bergquist J, Jonsdottir IH. Dhea and DHEA-S response
to acute psychosocial stress in healthy men and women. Biol Psychol 2012;90:143–9.
38 Long MT, Ko D, Arnold LM, Trinquart L, Sherer JA, Keppel S-S, Benjamin EJ, Helm RH.
Gastrointestinal and liver diseases and atrial fibrillation: a review of the literature.
Therap Adv Gastroenterol 2019;12:1756284819832237.
39 Jenkins CM, Mancuso DJ, Yan W, Sims HF, Gibson B, Gross RW. Identification,
cloning, expression, and purification of three novel human calcium-independent
phospholipase A2 family members possessing triacylglycerol lipase and acylglycerol
transacylase activities. J Biol Chem 2004;279:48968–75.
40 Kohda M, Tokuzawa Y, Kishita Y, Nyuzuki H, Moriyama Y, Mizuno Y, Hirata
T, Yatsuka Y, Yamashita-Sugahara Y, Nakachi Y, Kato H, Okuda A, Tamaru S,
Borna NN, Banshoya K, Aigaki T, Sato-Miyata Y, Ohnuma K, Suzuki T, Nagao A,
Maehata H, Matsuda F, Higasa K, Nagasaki M, Yasuda J, Yamamoto M, Fushimi
T, Shimura M, Kaiho-Ichimoto K, Harashima H, Yamazaki T, Mori M, Murayama
K, Ohtake A, Okazaki Y. A comprehensive genomic analysis reveals the genetic
landscape of mitochondrial respiratory chain complex deficiencies. PLoS Genet
2016;12:e1005679.
41 Li W-J, Zhao Y, Gao Y, Dong L-L, Wu Y-F, Chen Z-H, Shen H-H. Lipid metabolism
in asthma: immune regulation and potential therapeutic target. Cell Immunol
2021;364:104341.
42 Qian L, Mehrabi Nasab E, Athari SM, Athari SS. Mitochondria signaling pathways in
allergic asthma. J Investig Med 2022;70:863–82.
43 Li J, Bao W, Zhang T, Zhou Y, Yang H, Jia H, Wang R, Cao Y, Xiao C. Independent
relationship between serum ferritin levels and dyslipidemia in Chinese adults: a
population study. PLoS One 2017;12:e0190310.
44 Gao J, Zhou Q, Wu D, Chen L. Mitochondrial iron metabolism and its role in diseases.
Clin Chim Acta 2021;513:6–12.
45 Shores DR, Binion DG, Freeman BA, Baker PRS. New insights into the role of fatty
acids in the pathogenesis and resolution of inflammatory bowel disease. Inflamm
Bowel Dis 2011;17:2192–204.
46 Ho G-T, Theiss AL. Mitochondria and inflammatory bowel diseases: toward a stratified
therapeutic intervention. Annu Rev Physiol 2022;84:435–59.
47 Krittayaphong R, Pumprueg S, Thongsri T, Wiwatworapan W, Choochunklin T,
Kaewkumdee P, Yindeengam A, COOL-AF Investigators. Impact of anemia on clinical
outcomes of patients with atrial fibrillation: the COOL-AF registry. Clin Cardiol
2021;44:415–23.
48 Cepelis A, Brumpton BM, Malmo V, Laugsand LE, Loennechen JP, Ellekjær H,
Langhammer A, Janszky I, Strand LB. Associations of asthma and asthma control with
atrial fibrillation risk: results from the Nord-Trøndelag health study (Hunt). JAMA
Cardiol 2018;3:721–8.

Wren G, et al. J Med Genet 2022;0:1–8. doi:10.1136/jmg-2022-108862

J Med Genet: first published as 10.1136/jmg-2022-108862 on 15 November 2022. Downloaded from http://jmg.bmj.com/ on November 28, 2022 by guest. Protected by copyright.

7 Sakura N, Nishimura S, Matsumoto T, Ohsaki M, Ogata T. Allergic disease as an
association of steroid sulphatase deficiency. J Inherit Metab Dis 1997;20:807–10.
8 Brcic L, Wren GH, Underwood JFG, Kirov G, Davies W. Comorbid medical issues in
X-linked ichthyosis. JID Innov 2022;2:100109.
9 Chatterjee S, Humby T, Davies W. Behavioural and psychiatric phenotypes in men and
boys with X-linked ichthyosis: evidence from a worldwide online survey. PLoS One
2016;11:e0164417.
10 Cavenagh A, Chatterjee S, Davies W. Behavioural and psychiatric phenotypes in
female carriers of genetic mutations associated with X-linked ichthyosis. PLoS One
2019;14:e0212330.
11 Tukiainen T, Villani A-C, Yen A, Rivas MA, Marshall JL, Satija R, Aguirre M, Gauthier
L, Fleharty M, Kirby A, Cummings BB, Castel SE, Karczewski KJ, Aguet F, Byrnes
A, Lappalainen T, Regev A, Ardlie KG, Hacohen N, MacArthur DG. Landscape of X
chromosome inactivation across human tissues. Nature 2017;550:244–8.
12 Brcic L, Underwood JF, Kendall KM, Caseras X, Kirov G, Davies W. Medical and
neurobehavioural phenotypes in carriers of X-linked ichthyosis-associated genetic
deletions in the UK Biobank. J Med Genet 2020;57:692–8.
13 Gubb SJA, Brcic L, Underwood JFG, Kendall KM, Caseras X, Kirov G, Davies W.
Medical and neurobehavioural phenotypes in male and female carriers of Xp22.31
duplications in the UK Biobank. Hum Mol Genet 2020;29:2872–81.
14 Brundel BJJM, Ai X, Hills MT, Kuipers MF, Lip GYH, de Groot NMS. Atrial fibrillation.
Nat Rev Dis Primers 2022;8.
15 Wren G, Davies W. Sex-linked genetic mechanisms and atrial fibrillation risk. Eur J
Med Genet 2022;65:104459.
16 Chopard R, Piazza G, Gale SA, Campia U, Albertsen IE, Kim J, Goldhaber SZ. Dementia
and atrial fibrillation: pathophysiological mechanisms and therapeutic implications.
Am J Med 2018;131:1408–17.
17 Maki Y, Takeichi T, Kono M, Tanaka Y, Akiyama M. Case of mild X-linked ichthyosis
complicated with paroxysmal supraventricular tachycardia and anemia. J Dermatol
2018;45:e275–6.
18 Lam S, Hultin S, Preston J, Campbell S. Temporal change in blood group after bone
marrow transplant: a case of successful ABO-incompatible deceased donor transplant.
Case Rep Transplant 2020;2020:1–4.
19 Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, Motyer A, Vukcevic D,
Delaneau O, O’Connell J, Cortes A, Welsh S, Young A, Effingham M, McVean G, Leslie
S, Allen N, Donnelly P, Marchini J. The UK Biobank resource with deep phenotyping
and genomic data. Nature 2018;562:203–9.
20 Qualtrics. Available: https://www.qualtrics.com [Accessed 02 Aug 2022].
21 Kamalpour L, Rice ZP, Pavlis M, Veledar E, Chen SC. Reliable methods to evaluate the
clinical severity of ichthyosis. Pediatr Dermatol 2010;27:148–53.
22 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful
approach to multiple testing. J R Stat Soc Series B Stat Methodol 1995;57:289–300.
23 de Leeuw CA, Mooij JM, Heskes T, Posthuma D. MAGMA: generalized gene-set
analysis of GWAS data. PLoS Comput Biol 2015;11:e1004219.
24 UK Biobank. Available: https://www.ukbiobank.ac.uk [Accessed 02 Aug 2022].
25 Open Targets Genetics. Available: https://genetics.opentargets.org/ [Accessed 02 Aug
2022].
26 Ensembl. Available: https://www.ensembl.org/index.html [Accessed 02 Aug 2022].
27 Ormerod AD, Campalani E, Goodfield MJD, BAD Clinical Standards Unit. British
association of dermatologists guidelines on the efficacy and use of acitretin in
dermatology. Br J Dermatol 2010;162:952–63.
28 Ward A, Brogden RN, Heel RC, Speight TM, Avery GS. Isotretinoin. A review of its
pharmacological properties and therapeutic efficacy in acne and other skin disorders.
Drugs 1984;28:6–37.
29 Ghanshani S, Chen C, Lin B, Zhou H, Lee M-S. Isotretinoin and risk of cardiovascular
events in adults with acne: a population-based retrospective cohort study. Am J Clin
Dermatol 2021;22:267–74.

