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ABSTRACT

Duplications of the Xq28,distal locus have been described in male and female patients with schizophrenia (SCZ) or intellectual
disability. The Xq28,distal locus spans eight protein-coding genes (F8, CMC4, MTCP1, BRCC3, VBP1, FUNDC2, CLIC2, and
RAB39B) and is flanked by recurrent genomic breakpoints. Thus, the issue of which gene/s at this locus is/are relevant in terms
of SCZ pathogenesis remains unclear. The aim of this study was to investigate the contribution of rare and potentially function-
ally relevant sequence variants within the Xq28,distal locus to SCZ risk using the single-molecule molecular inversion probes
(smMIP) method. Targeted sequencing was performed in a cohort of 1935 patients with SCZ and 1905 controls of European
ancestry. The consecutive statistical analysis addressed two main areas. On the level of the individual variants, allele counts
in the patient and control cohort were systematically compared with a Fisher's exact test: (i) for the entire present study cohort;
(ii) for patients and controls separated by sex; and (iii) in combination with data published by the Schizophrenia Exome Meta-
Analysis (SCHEMA) consortium. On the gene-wise level, a burden analysis was performed using the X-chromosomal model
of the Optimal Unified Sequence Kernel Association Test (SKAT-0), with adjustment for possible sex-specific effects. Targeted
sequencing identified a total of 13 rare and potentially functional variants in four patients and 11 controls. However, neither at
the level of individual rare and potentially functional variants nor at the level of the eight protein-coding genes at the Xq28,distal
locus was a statistically significant enrichment in patients compared to controls observed. Although inconclusive, the present
findings represent a step toward improved understanding of the contribution of X-chromosomal risk factors in neuropsychiatric

disorder development, which is an underrepresented aspect of genetic studies in this field.

1 | Introduction

Schizophrenia (SCZ) is a severe neuropsychiatric disorder with
a lifetime prevalence of around 1% and an estimated heritability
of 60%-80% (Owen, Sawa, and Mortensen 2016). Clinically, the
characteristic symptoms of SCZ include: (1) positive symptoms,
such as hallucinations, delusions, and disorganized speech and
behavior; (2) negative symptoms, such as affective flattening and
social as well as emotional withdrawal; and (3) cognitive symp-
toms such as impaired memory or poor executive functioning
(American Psychiatric Association 2000). SCZ typically mani-
fests in young adults and is associated with a high personal and
socioeconomic burden of disease (Solmi et al. 2023), as well as
an increased suicide rate and a reduced life expectancy (Plana-
Ripoll et al. 2019). Sex-specific differences are well-established
and have been reported for various aspects of the disease, in par-
ticular age of onset, clinical course, and prognosis. Overall, male
SCZ patients tend to have an earlier disease onset, a less favorable
clinical course, and a generally poorer prognosis (Gaebel and
Wolwer 2010). Despite potential clinical implications (Gonzalez-
Rodriguez et al. 2020; Seeman 2021), these sex-specific differ-
ences have scarcely been elaborated in recent clinical practice
guidelines (American Psychiatric Association 2020; Deutsche
Gesellschaft fiir Psychiatrie und Psychotherapie Psychosomatik
und Nervenheilkunde 2019), partly because their biological
basis still needs to be elucidated. One hypothesis is that genetic
risk factors on the X-chromosome play a role in the complex in-
terplay between environmental and genetic factors that leads to
SCZ development (Bache and DeLisi 2018).

Research has established that SCZ is a multifactorial and highly
polygenic disorder (Marshall et al. 2017; Singh et al. 2022;
Trubetskoy et al. 2022). To date, thousands of risk variants
have been identified in hundreds of different genes (Owen
et al. 2023).

Mainly secondary to technical and methodological limita-
tions, neither sex-dependent effects (Blokland et al. 2022) nor
sex-specific genetic risk factors located on the X-chromosome

have been the focus of previous large-scale genetic studies
(Khramtsova, Davis, and Stranger 2018).

Improving bioinformatic analysis tools and genotyping/se-
quencing methods now allow the analysis of genetic risk fac-
tors located on the X-chromosome (Marshall et al. 2017; Singh
et al. 2022; Trubetskoy et al. 2022).

In 2017, the first potential risk-associated copy number variant
(CNV) on the X-chromosome was identified in 18/21094 pa-
tients with SCZ and 2/20227 controls (Marshall et al. 2017). The
authors found duplications of the Xq28,distal locus span eight
protein-coding genes and confer SCZ risk in both sexes. The
overall reported odds ratio (OR) was 8.9, with a greater effect
size being observed in males (OR females =6.3; OR males = c0)
(Marshall et al. 2017). All Xq28,distal duplication carriers re-
ported in this study share the same genomic breakpoints. Hence,
establishing which gene/sets of genes at this locus confers SCZ
risk is challenging. Following up on the findings of Marshall
et al., additional genetic evidence from independent studies
might pinpoint the disease-relevant gene/set of genes.

Previous studies have suggested that gene-dosage effects con-
tribute to SCZ pathogenesis and have highlighted several exam-
ples in which both an increased and a decreased gene dosage
confers risk for SCZ, such as the 1q21.1 or 7q11.21(ZNF92) re-
gions (Marshall et al. 2017; Rees et al. 2016). For duplications,
research has shown that the pathomechanism can be mediated
by either a genuine overexpression of candidate genes or hap-
loinsufficiency (e.g., due to the disruption of a dosage-sensitive
gene) (Rice and McLysaght 2017).

Even more specifically, research has shown that both du-
plications and rare protein-truncating variants within the
same gene contribute to SCZ risk (Marshall et al. 2017; Singh
et al. 2022). For example, while an association with increased
SCZ risk has been reported for rare duplications affecting the
gene RBICCI (Degenhardt et al. 2013; Marshall et al. 2017),
one of the largest whole exome sequencing studies of SCZ to
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date also identified RBICC1I as 1 of only 10 genes in which
rare, protein-truncating variants achieved exome-wide signif-
icance (Singh et al. 2022).

To determine which gene/sets of genes within the Xq28 locus
contribute/s to SCZ risk, the present study investigated rare and
potentially functional sequence variants in a region previously
implicated by a recurrent duplication, under the premise that
both could ultimately result in a reduction in gene expression.
All eight protein-coding genes within the Xq28,distal locus
were sequenced in a SCZ case—control cohort (1935 patients
with SCZ and 1905 controls) using the single-molecule molecu-
lar inversion probes (smMIP) method (Hiatt et al. 2013; O'Roak
et al. 2012). We hypothesized that phenotype-relevant genes
will be implicated in SCZ development by an enrichment of rare
and potentially functionally relevant variants in patients com-
pared to controls.

2 | Materials and Methods
2.1 | Sample Description

The present study was performed in accordance with the princi-
ples of the Declaration of Helsinki. The study was approved by
the respective institutional ethics committees, and all partici-
pants provided written informed consent prior to inclusion.

Patients with SCZ were recruited at multiple clinical cen-
ters across Germany. These comprised the Departments of
Psychiatry at the Universities of Munich (Budde et al. 2019),
Miinster, Jena, and at the Central Institute of Mental Health
in Mannheim and its collaborating psychiatric hospitals.
Diagnoses were assigned following a structured clinical inter-
view (First et al. 1996; First 1997), as conducted by a trained
rater (Budde et al. 2019; Giegling et al. 2020), in accordance with
the criteria of the Diagnostic and Statistical Manual of Mental
Disorders (DSM)-IV (American Psychiatric Association 2000).
Participants with an intellectual disability were systematically
excluded from the present patient cohorts.

Controls were recruited at different sites across Germany. The
majority were drawn from the Heidelberg Cohort Study of the
Elderly (Amelang, Hasselbach, and Stiirmer 2004; Stiirmer,
Hasselbach, and Amelang 2006) and the Heinz Nixdorf
Recall study (Schmermund et al. 2006). Participants of these
population-based studies did not undergo systematic screening
for concomitant psychiatric disorders or premorbid cognitive
functioning. In total, the present study included 1935 patients
with SCZ (41% females and 59% males) and 1905 controls (44%
females and 56% males).

2.2 | Selection of Candidate Genes

Targeted sequencing was performed for the eight protein-coding
genes F8, CMC4, MTCP1, BRCC3, VBP1, FUNDC2, CLIC2, and
RAB39B that are spanned by the duplications in Xq28,distal
(Marshall et al. 2017) (chrX:153,800,000-154,225,000, NCBI36/
hg18; chrX:154,146,806-154,571,806, GRCh37/hg19; https://ge-
nome.ucsc.edu/cgi-bin/hgLiftOver).

2.3 | Design of the smMIPs

For the eight genes, a total of 111 smMIPs were designed using
the open-source software MIPgen (Boyle et al. 2014). These cov-
ered all 61 coding exons (£ 5 base pairs (bp)), and the capture
size ranged from 210 to230bp. All smMIPs were generated using
the Genome Reference Consortium Human Build 37 (GRCh37/
hg19) (Church et al. 2011), and correct alignment to the genomic
target regions was visually verified using the UCSC Genome
Browser (Kent et al. 2002). The smMIP oligonucleotides were
obtained from Integrated DNA Technologies (IDT, Leuven,
Belgium). For each smMIP, coverage was evaluated in a balanc-
ing step, which was conducted on a set of six samples using an
Illumina MiSeq v2 nano kit (Illumina, San Diego, CA, USA).
If required, the concentration of the corresponding smMIP was
adjusted as a function of the mean coverage within this test run.
The individual primer sequences of the smMIPs used in the
present study are listed in Table S1.

2.4 | Multiplex Targeted Sequencing
of the Xq28,distal Locus

DNA was extracted from whole venous blood. All subse-
quent genetic analyses were performed at the University of
Bonn, Germany. Library preparation was performed on the
basis of recommendations made in a previous publication
(Eijkelenboom et al. 2016) and as described elsewhere (Mathey
et al. 2022; Thieme et al. 2021). Sequencing experiments were
performed on an Illumina HiSeq 2500 (Illumina, San Diego,
CA, USA), in accordance with the manufacturer's instructions.

2.5 | Data Processing

Sequencing data were processed using an in-house pipeline
(Mathey et al. 2022; Thieme et al. 2021), as based on the work-
flow developed by Hiatt and O'Roak (Hiatt et al. 2013; O'Roak
etal. 2012), and was performed in accordance with the best prac-
tice guidelines of the Genome Analysis Tool Kit (GATK) (Van
der Auwera et al. 2013). Briefly, collapsed reads were aligned
to the reference genome using Burrows-Wheeler Aligner (BWA)
(Li and Durbin 2009).

Variants were called using the GATK UnifiedGenotyper (Van der
Auwera et al. 2013), and were annotated using Annovar (Wang, Li,
and Hakonarson 2010) and the Combined Annotation Dependent
Depletion (CADD) score v1.6 (Rentzsch et al. 2021).

2.6 | Quality Control

Quality control was performed in two steps. First, preexist-
ing genotyping data of the study participants generated in
the context of previous studies (Amelang, Hasselbach, and
Stiirmer 2004; Budde et al. 2019; Schmermund et al. 2006;
Trubetskoy et al. 2022) were used to investigate population
structure, sex mismatches, and relatedness using PLINK
(Purcell et al. 2007) and KING (Manichaikul et al. 2010).
To assess the population structure of the present case-
control study, a multidimensional scaling analysis (MDS)
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was performed to detect outliers of non-European ancestry.
Samples were excluded if they deviated by more than three
standard deviations (+3SD) from the mean distance. The
present samples were projected against the Phase 3 data of the
1000 Genomes project (Auton et al. 2015). This generated a
homogenous cluster, which demonstrated substantial overlap
between the respective European samples.

Further samples were removed if a mismatch between reported
and genotyped sex, or a kinship coefficient >0.088, was found.

Second, the smMIP sequencing data were used to evaluate the
overall mean coverage of each sample.

To be included in the downstream analyses, samples were re-
quired to have a coverage of >10X for at least 90% of the tar-
geted bases, as analyzed using Picard (Broad Institute 2019) (see
Figure S1).

In addition, the heterozygous/homozygous and transversion/
transition ratios of the samples were calculated. All samples
that deviated by more than +3SD from the mean of the targeted
sequencing data, as obtained by BCFTools (Li 2011), were ex-
cluded. Next, the GATK hard filter criteria were applied (Van
der Auwera et al. 2013).

2.7 | Variant Filtering

To identify rare and potentially functional variants, the analy-
ses focused on non-synonymous (missense, stopgain, stoploss,
startloss, and splicing) single-nucleotide variants and small
insertions and deletions (InDels, including frameshift and
non-frameshift) with a minor allele frequency (MAF) <1%
in the present study cohort and according to the frequency
data for the non-psych, non-Finnish Europeans provided by
the Exome Aggregation Consortium (ExAC) (Lek et al. 2016),
as based on previous publications (Rees et al. 2019; Wang
et al. 2020).

To be eligible for inclusion in the downstream burden analysis,
all remaining variants were required to fulfill all three of the
following criteria:

i. located within an exon (+ 5bp) of a candidate gene;

ii. MAF<0.1% in the present study cohort and according to
the frequency for the non-psych, non-Finnish Europeans
provided by the EXAC data (Lek et al. 2016); and

iii. CADD score>20 (Rentzsch et al. 2021). In the case of in-
dels, CADD scores are not provided. Therefore, the respec-
tive variants were included in the downstream analysis
under the assumption that they are functionally—and in
consequence, biologically—relevant.

While this variant filtering strategy was selected to minimize
the number of false-positive variants and applied a commonly
used variant prediction tool, it may still be biased toward del-
eterious loss-of-function variants, and its use might lead to an
underrepresentation of, for example, more common gain-of-
function variants.

2.8 | Verification of Identified Variants

To exclude potential false-positive findings, all variants sub-
jected to the consecutive burden analysis were visually in-
spected using the Integrative Genomics Viewer Version 2.16.1
(Robinson et al. 2011) and were subjected to Sanger sequencing
in addition to rigorous quality control.

Sanger sequencing was performed on an ABI Sequencer 3500
XL platform (Applied Biosystems, Waltham, MA, USA), and
the generated sequences were analyzed using the JSI Sequence
Pilot software Version 5.3.4 (JSI Medical Systems, Ettenheim,
Germany). Further information on the primer sequences is
available upon request.

2.9 | Analysis on the Single Variant Level

The single variant level analysis involved two steps. First, we
filtered for rare variants with an MAF threshold of <1% and
applied a two-sided Fisher's exact test to compare the absolute
counts of heterozygous and hemizygous calls within both the
entire patient and control group.

In a second step, we focused on rarer (MAF <0.1%) and poten-
tially functional variants, that were subsequently included in
the burden analysis. Here, a similar analysis was performed (i)
for patients and controls separated by sex and (ii) combining the
allele counts for the specific variants identified in the present
study and data published by the SCHEMA Consortium (Singh
et al. 2022).

Since the summary statistics of the SCHEMA browser (https://
schema.broadinstitute.org/) contained no information on sex,
the absolute allele counts of both data sets were totaled and then
compared between patients and controls using the two-sided
Fisher's exact test. The sex ratio of the case group (37.1% females
and 62.9% males; personal communication Tarjinder Singh)
was taken as a basis for the overall SCHEMA sample (24,248
patients with SCZ and 97,322 controls) in order to calculate the
total number of alleles for the X-chromosome.

2.10 | Gene-Wise Burden Analysis

To focus on and test for an increased burden of rare and function-
ally relevant variants in the present case—control cohort, a gene-
wise burden analysis was performed using the SKAT-O test (Lee,
Wu, and Lin 2012; Lee et al. 2012), with sex as a covariate.

Within the SKAT-O framework, a specific statistical model for the
X-chromosome that considers X-inactivation in female individuals
was applied (Ma et al. 2015). This model also emphasizes the un-
derlying biology and statistical power in light of different female-
to-male-ratios. To correct for multiple testing, adjusted p-values for
the SKAT-O test were calculated using the Benjamini-Hochberg
method (Benjamini and Hochberg 1995). For each of the candidate
genes, p <0.05 was considered nominally significant.

All statistical analyses were performed in R v3.6.3 (R Core
Team 2022).
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3 | Results

3.1 | Data Processing, Quality Control, and Variant
Filtering

After quality control, the initial dataset comprised 71 different
exonic variants in 3383 samples (1757 patients with SCZ and
1626 controls).

In total, 69 of these variants were rare according to the initial
MAF threshold of <1% and 63 variants were even rarer ac-
cording to the MAF threshold (<0.1%) used in the consecutive
burden analysis. Of these, 13 different variants in the genes F8,
BRCC3, VBP1, FUNDC2, and RAB39B, as identified in 18 indi-
viduals, were classified as potentially functional according to the
CADD score threshold (>20).

3.2 | Verification of Identified Variants

For four of five genes carrying a potentially rare and function-
ally relevant variant, all observations were confirmed via Sanger
sequencing. In the gene BRCC3, one specific variant was called
in five different individuals. Upon visual inspection, in three of
these five individuals, this variant appeared to be a technical
artifact. However, all five samples were included in the Sanger
sequencing step. As expected from the visual inspection, the vari-
ant was only verified in two individuals, which suggests that the
others were indeed likely to have represented technical artifacts.
In summary, after quality control, filtering, and Sanger valida-
tion, a total of 13 different variants in five genes were found in
four patients with SCZ and 11 controls. Table 1 lists all validated
variants that were subjected to the consecutive burden analysis;
together with more detailed information such as allele counts, as
obtained from the SCHEMA browser.

3.3 | Analysis on the Single Variant Level

None of the 69 variants tested in the single-variant analysis with
an MAF threshold of <1% were (nominally) associated with SCZ
risk across the entire study cohort, as determined by Fisher's
exact test. Individual results for each of the investigated variants
are displayed in Table S2.

The majority of the rare (MAF <0.1%) and potentially functional
variants (11/13) subjected to the burden analysis were detected
as singletons, thus confirming their individual rarity. No signif-
icant enrichment was found in either the sex-specific analysis,
or in the combined analysis that systematically added the allele
counts provided by the SCHEMA Consortium to the data of the
present case—control cohort. On the single-variant level, the
lowest p-value for these variants was 0.209, as found in the com-
bined analysis of the variants F8: c.599A > G;p.(Glu200Gly) and
FUNDC2:¢.85C > T;p.(Arg29Cys).

3.4 | Gene-Wise Burden Analysis

The SKAT-O test using the X-chromosomal model and sex as a co-
variate revealed no significant gene-wise association (all p > 0.05).

However, the lowest p-value was observed for BRCC3 (p=0.103,
p-adjusted =0.515), which encodes BRCA1/BRCA2-Containing
Complex Subunit 3. As the SKAT-O test considers several direc-
tions of a causal effect, this might indicate a potential protective
effect. In the genes CLIC2, MTCP1, and CMC4, no rare and po-
tentially functional variant could be identified with the present
strict quality control and filter criteria. The respective genes
could therefore not be included in the statistical analysis.

4 | Discussion

The present study involved a comprehensive analysis of the con-
tribution of rare and potentially functionally relevant sequence
variants within the first X-chromosomal region that was previ-
ously implicated as a genetic risk factor in the most recent large-
scale CNV analysis of SCZ (Marshall et al. 2017). Although
performed in a SCZ case-control cohort with a substantial num-
ber of participants and consideration of possible sex-specific
effects, none of the individual rare and potentially functional
variants identified or any of the eight protein-coding genes of the
Xq28,distal locus showed statistically significant enrichment in
patients compared to controls.

These results and information from current datasets, such as the
latest meta-analysis of exome sequencing data in SCZ published
by the SCHEMA Consortium (Singh et al. 2022), suggest that
there is no strong evidence for the hypothesis that rare and po-
tentially functional sequence variants in the Xq28,distal locus
contribute to the risk for SCZ development.

However, clinical evidence for the potential involvement of thisre-
gion in neuropsychiatric disease is available. Equivalent ~0.5Mb
duplications of the Xq28,distal locus (genomic positions accord-
ing to GRCh37/hg19 coordinates: chrX:154,146,806-154,571,806
(Marshall et al. 2017) and chrX:154,100,000 to 154,600,000 (El-
Hattab et al. 2011) respectively) have been associated with a rare
neurodevelopmental syndrome comprising a variable degree
of X-linked intellectual disability, dysmorphic facial features,
and a neurobehavioral phenotype (Ballout et al. 2020; Ballout
and El-Hattab 2021; El-Hattab et al. 2011, 2015; Vanmarsenille
et al. 2014).

Among the 35 clinically characterized duplication carriers in-
vestigated in the context of intellectual disability to date, 16
displayed neuropsychiatric symptoms, ranging from autism
spectrum features to the development of psychosis (Ballout
et al. 2020; El-Hattab et al. 2011, 2015). In general, these tended
to manifest more severely in hemizygous males compared to
heterozygous females.

In contrast, to date, the reciprocal deletion has only been de-
scribed in female carriers, and thus several authors have sug-
gested a recessive embryonic lethality in males (El-Hattab
et al. 2015; Marshall et al. 2017).

In the literature, both a further distal overlapping duplication en-
compassing RAB39B and CLIC2, as well as pathogenic missense
variants within these two genes, have been associated with X-
linked intellectual disability (Andersen et al. 2014; Giannandrea
et al. 2010; Takano et al. 2012). This neuropsychiatric
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phenotype is similar to that of clinically characterized carriers
of a duplication at Xq28,distal (Ballout et al. 2020; Ballout and
El-Hattab 2021; El-Hattab et al. 2011, 2015).

The fact that the present study identified only a small number
of variants has several potential explanations. On the one hand,
the low variant detection rate may have been attributable to
several, primarily technical, limitations, and/or to direct conse-
quences of the study design.

First, the filter criteria were strict. Although the CADD score isa
commonly applied tool for assessing the pathogenicity of single-
nucleotide variants, it has limited relevance for our specific
research question, which focuses on a recurrent duplication.
This is because a gain-of-function mechanism might be more
consistent with the concept of a duplicated gene. With the aim
of differentiating between pathogenic and benign genetic varia-
tion, CADD prioritizes variants subjected to selective pressure.
In principle, CADD is non-directive and could be applied to both
loss-of function and gain-of-function variants.

Nevertheless, by incorporating information from scores geared
toward negative effects on protein function, such as SIFT and
PolyPhen (Flanagan, Patch, and Ellard 2010), currently available
metapredictors, such as CADD, are more accurate predictors
of pathogenicity in an underlying loss-of-function mechanism
(Sevim Bayrak et al. 2021). This also applies to other com-
monly used in silico prediction tools such as REVEL (Hopkins
et al. 2023), while the situation for novel machine-learning-
based scores, such as AlphaMissense, still awaits evaluation
(Cheng et al. 2023). The latter represents a promising future ap-
proach in terms of improving understanding of different molec-
ular disease mechanisms.

However, the fact that three observations could not be confirmed
by visual inspection and Sanger sequencing provides evidence
that some genomic regions remain technically challenging. This
highlights the need for the replication of results, even from large
cohorts, despite advances in sequencing technologies and bioin-
formatic methods.

Second, the sample size was limited, as shown by the efforts of
the SCHEMA Consortium, which required tens of thousands
of study participants to achieve exome-wide significance for
disease-associated genes (Singh et al. 2022). Ultimately, func-
tionally relevant variants within the Xq28,distal locus that
contribute to SCZ risk may be ultra-rare and consequently only
identifiable with certainty in even larger cohorts.

Third, the analyses were restricted to individuals of European
ancestry in order to ensure a study cohort that was as genetically
homogenous as possible. To assess the transferability of our
findings, future studies should investigate the contribution of
rare sequence variants at the Xq28,distal region to SCZ in sam-
ples with diverse ancestries. Nevertheless, this remains a key
challenge in genetic studies (Derks, Thorp, and Gerring 2022).
International efforts are essential to identify population-specific
risk factors and address global transferability appropriately, thus
ensuring equitable applicability of findings from psychiatric ge-
netic research across diverse populations (Martin et al. 2019;
Peterson et al. 2019).

Fourth, disease-relevant sequence variants could also be located
within the non-coding regions of the Xq28,distal locus, which
were not investigated in the present study. Whole genome se-
quencing in ethnically diverse cohorts would be desirable and
could expand knowledge of the contribution of rare genetic vari-
ation to SCZ development across the global population.

Fifth, several factors might have contributed to a selection bias
in the study design. Most prominently, participants with an
intellectual disability were systematically excluded from the
present patient cohorts, despite the fact that a broad phenotyp-
ical overlap between SCZ and neurodevelopmental disorders
is well-established and previous phenotypic analyses of CNV
carriers demonstrated a strong enrichment for premorbid cog-
nitive abnormalities in this particular patient subgroup (Foley
et al. 2020). This might have led to an underrepresentation
of variants with clear evidence for pathogenicity in our data.
Moreover, the present controls were not systematically screened
for psychiatric disorders or premorbid cognitive functioning.
Nonetheless, given that the prevalence of SCZ is around 1%, the
degree of power loss secondary to the use of unscreened controls
can be assumed to be low (Moskvina et al. 2005). Additionally,
the key variables adjusted for in the patient and control cohort in
terms of comparability were ancestry and biological sex, and did
not include further demographic information such as mean age.

Next, the statistical power may have been further diminished
by the inclusion of a slightly lower proportion of females with
two X-chromosomes in both the patient and the control group.
This was demonstrated by the developers of the SKAT-O test
(Ma et al. 2015), and represents a challenge even for large-scale
systematic genetic analysis in psychiatric disorders (Pirastu
et al. 2021).

On the other hand, the small number of variants detected may
also imply that rare and potentially functional sequence variants
at Xq28,distal do indeed play a limited role in SCZ risk.

This might point toward a more general role of the Xq28,distal
locus in neuronal development via alternative pathomecha-
nisms that were not covered by the present study design.

For example, a previous study of RAB39B demonstrated a spe-
cific increase in gene expression in the blood lymphocytes of
individual carriers of a duplication at Xq28,distal, as well as in
corresponding cultures of genetically modified primary mouse
hippocampal neurons (Vanmarsenille et al. 2014).

Besides a genuine overexpression of any of the implicated genes
themselves, another plausible mechanism could be the disrup-
tion of topologically associated domains (TADs) (Spielmann,
Lupidfiez, and Mundlos 2018), which might lead to the dysregu-
lation of several genes—even outside the Xq28,distal locus—via
the formation of new TAD boundaries, and thus to altered gene
enhancer interactions. This has been exemplified previously by
X-chromosomal duplications in the context of 46,XY gonadal
dysgenesis (Meinel et al. 2022).

In conclusion, the results of the present study provide no evi-
dence for an effect of rare and potentially functionally relevant
sequence variants in the Xq28,distal locus on the risk of SCZ.
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However, given the restricted statistical power and the technical
and methodological limitations of the study, the possibility that
rare sequence variants in any of the implicated genes contribute
to the development of SCZ cannot be excluded.

Given its known associations with neuropsychiatric pheno-
types, this region may still yield important insights. Thus,
further investigation of the Xq28,distal region, and systematic
investigations of X-chromosomal risk factors in general, are still
warranted in genetic SCZ research.

A deeper understanding of sex-dependent and sex-specific
risk factors might shed further light onto the biological mech-
anisms that underlie phenotypic differences between female
and male patients with SCZ and pave the way for the imple-
mentation of more profound recommendations for both sexes
into future evidence-based and sex-specific clinical practice
guidelines.
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