Received: 14 December 2023

Revised: 8 February 2024

W) Check for updates

Accepted: 4 March 2024

DOI: 10.1111/gbb.12893

ORIGINAL ARTICLE

and Behavior

Memory, mood and associated neuroanatomy in individuals
with steroid sulphatase deficiency (X-linked ichthyosis)

Georgina H. Wren?

Andrew R. Thompson '

School of Psychology, Cardiff University,
Cardiff, UK

2Division of Psychological Medicine and
Clinical Neurosciences and Centre for
Neuropsychiatric Genetics and Genomics,
School of Medicine, Cardiff University,
Cardiff, UK

3Neuroscience and Mental Health Innovation
Institute, Cardiff University, Cardiff, UK

4South Wales Clinical Psychology Doctoral
Programme, Cardiff and Vale University Health
Board, Cardiff, UK

Correspondence

William Davies, Cardiff University Schools of
Psychology and Medicine, Tower Building,
70, Park Place, Cardiff CF10 3AT, UK.

Email: daviesw4@cardiff.ac.uk

Funding information

School of Psychology, Cardiff University;
School of Medicine, Cardiff University;
Wellcome Trust, Grant/Award Number:
222849/7/21/2

| Jessica Flanagan? | Jack F. G. Underwood?? |

1,2,3

Trevor Humby? |  William Davies

Abstract

Steroid sulphatase (STS) cleaves sulphate groups from steroid hormones, and ste-
roid (sulphate) levels correlate with mood and age-related cognitive decline. In ani-
mals, STS inhibition or deletion of the associated gene, enhances memory/
neuroprotection and alters hippocampal neurochemistry. Little is known about the
consequences of constitutive STS deficiency on memory-related processes in
humans. We investigated self-reported memory performance (Multifactorial Mem-
ory Questionnaire), word-picture recall and recent mood (Kessler Psychological
Distress Scale, K10) in adult males with STS deficiency diagnosed with the derma-
tological condition X-linked ichthyosis (XLI; n = 41) and in adult female carriers of
XLI-associated genetic variants (n = 79); we compared results to those obtained
from matched control subjects [diagnosed with ichthyosis vulgaris (IV, n = 98) or
recruited from the general population (n = 250)]. Using the UK Biobank, we com-
pared mood/memory-related neuroanatomy in carriers of genetic deletions encom-
passing STS (n = 28) and non-carriers (h = 34,522). We found poorer word-picture
recall and lower perceived memory abilities in males with XLI and female carriers
compared with control groups. XLI-associated variant carriers and individuals with
IV reported more adverse mood symptoms, reduced memory contentment and
greater use of memory aids, compared with general population controls. Mood and
memory findings appeared largely independent. Neuroanatomical analysis only
indicated a nominally-significantly larger molecular layer in the right hippocampal
body of deletion carriers relative to non-carriers. In humans, constitutive STS defi-
ciency appears associated with mood-independent impairments in memory but not
with large effects on underlying brain structure; the mediating psychobiological
mechanisms might be explored further in individuals with XLI and in new mamma-

lian models lacking STS developmentally.

KEYWORDS
dehydroepiandrosterone sulphate, globus pallidus, hippocampus, online survey, Xp22.31

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Authors. Genes, Brain and Behavior published by International Behavioural and Neural Genetics Society and John Wiley & Sons Ltd.

Genes, Brain and Behavior. 2024;23:€12893.
https://doi.org/10.1111/gbb.12893

wileyonlinelibrary.com/journal/gbb 10of9


https://orcid.org/0000-0001-9179-136X
https://orcid.org/0000-0003-1731-6039
https://orcid.org/0000-0001-6788-7222
https://orcid.org/0000-0002-1840-1799
https://orcid.org/0000-0002-7714-2440
mailto:daviesw4@cardiff.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/gbb
https://doi.org/10.1111/gbb.12893
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgbb.12893&domain=pdf&date_stamp=2024-05-05

20f9 Genes, Brain

WREN ET AL.

and Behavior

1 | INTRODUCTION

The steroid sulphatase (STS) enzyme cleaves sulphate groups from a
variety of steroid hormones (e.g., dehydroepiandrosterone sulphate,
DHEAS), thereby altering their solubility and/or activity.! There is
some evidence from animal models for an association between STS
activity, memory, hippocampal neurochemistry and neuroprotection.
In adult rats, acute pharmacological inhibition of STS reverses
scopolamine-induced amnesia in a passive avoidance test and
improves learning and memory performance in the Morris Water
Maze?™* possibly via initial elevated peripheral DHEAS levels® and/or
downstream hippocampal acetylcholine release.® More recently, acute
intra-hippocampal and peripheral infusion of STS inhibitor in rodents
was found to reduce spatial learning and memory impairments, hippo-
campal electrophysiological abnormalities and hippocampal synaptic
plasticity changes induced as a consequence of intra-hippocampal
administration of amyloid beta oligomers”'%; longer-term oral adminis-
tration of the STS inhibitor STX-64 alleviated memory impairments
and hippocampal and cortical neuropathology in a genetic mouse
model of relevance to Alzheimer's disease (AD).” Intriguingly, worms
lacking the STS orthologue sul-2 (or in which sul-2 was acutely inhib-
ited) exhibited enhanced longevity as well as some degree of protec-
tion against AD-related pathology.” Our previous work in 39,XY°O
male mice, in which the Sts gene and a small number of adjacent pseu-
doautosomal genes are deleted as a consequence of an end-to-end
fusion of the X and Y chromosomes, showed markedly altered hippo-
campal serotonergic neurochemistry relative to wildtype controls, but
no clear differences from controls with respect to performance on
hippocampal-dependent foraging and ‘object-in-place’ tasks.”°
39,XY"O mice also show substantially altered hippocampal expression
of C1qc,'! a gene encoding the C-chain of the C1q complex implicated
in  synaptic pruning during neurodevelopment, ageing and
neurodegeneration.??13

In humans, deletion copy number variants (CNVs) at Xp22.31
encompassing STS (present in approximately 1 in 1500 males'*), or
non-synonymous single nucleotide variants within the gene, are asso-
ciated with the rare dermatological condition X-linked ichthyosis (XLI),
as well as an increased predisposition to neurodevelopmental condi-
tions and adverse mood symptoms; XLI is not typically associated with
significant effects on 1Q in man, or learning deficits in STS-deficient
animal models.2>1¢ STS is expressed throughout the developing and
adult human brain, with highest early expression in the basal ganglia
(https://www.gtexportal.org/home/GTex).Y” An initial analysis of
around 20,000 individuals from the UK Biobank neuroimaging sample
indicated a significantly smaller volume of basal ganglia subregions in
deletion carriers that might partially explain the association with neu-
rodevelopmental/mood conditions, but this preliminary analysis did
not implicate gross volumetric differences between deletion carriers
and non-carriers with respect to other subcortical structures including
the hippocampus.® In terms of general cognition, Xp22.31 deletion
carriers in the UK Biobank have been reported to exhibit a mild
impairment on a measure of Fluid Intelligence, but do not differ signif-
icantly from non-carriers with respect to academic achievement as
indexed by highest level of academic qualification obtained.*® To date,

there has been little work on specific aspects of cognition in individ-
uals with XLI or Xp22.31 deletion carriers, or their relationship with
mood symptoms. In the UK Biobank sample, deletion carriers tended
to perform more poorly than non-carrier participants across tasks
indexing general executive function, processing speed, reaction time,
short-term memory and attention.*®

Overall, these cross-species data, when considered in combina-
tion with findings indicating a relationship between circulating/brain
DHEA(S) levels and age-related cognitive decline and neurodegenera-

tion in humans,*?2°

suggest the possibility that constitutive STS defi-
ciency might impact upon aspects of memory, on neurodegenerative
processes, and upon the structure/function of the hippocampus (and
connected brain regions). The nature of any relationships may be
modified by mood: elevated depressive traits are linked to memory
disruption21 and systemic DHEA(S) levels influence mood.??

Here, we first compared self-reported memory performance,
word-picture recall and mood in male and female carriers of XLI-
associated genetic variants to that of sex-matched general population
controls using an online survey; we also included an additional control
group of males and females with ichthyosis vulgaris (a dermatological
condition presenting similarly to XLI and with similar effects on
mood,’® but with no anticipated effects on memory). Prior to the
study, it was difficult to predict whether constitutive STS deficiency
would be associated with enhanced memory (as suggested by the ani-
mal model data) or with impaired memory (as suggested by limited
pre-existing human data). Second, we compared mood and memory-
associated neuroanatomy (hippocampal subregions and associated
cortical structures and white matter tracts) in detail in Xp22.31 dele-
tion carriers and non-carriers using the latest UK Biobank neuroimag-
ing sample of approximately 40,000 individuals; cortical morphology
and white matter tract integrity have not been examined in Xp22.31
deletion carriers previously. This analysis was exploratory and we had
no specific a priori hypotheses about affected regions, direction of
effect or effect size. Finally, we sought to confirm initial basal ganglia
structure findings in deletion carriers in the extended UK Biobank

dataset.

2 | MATERIALS AND METHODS

2.1 | Online survey

2.1.1 | Ethical permissions

Conduct of the survey was approved by Cardiff University School of
Psychology Ethics Committee (approval numbers EC.22.04.26.6565
and EC.22.10.11.6642) and subjects provided informed consent.

2.1.2 | Participants

Adult participants with a clinical diagnosis of X-linked ichthyosis
(n = 41 males) or ichthyosis vulgaris (n = 30 males, n = 68 females),
or confirmed carriers of XLl-associated genetic variants (n =79
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females) were recruited based upon past contact, via charities, or via
social media including patient support groups. Age-matched male
(n = 123) and female (n = 127) participants from the United Kingdom
or United States general population were recruited via Prolific
(https://www.prolific.co/) and were reimbursed in accordance with

their policies.

2.1.3 | Survey structure

The survey was generated using Qualtrics software (https://www.
qualtrics.com) and participants were supplied with the URL. Initially,
participants were shown a list of 15 words for 30 s and a montage of
20 pictures for 45 s and instructed to remember them without the
use of memory aids. A number of demographic measures were col-
lected including participant age, country of residence, sex at birth and
highest level of education (up to high school, greater than high
school). Participants were then asked whether they had a parent,
grandparent or sibling who had been diagnosed with a medical condi-
tion affecting memory (e.g., dementia) and, if so, to specify which rela-
tive; they were also asked about how their skin condition (if present)
was diagnosed and to rate its average severity across life (based upon
Congenital Ichthyoses Severity Index,? scale range 2-8). Participants
next completed the Kessler Psychological Distress Scale (K10), a
10-item 5 point response questionnaire assessing recent depression/
anxiety-related traits (possible score range 10-50, with a score of 220
being consistent with significant psychological distress).?* Following
this, participants completed the Multifactorial Memory Questionnaire
(MMQ), a tripartite questionnaire assessing recent contentment with
memory performance (18 items each scored 0-4, higher scores indi-
cating greater contentment), perceived memory ability (20 items each
scored 0-4, higher scores indicating better subjective memory ability)
and use of strategies to aid memory (19 items, each scored 0-4 with
higher scores indicating greater memory aid usage).?® Finally, as an
objective measure of current memory performance, participants were
asked to identify which words from a randomly-ordered list of 30 they
had been presented with at the start of the survey (maximum
15 choices to guess all 15 correct answers) and which pictures from a
randomly ordered montage of 40 they had been presented with at the
start of the survey (maximum 20 choices to identify all 20 correct
answers). The number of correctly-identified words was multiplied by
four, and the number of correctly-identified pictures by three, and the
totals summed to generate a ‘word-picture recall index” with possible
scores ranging from O to 120. Duration of survey completion was
recorded (and <2% of participants excluded where this was >5400 s
indicating failure to end the survey) to control for the length of time
between the stimulus presentation and recall phases. Participants
from the ichthyosis groups were given the opportunity to complete
additional neuropsychological tests taxing memory (Forward Digit
Span, Backward Digit Span, Digit Symbol Matching, Verbal Paired
Associates and Visual Paired Associates) from the online
‘TestMyBrain’ battery (https://testmybrain.org/) and one participant
drawn at random was awarded a £50 shopping voucher

and Behavior

(ethics approval number EC.22.08.09.6610A); these participants'

TestMyBrain data could be cross-linked to their survey data.

214 | Statistical analysis

Categorical data across groups were compared using chi-squared or
Fisher's exact test, and post hoc comparisons performed using
adjusted residuals with Bonferroni correction.?® Continuous data
were analysed by ANCOVA with factors of GROUP (XLI, IV or general
population control) and SEX (male or female) and covariates of age,
K10 score and/or highest level of education; our sample size was suf-
ficient to detect a small-moderate GROUP effect size of f >0.18 at
90% power with a = 0.05. Significant effects were followed up with
post hoc comparisons using Tukey's least significant difference (LSD)
test for ANOVA or simple contrasts for ANCOVA. p-Values <0.05
were regarded as being nominally significant with GROUP p-values
<0.1 on the memory measures after Benjamini-Hochberg adjustment
regarded as surviving correction for multiple comparisons. Correla-
tions were performed using one or two-tailed Pearson's test or Spear-
man's test depending upon normality of the data, as determined by
Shapiro-Wilk test, and by directionality of the predicted effect.

2.2 | Neuroanatomical analysis in UK Biobank

221 | Participants and genotyping

Participants were individuals (aged 40-69 years) recruited under UK Bio-
bank informed consent procedures between 2006 and 2010, for which
anonymised genotype, cognitive and neuroimaging data were available;
males (n = 5) and females (n = 23) carrying genetic deletions spanning
0.8-2.5 Mb around the STS gene were identified as described previously. '8

2.2.2 | Neuroimaging measures

Brain images were acquired using Siemens Skyra 3T scanners in UK
Biobank's imaging centres using identical acquisition protocols.
T1-weighted brain images were processed using automated methods
implemented in FreeSurfer to obtain grey matter volumetric estimates
for the following memory-associated regions across both hemi-
spheres: hippocampus, hippocampal tail, hippocampal fissure, subicu-
lum head, subiculum body, presubiculum head, presubiculum body,
parasubiculum, molecular layer HP head, molecular layer HP
body, granule cell-molecular layer-dentate gyrus(GC-ML-DG)-head,
GC-ML-DG-body, fimbria, HP-amygdala-transition-area (HATA),
cornu ammonis (CA) fields—CA1 head, CA1 body, CA3 head, CA3
body, CA4 head, CA4 body and thickness/surface area of global, ento-
rhinal and parahippocampal cortices. Additionally, white matter integ-
rity was assessed by Diffusion Tensor Imaging in the fornix and body
and splenium of the corpus callosum through measures of mean diffu-

sivity and fractional anisotropy. In this extended neuroimaging sample,
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we also attempted to replicate previous findings of lower basal ganglia

subregion volume in deletion carriers.'®

2.2.3 | Statistical analysis

Across the overall sample for each neuroimaging measure, outlying
values >2.2 times the interquartile range below the first quartile, or
above the third quartile, were excluded.?” The neuroanatomy of dele-
tion carriers was compared with that of non-carriers using linear
regression controlling for relevant factors (genetic sex, age, intracra-
nial volume, scanning centre and imaging table position). Two-sided p-
values <0.05 were regarded as nominally significant, with p-values
<0.1 after Benjamini-Hochberg adjustment regarded as surviving cor-

rection for multiple comparisons.

2.3 | Data availability

Online survey and TestMyBrain data are available within this manu-
script or within the Supporting Information file. Neuroimaging and
genetic data are available upon application to the UK Biobank

resource (https://www.ukbiobank.ac.uk/).

3 | RESULTS

3.1 | Online survey

3.1.1 | Demographic and clinical variables

The demographic and relevant clinical variables for each group are sum-
marized in Table 1. The mean ages of the six groups were very similar
(range 42-49 years), although the IV groups were significantly older
than both the XLI (p =0.007) and general population (p = 0.015)

groups. Although the groups differed in terms of their highest educa-
tion level, post hoc analysis indicated no significant differences from
the null distribution for any group. For all four ichthyosis groups, the
majority (>70%) of participants were resident in United Kingdom or
United States, so we recruited a general population sample from these
countries in an attempt to control for sociocultural and geographical
factors. There was a significant difference in the frequency of self-
reported family history of memory disorders across groups, with males
with XLI reporting the highest proportion of affected relatives (55%,
corrected p < 0.05). Male participants with XLI, and male and female
participants with 1V, did not differ in terms of self-reported skin severity
(moderate in all groups), whilst, as expected, female carriers of XLI-
associated variants exhibited no-mild skin phenotypes.

3.1.2 | Recent mood symptoms (K10 score) and
relationship to skin condition

After covarying for age, K10 scores differed significantly by GROUP
(F[2,458] = 21.3, p <0.001) but not by SEX (F[1,458] = 0.013,
p = 0.91); there was no GROUP x SEX interaction (F[2,458] = 2.27,
p = 0.11; Table 2). Simple contrast analyses suggested that both XLI
and IV groups scored significantly higher than general population con-
trol groups (p < 0.001), but that the former groups were not signifi-
cantly different from each other (p = 0.21). Across the four XLI and
IV groups, there was a weak positive correlation between CISI score
and K10 score (r[208] = 0.12, one-tailed p = 0.045), an effect chiefly
driven by an association in female XLI carriers (r[72] = 0.25,

p = 0.016; all other within-group correlations r; <0.1, p > 0.2).

3.1.3 | Self-reported memory function

Importantly, the MMQ satisfaction, ability and strategy scores
obtained in our general population samples (Table 2) were similar to

TABLE 1  Demographic and clinical variables in our online samples. Age and CISI scores are presented as mean values * standard error of
the mean.
Group
General
Demographic and clinical variables Sex XLI v population  Statistical comparison
Age (years) Male 438+ 28 48.6 + 2.5 441+ 0.6 GROUP: F[2,462] = 4.62,p = 0.010
Female 41511 451:19 421:05  SEX FI1462] =538 p=0021
GROUP x SEX: F[2,462] = 0.17,
p=0.84
Percentage of sample with highest education level Male 63 73 73 x2[5] = 15.9, p = 0.007
greater than high school Female 71 88 84
Percentage of sample with self-reported positive Male 55 50 23 ¥2[5] = 19.0, p = 0.002
family history (first or second-degree relative) for Female 39 25 28
memory-related condition
CISI score indexing severity of skin condition Male 51+0.2 45+0.2 N/A GROUP: F[1,207] = 3.31, p = 0.070

Female 2.9 +0.2

SEX: F[1,207] = 35.5, p < 0.001
GROUP x SEX: F[1,207] = 23.7,
p < 0.001

43+0.2
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TABLE 2 Mood and memory-related variables in our online samples. Data are presented as mean values + standard error of the mean.

Group
General
Mood and memory variables Sex XLI v population Statistical comparison
K10 score Male 252+13 213+14 198+0.7 GROUP: F[2,458] = 21.3, p < 0.001
Female 241:07 244%10 18906 SEX: FI1,458] = 0,013, p = 091
GROUP x SEX interaction: F[2,458] = 2.27,
p=0.11
MMQ: contentment with memory Male 347+24 392+27 463+12 GROUP: F[2,456] = 22.0, p < 0.001
Female 367+19 387+19 462+12 SEX: F[1,456] = 0.031, p = 0.87
GROUP x SEX interaction: F[2,456] = 0.25,
p=0.78
MMQ: perceived memory ability Male 38.1+20 440+23 542+13 GROUP: F[2,454] = 55.1, p < 0.001
Female 381+19 412+17 541+12 SEX: F[1,454] = 042,p = 0.52
GROUP x SEX interaction: F[2,454] = 0.29,
p=0.75
MMQ: use of strategies to aid Male 408+21 369+22 303%1.1 GROUP: F[2,444] = 29.0, p < 0.001
memory Female 43.1+14 402+17 327+11 SEX: F[1,444] = 3.32, p = 0.07
GROUP x SEX interaction: F[2,444] = 0.042,
p=0.96
Word-picture recall score Male 726+26 845+32 86018 GROUP: F[2,431] = 6.88, p = 0.001
Female 874+20 89.7+23 940%17 SEX: F[1,431] = 14.8, p < 0.001

those previously obtained in age-matched general population con-
trols.2® After covarying for age alone, there was a significant effect of
GROUP on ‘contentment with memory’ (F[2,456] = 22.0, p < 0.001,
corrected p < 0.1), but no effect of SEX (F[1,456] = 0.031, p = 0.86),
nor any GROUP x SEX interaction (F[2,456] = 0.25, p = 0.78). Simple
contrasts analysis indicated that both XLI and IV groups scored signifi-
cantly lower than general population groups (p < 0.001), but that the
former groups did not differ significantly from each other (p = 0.10).
Covarying for age and K10 score (recent mood), or for age, K10 score
and highest level of education, gave rise to an identical pattern of
findings. Males with XLI showed a large difference from sex-matched
general population controls (Cohen's d = 0.82), whilst the effects in
males and females with 1V, and in female XLI carriers, compared with
sex-matched general population controls were moderate-large
(Cohen'sd = 0.51-0.61).

With respect to ‘perceived memory ability’, after covarying for
age, there was a significant effect of GROUP (F[2,454] = 55.1,
p < 0.001, corrected p < 0.1), but no effect of SEX (F[1,454] = 0.42,
p = 0.52), nor any GROUP x SEX interaction (F[2,454] = 0.29, p = 0.75).
Simple contrasts analysis indicated that both XLI and IV groups scored
significantly lower than general population groups (p < 0.001), and that
the XLI groups scored lower than the IV groups (p = 0.031). When
adjusting for both age and K10 scores, the pattern of results remained
identical apart from the fact that the difference between XLI and IV
groups did not quite reach significance (p = 0.074); after additional
adjustment for highest education level the results did not change fur-
ther. Males with XLI showed a very large difference from sex-matched
general population controls (Cohen's d = 1.22), whilst the effects in

males and females with IV, and in female XLI carriers, compared with

GROUP x SEX interaction: F[2,431] = 1.38,
p =025

sex-matched general population controls were large-very large
(Cohen's d = 1.02-1.33).

Following covariation for age alone on the ‘use of strategies to
aid memory’ measure, there was a highly significant effect of GROUP
(F[2,444] = 29.0, p < 0.001, corrected p < 0.1), no significant effect of
SEX (F[1,444] = 3.32, p = 0.07), and no GROUP x SEX interaction
(F[2,444] = 0.042, p = 0.96). Simple contrasts analysis indicated that
both XLI and IV groups scored significantly higher than general popu-
lation groups (p < 0.001), and that the XLI and IV groups scored
equivalently (p = 0.098). Covarying for age and K10 score, or for
three measures (age, K10 score and highest level of education), pro-
duced an identical pattern of findings. Males with XLI and female XLI
carriers showed similarly large elevated scores compared with sex-
matched general population control groups (Cohen's d = 0.84-0.85),
whilst both male and female IV groups exhibited moderately higher
scores compared with sex-matched general population control groups
(Cohen's d = 0.56-0.59).

3.14 | Word-picture recall index

Across the whole sample, there was a moderate, highly significant,
positive correlation between word recall and picture recall scores
(rs[446] = 0.41, one-tailed p < 0.001), and a small, but highly signifi-
cant, positive correlation between the composite ‘word-picture recall
score’ and the ‘perceived memory ability’ score from MMQ (r;[445]
= 0.13, one-tailed p = 0.002). Word-picture recall scores and Test-
MyBrain (TMB) cognitive scores were available for 10 individuals (two

males with XLI, three female carriers of XLI-associated variants, two
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males with IV and three females with V). Despite low power, we
found a moderate significant positive correlation between word-
picture recall score and score on the TMB Visual Paired Associates
task (rs[8] = 0.56, one-tailed p = 0.046); there were no other signifi-
cant correlations (rs <0.33, p > 0.18). Together, these data indicate
that the objectively ascertained memory ability measures, and the
self-reported MMQ measure, are consistent with each other and are
likely to index partially overlapping cognitive processes.

Covarying for participants' age and duration of survey completion
resulted in a significant effect of GROUP on word-recall performance
(F[2,431] = 6.88, p = 0.001, corrected p < 0.1) and a significant effect
of SEX whereby females generally outperformed males (F[1,431]
=14.8, p <0.001), but no GROUP x SEX interaction (F[2,431]
= 1.38, p = 0.25). Simple contrast analysis indicated the XLI groups
performed significantly worse than both the general population
groups (p < 0.001, Cohen's d = 0.75 and 0.36 for males and females,
respectively) and the IV groups (p = 0.008), but that there was no sig-
nificant difference between the IV and general population groups
(p = 0.86). The pattern of results was identical when K10 score was

also included as a covariate.

3.2 | Neuroanatomical analysis
Following adjustment for relevant covariates, across all of the neuro-
anatomical measures we assessed, we identified just one nominally-
significant difference between deletion carriers and non-carriers
(Tables S1-S3). Specifically, the volume of the molecular layer of the
hippocampal body was greater in deletion carriers than in non-carriers
in the right (but not left) hemisphere (8 = 0.025, p = 0.038); this find-
ing did not survive correction for multiple testing (corrected p = 0.85).
Our previous analysis of subcortical structure volumes in UK Bio-
bank participants indicated lower volumes of the right putamen, right
globus pallidus and left nucleus accumbens in Xp22.31 deletion car-
riers relative to non-carrier controls. In the current extended dataset
of approximately 40,000 participants, of these three regions, only the
right globus pallidus volume remained significantly smaller in deletion
carriers relative to non-carriers, but only nominally so (3 = —0.022,
p = 0.038, corrected p = 0.11; Table S4).

4 | DISCUSSION

Acute or constitutive STS deficiency in animals is associated with
enhanced memory and altered hippocampal neurochemistry, but the
effects of constitutive STS deficiency in humans on cognition are cur-
rently poorly-understood. In this study, we compared self-reported
and objectively-determined memory performance, and memory-
associated neuroanatomy, between individuals carrying genetic vari-
ants associated with X-linked ichthyosis and control subjects matched
as closely as possible for age, sex and skin condition; we also investi-
gated whether mood might mediate any memory effects. The online

survey approach we used maximizes participation by a broad range of

individuals and is less subject to biases inherent in ‘in person’
testing.2?

The results of our ‘word-picture recall’ test indicate that, in man,
genetic variants resulting in the constitutive absence of functional
STS protein are associated with lower performance on at least one
aspect of memory; as might have been expected, the magnitude of
this effect was greater in hemizygous male variant carriers than in het-
erozygous female carriers. This memory effect is unlikely to be a sim-
ple correlate of increased adverse mood symptoms in the carriers of
XLI-associated genetic variants in that word-picture recall perfor-
mance in individuals with ichthyosis vulgaris, who exhibit similar levels
of skin problems and adverse mood traits, was comparable to that of
general population control subjects; moreover, controlling for recent
adverse mood traits did not alter the findings. Self-reported data on
‘perceived memory ability’ across the groups mirrored the pattern of
effects from the word-picture recall test, with greatest perceived
impairments in males with X-linked ichthyosis, and less-pronounced
(but still large) effects in individuals with 1V, compared with matched
general population controls. Self-reported data on memory content-
ment and memory aid usage was further consistent with these find-
ings: individuals carrying XLI-associated genetic variants reported the
lowest contentment/greatest aid usage, and individuals with IV
reported lower contentment and greater aid usage than matched gen-
eral population controls. These data indicate that IV may be associ-
ated with perceived memory issues, but not necessarily with
objectively indexed memory performance.

Our findings contrast with predictions arising from animal model
work. The divergent findings across species may be due to the fact
that: (a) there are species differences in cognitive processes; (b) STS
inhibition results in incomplete enzyme deficiency (and studies have
only examined effects in adulthood) whereas genetic variants such as
microdeletions result in complete STS loss throughout life;
(c) compounds used as STS inhibitors can have off-target and oestro-
genic effects®®; and/or (d) XLI-associated genetic variants in man are
typically 1.5-1.7 Mb in size and delete adjacent brain-expressed
genes. Our findings are, however, consistent with previous findings
from UK Biobank, where carriers of deletions 0.8-2.5 Mb around the
STS gene (n = 398) exhibited significantly poorer performance on the
‘Pairs Matching’ memory test than non-carriers (n = 97,141).8 The
consistency of results across differentially-recruited, genotyped and
cognitively tested samples supports the existence of a genuine robust
and generalizable effect in Xp22.31 deletion carriers, and addresses
study-specific limitations associated with the two approaches. The
effect size in the present study may be larger than that observed in
the UK Biobank sample due to: (a) response bias whereby XLI individ-
uals with memory deficits might be more likely to participate (a bias
which would also presumably pertain to IV participant recruitment)
and/or to (b) the healthy participant bias in the UK Biobank sample,
but, overall, a genuine moderate adverse effect on memory in deletion
carriers appears plausible. The existence of a transmissible genetic
variant (Xp22.31 deletion) which confers worse memory performance
could theoretically explain the elevated family history of memory dis-

orders reported amongst males with XLI and carrier females.
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However, within the XLI male group, of the 16 participants who
reported a first- or second-degree relative being affected by a mem-
ory disorder, there was no strong evidence for an X-linked genetic
effect specifically, more fathers than mothers were reported to be
affected (n = 2 vs. n = 1), equal numbers of grandfathers and grand-
mothers were affected (n = 6 per group) and similar numbers of
brothers and sisters were affected (n = 1 and n = 0). Potentially, the
‘memory’ effects identified in XLI-associated genetic variant carriers
could be secondary to attentional deficits during learning. We
attempted to reduce the attentional demands of the word-picture
recall task through using simple stimuli presented for a reasonable
length of time. However, whether memory performance is dissociable
from other aspects of cognition (notably 1Q, attention, response inhi-
bition) in deletion carriers, or whether the deletion impacts cognition
(and academic attainment) more generally might be tested in
future work.

Assuming there is a true effect of Xp22.31 deletion on memory
which acts largely independently of effects on mood, a key question
regards the causal mechanism. The typically sized XLI-associated dele-
tion covers the PUDP, STS, VCX and PNPLA4 genes, and the MIR4767
microRNA.*® PUDP, STS and PNPLA4 are all expressed in the brain at
low-moderate levels whilst VCX expression is testis-specific and
MIR4767 brain expression is very low (https://www.gtexportal.org/
home/). Hence, deficiency for one or more of the former three pro-
teins represents the most plausible biological mechanism; studies
investigating cognition in human and animal subjects with null alleles
of these individual genes (e.g., mice bearing Sts-specific CRISPR-
generated null alleles) may help to further define causal processes.
Theoretically, disrupted sleep, as a consequence of itching or pain,
may also be an indirect contributor towards impaired memory perfor-
mance in individuals with ichthyosis.3%3?

We used the largest genetic neuroimaging dataset available to
test the idea of a neurobiological correlate of memory deficits in indi-
viduals with XLI. We found no evidence that Xp22.31 deletion carriers
differ substantially from non-carriers across almost all aspects of gross
cortical structure and memory-associated neuroanatomy; however,
given the small sample size of the deletion carrier group, small-
moderate between-group neuroanatomical differences cannot be
definitively ruled out. We did observe greater volume of the molecular
layer of the right hippocampal body in deletion carriers; however, this
finding did not survive correction for multiple testing and was not also
evident in the left hemisphere; it could therefore be a false-positive
result. Nevertheless, the hippocampal molecular layer has been impli-
cated in memory processes and contains Cajal-Retzius cells®® in
which high STS expression during foetal development and adulthood

d.3* Moreover, C1Q is highly expressed in microglia

has been reporte
and interneurons of this region.3> Thus, replication and further investi-
gation of this initial positive neuroimaging finding in deletion carriers
and in animal models lacking STS and other Xp22.31 gene ortholo-
gues, may be warranted. STS deficiency affects lipid metabolism, nota-
bly ceramide and sphingolipid synthesis®® and oxysterol sulphate

levels.3” Given the lack of gross structural neuroanatomical

and Behavior

differences in individuals carrying XLl-associated genetic variants,
altered lipid composition of the brain, resulting in comparatively subtle
effects (e.g., on cell membrane structure), could explain the observed
memory effects.>837

Extension of our preliminary neuroimaging findings in an experi-
mental sample of twice the size, indicated that of the three basal
ganglia regions previously reported to be smaller in deletion carriers,
only the right globus pallidus finding remained nominally significant.
Disruption to globus pallidus-subthalamic nucleus connectivity has
been implicated in hyperactivity, distractibility, over-rigidity and

motor response inhibition*°

and lower globus pallidus size, and
asymmetry, has been associated with idiopathic neurodevelopmen-
tal disorders in recent large-scale meta-analyses**2; hence, altered
right globus pallidus structure/function could partially explain the
elevated likelihood of neurodevelopmental conditions in individuals

with XLI.

5 | CONCLUSION

Genetic deletions at Xp22.31 are associated with adverse effects on
mood, and reduced performance (and perception of ability) with
respect to aspects of memory, but not with large changes in memory-
associated neuroanatomy; these genetic variants may also influence
globus pallidus development/function and subsequently neurodeve-
lopmental traits and disorder vulnerability. Importantly, our results
suggest that the use of STS inhibitors as memory enhancers in
humans, an idea suggested by animal work, may actually have delete-
rious effects. Future cognitive and neurobiological studies in deletion
carriers, and in model systems, should clarify the biological basis of
the observed mood and memory findings.
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