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Abstract

Sex chromosome abnormalities (SCAs) are chromosomal disorders with either a complete 
or partial loss or gain of sex chromosomes. The most frequent SCAs include Turner 
syndrome (45,X), Klinefelter syndrome (47,XXY), Trisomy X syndrome (47,XXX), and Double 
Y syndrome (47,XYY). The phenotype seen in SCAs is highly variable and may not merely be 
due to the direct genomic imbalance from altered sex chromosome gene dosage but also 
due to additive alterations in gene networks and regulatory pathways across the genome 
as well as individual genetic modifiers. This review summarizes the current insight into the 
genomics of SCAs. In addition, future directions of research that can contribute to decipher 
the genomics of SCA are discussed such as single-cell omics, spatial transcriptomics, 
system biology thinking, human-induced pluripotent stem cells, and animal models, and 
how these data may be combined to bridge the gap between genomics and the clinical 
phenotype.

Introduction

Sex chromosome abnormalities (SCAs) are chromosomal 
disorders with either a complete or a partial loss or  
gain of sex chromosomes. The most frequent SCAs include 
Turner syndrome (TS; 45,X) and the sex chromosome 
trisomies, Klinefelter syndrome (KS; 47,XXY), Trisomy X 
syndrome (47,XXX), and Double Y syndrome (47,XYY) 
(Fig. 1A) (1). SCAs are associated with an increased 
morbidity and mortality (1). Notably, the syndromes 
share overlapping comorbidities and phenotypic traits, 
indicating that shared genetic mechanisms may exist, 
although syndrome-specific genetic alterations may 
contribute to traits isolated to the specific syndrome. 
Understanding the genomic basis for SCAs is an 
ongoing quest, and today our understanding of how 

sex chromosome dosage alterations shape the genome 
and affect molecular pathways leading to the clinical 
phenotype of SCAs is still very limited. However, during 
the past decade, it has become clear that the molecular 
underpinnings of SCAs are complex. A picture of a 
profoundly genome-wide imbalance has been drawn, 
which goes far beyond the simple sex chromosomal gene-
dosage theory.

In this review, we provide an updated summary 
of current insights into the genomics of SCAs and we  
discuss the future direction of research that can  
contribute to decipher the genomics of SCAs by  
bridging the gap between the genotype and the clinical 
phenotype. 
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The full PubMed database was searched (without time 
restrictions), in October 2022, using the keywords ‘sex 
chromosome disorders,’ ‘sex chromosome aberrations,’ 
‘sex chromosome abnormalities,’ ‘Turner syndrome,’ 
‘Klinefelter syndrome,’ ‘47,XYY,’ and ‘47,XXX’ as 
search terms in combination with ‘DNA methylation,’ 
‘transcriptome profile,’ ‘epigenetics,’ and ‘genomics’. 
Relevant articles were obtained and reviewed as well as 
other articles selected by the authors.

The human sex chromosomes, gene dosage, 
and X chromosome inactivation

The evolution of the X and Y chromosome is central  
in understanding potential molecular underpinnings 
of the phenotype of SCAs and identifying candidate  
genes. The human sex chromosomes are thought to have 
evolved from a pair of homologous autosomes over the  
past 300 million years (2). During this evolutionary 

process, the Y chromosome gained a sex-determining 
locus (SRY) and lost 97% of the ancestral genes due to 
the repression of recombination, resulting in highly 
dimorphic sex chromosomes (3, 4). To compensate for  
this imbalance in gene dosage between sexes, an  
important dosage compensation mechanism evolved: 
X chromosome inactivation, an epigenetic silencing 
of one of the X chromosomes in cells with more than 
one X chromosome (5). However, the X chromosome 
inactivation process has been shown to be incomplete 
with approximately 12–15% of the X-linked genes 
consistently escaping inactivation, and an additional 
8–10% showing variable escape dependent on tissue 
type and individual (6, 7). Escape genes are not fully 
expressed from the inactivated X chromosome (Xi) (6, 
7) but tend to be expressed at levels between 10 and 95% 
of the expression levels seen from Xa (6, 7). The genes in 
the pseudoautosomal region 1 (PAR1) (AKAP17A, ASMT, 
ASMTL, CD99, CD99P1, CRLF2, CSF2RA, DHRSX, GTPBP6, 
IL3RA, P2RY8, PLCXD1, PPP2R3B, SHOX, SLC25A6, XG, 

Figure 1
(A) The most frequent karyotype of Turner 
syndrome (TS; 45,X), Trisomy X syndrome 
(47,XXY), Klinefelter syndrome (KS; 47,XXY), and 
Double Y syndrome (47,XYY) is depicted together 
with karyotypically normal females (46,XX) and 
males (46,XY). The X chromosome and Y 
chromosome are shown in pink and blue color, 
respectively. (B) The copy number of PAR1 genes 
(genes located on the pseudoautosomal region 1), 
X and Y homologs, XCIE (genes that escape from X 
chromosome inactivation), and XCI (genes that 
are inactivated) according to karyotype. (C) The X 
and Y chromosome with depictions of the PAR1 
genes and X and Y homologs. This figure was 
created with BioRender.com.
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and ZBED1) (Fig. 1B and C) belong to the escape genes, 
as do X–Y homolog pairs outside the PAR1 region of the 
X chromosome (DDX3X, EIF1AX, KDM5C, KDM6A, 
NLGN4X, PRKX, RPS4X, TBL1X, TMSB4X, TXLNG, USP9X, 
and ZFX) (Fig. 1B and C) (6). This gene pool shared between 
the X and Y chromosomes may be dosage sensitive as 
indicated by the evolutionary favored copy number of 
two (8). Therefore, these genes have been highlighted 
as potential candidate genes for the phenotype seen in 
SCAs. Unlike the genes in the PAR1, genes located in 
the pseudoautosomal region 2 (PAR2) (SPRY3, SYBl1, 
IL9R, and CXYorf1) are subjected to X chromosome  
inactivation and are also being silenced on the Y 
chromosome (6, 9). Therefore, these genes are not 
considered putative genes for the phenotype of SCAs.

SHOX (short stature homeobox gene) is an  
example of how gene dosage of PAR1 genes can affect 
the phenotype of SCAs. This gene explains part of 
the differences in the height of SCAs since decreased 
and increased copy number of the SHOX gene is  
associated with reduced height in TS and increased  
height in 47,XXX, KS, and 47,XYY, respectively (10, 
11). Although height increases with an increasing  
number of sex chromosomes and SHOX copies in the 
abovementioned SCAs, it cannot be applied to 49,XXXXY 
males, 48,XXXX females, and 49,XXXXX females, 
showing that the increasing sex chromosome count and 
the copy number of the SHOX gene affect the height in 
a nonlinear fashion (11). So far, SHOX is the only gene 
that has been linked to a specific phenotypic trait of  
SCAs. However, recent studies have also highlighted the 
gene ZFX as a gene playing a significant role in SCAs. 
ZFX encodes a transcription factor with transcriptional 
activator properties and thousands of binding sites 
in the genome (12). ZFX has been identified by two  
studies to have a potential key role in regulating gene 
expression in SCAs by organizing networks where several 
X chromosomal genes are highly co-expressed with 
several sex chromosome dosage-sensitive autosomal  
genes (13, 14). However, more studies are needed to 
establish the role of ZFX.

Interestingly, several of the X–Y homologous gene 
pairs and some of the PAR1 genes have been demonstrated 
to have regulatory genomic functions being involved in 
ubiquitination, chromatin modification, transcription, 
translation, and splicing (8). The altered dosage of 
these genes, as seen in SCAs, might therefore result in  
disturbed genomic functions with the potential to 
increase the vulnerability to diseases. Over the past 5–10 

years, several studies have emerged demonstrating such 
imbalance of the methylome and transcriptome in SCAs 
(13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26). Most 
of these studies have been performed on peripheral  
blood samples, or cells derived from blood, from patients 
with TS and KS but few including 47,XXX and 47,XYY 
also exist. Collectively, these studies illustrate global 
methylation alterations as well as global gene expression 
alterations affecting both the X chromosome and the 
autosomes. Moreover, it has been illustrated that more 
than 75% of the identified differentially expressed genes 
(DEGs) are located on the autosomes in TS and KS,  
while it is less than 30% in 47,XXX and 47,XYY (14). In 
addition, the loss and gain of a sex chromosome have  
been shown to have an asymmetric impact on the  
genome. Both the number of autosomal and X-linked 
DEGs and differentially methylated positions are 
much higher in TS than in KS and Trisomy X (13, 14, 
18) compared to same-sex controls. This impact on the 
genome has been shown to follow an inverse pattern, 
with preferential hypomethylation in TS and preferential 
hypermethylation in KS, and with DEGs displaying an 
inverse expression pattern in TS and KS, respectively. 
Furthermore, the altered transcriptome seen in SCAs 
does not only include coding RNAs. Also, autosomal 
and X chromosomal non-coding RNAs (e.g. microRNAs, 
circular RNAs, and lncRNAs) are reported to be differently 
expressed in SCAs (13, 16, 18, 21, 27, 28, 29, 30, 31, 32).

When comparing the alterations seen in the 
methylome with that seen in the transcriptome of  
SCAs, it is evident that these alterations are not 
overlapping but rather complementary for most genes 
(13, 15, 16). Hence, it has been speculated that the 
altered methylome may be a compensation for the 
altered sex chromosome dosage, perhaps viewing the  
methylation changes as an organism’s attempt to  
dampen the effect of altered sex chromosome dosage. 
Such a mechanism has been seen in families with 
inherited 7q31.1 microdeletion affecting IMMP2L, where  
healthy carriers have reduced DNA methylation levels of 
IMMP2L compared to affected offspring (33).

Interestingly, recent findings also indicate that 
inactive X chromosomal genes may be seen as candidate 
genes contributing to the phenotype of SCAs. Expression 
analyses of X-linked genes annotated as inactive show  
that the expression of these genes decreased with 
increasing number of X chromosomes. This suggests a 
compensatory mechanism in SCAs by which increasing 
the X chromosome number may lead to partial 
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transcription repression of these genes from the single 
active X chromosome in patients with two or more X 
chromosomes (14).

Potential mechanistic modifiers underlying 
phenotypic variability in SCAs – mosaicism 
and global modifiers

TS, KS, 47,XXX, and 47,XYY present with a broad 
phenotypic variability, with patients presenting a 
wide range of clinical traits across a spectrum (variable 
expressivity) (Fig. 2) and with some patients showing a 
specific phenotypic trait, whereas others do not show 
this trait (incomplete penetrance). Currently, there 
is a huge gap in translating to what extent and how 
potential individual genomic variation affects the 
individual phenotypic presentations of SCAs. However, 
it is likely that many of the same mechanisms explaining  
variation in penetrance and expressivity in other  
diseases are at play.

Mosaicism

A phenotypic effect of mosaicism is known from 
Mendelian diseases where mosaicism can result in 
variable expressivity or reduced penetrance (34, 35) 
(Fig. 2). Among SCAs, mosaic karyotypes are well-known 
(36, 37, 38, 39, 40), with TS and 47,XXX having the 
highest frequencies (>30%)(36,37), and KS and 47,XYY 
having the lowest frequencies of mosaicism (6–7 and 11%, 
respectively) (38,39). Although studies investigating the 
phenotypic differences between mosaic and non-mosaic 
SCAs are sparse, the general picture is that SCA patients 

with a mosaic karyotype seem to have a more favorable 
phenotype compared to non-mosaic patients (36, 37, 39, 
40, 41, 42, 43). This is also reflected in the later age of 
diagnosis seen in mosaic patients (1). More specifically, 
TS females with a 45,X/46,XX karyotype have been 
reported to have a significantly lower mortality and a 
more favorable phenotype regarding height, reproductive, 
and cardiovascular phenotype than females with 45,X 
karyotype (36, 41). In 46,XX/47,XXX patients, the 
overall morbidity is lower compared to 47,XXX patients, 
with 46,XX/47,XXX having only significantly more  
registrations than controls in 4 out of 19 ICD-10 chapters 
(congenital malformation, perinatal, urogenital, and 
skin) in an epidemiological evaluation of the syndrome 
(40). Among KS patients, a karyotype of 46,XY/47,XXY 
is associated with a more favorable phenotype compared 
to 47,XXY regarding testicular volume, mean total 
sperm count, azoospermia, and luteinizing hormone 
and estradiol levels (43). In addition, patients with a 
46,XY/47,XYY karyotype are less severely affected than 
patients with a 47,XYY karyotype, illustrated through 
epidemiological studies of hospital diagnoses, where 
47,XYY, but not 46,XY/47,XYY, have an increased  
overall risk of hospital diagnosis and risk of having any 
medication prescribed (39).

The karyotypes of SCAs are in most cases based 
on a conventional cytogenetic analysis of peripheral 
blood samples. However, it is important to be aware that 
the degree and distribution of mosaicism may differ 
between different tissues with the potential to modify 
the phenotype (34, 35). The true prevalence of mosaicism 
in SCAs may therefore be underestimated. In line with 
this, it has been hypothesized that TS patients with a 
45,X karyotype may have some degree of undiscovered 

Figure 2
SCAs are associated with several clinical 
phenotypic traits that show a huge range of 
inter-individual variation, even in subjects with 
the same karyotype. Several genetic modifiers 
(e.g. mosaicism, copy number variations (CNVs), 
and single-nucleotide polymorphisms (SNPs)) 
have been suggested to be implicated in the 
inter-individual variation seen. Thus, many of the 
phenotypic traits seen in SCAs may be seen as a 
spectrum following a normal distribution curve, 
like that of the general population, only shifted to 
the left (e.g. intelligence in KS) or right (e.g. height 
in KS), rather than a binary classification. This 
figure was created with BioRender.com.
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mosaicism, since up to 99% of 45,X fetuses are believed 
to be spontaneously aborted very early in pregnancy 
(44, 45, 46, 47). This is supported by evidence that the  
45,X cell line is caused by mitotic errors leading to the  
loss of an X chromosome in diploid conceptions 
rather than by meiotic errors (46). However, although  
substantial evidence supports this mosaic hypothesis, 
a recent study has questioned it. In this study, it was 
described that the majority of TS patients with a 45,X 
karyotype, did indeed have this 45,X by FISH analysis 
of cells with different embryonic origin (mesoderm 
(lymphocytes), ectoderm (buccal cells), and endoderm 
(rear-tongue epithelial cells))(48). However, these findings 
do not exclude mosaicism in cells/tissues not available 
for study. Furthermore, technical factors may affect the 
results of the study such as the longer time needed to 
culture fibroblast than lymphocytes, in vitro competition 
between different cell lines, etc.

To unravel the potential role of mosaicism in the 
phenotype of SCAs, additional studies mapping the 
degree of mosaicism in different tissues of SCA patients  
in relation to phenotypic traits are needed.

Individual genomic variations as modifiers of the 
phenotype of SCAs

Besides mosaicism, individual genomic variations  
such as single-nucleotide polymorphisms may contribute 
to the phenotypic variability seen in SCAs (Fig. 2).  
The polygenic model is known from the inheritance of 
complex traits such as mood disorders, obesity, diabetes, 
and osteoporosis, all with an increased prevalence in  
SCAs (49, 50, 51, 52). However, little effort has been 
directed toward investigating the impact of such genetic 
variations on the phenotypic variability seen in SCAs. 
Deciphering if such a polygenic model could explain some 
of the phenotypic variability seen in SCAs concerning 
mood disorders, obesity, diabetes, etc. will be important, 
as it may be useful in predicting the risk of a specific 
trait in the individual SCA patient, thereby enabling risk 
stratification.

Furthermore, evidence of a ‘two-hit’ model for 
phenotypic traits of TS has been found. A single copy of 
the X-linked escape gene, TIMP1, combined with TIMP3 
risk alleles, located on chromosome 22, synergistically 
increases the risk for bicuspid aortic valve (53, 54). This 
may be part of the explanation for why the bicuspid 
aortic valve is only found in a proportion of TS females 
(approximately 28%) with the highest prevalence of 

bicuspid aortic valve seen in the 45,X karyotype (42). 
The combination of TIMP1 haploinsufficiency and 
TIMP3 risk alleles has also been suggested to weaken the  
aortic wall and thereby leading to aortopathy in  
TS (53, 54). However, future functional studies are 
needed to validate the combinatorial effect of TIMP1 
haploinsufficiency and TIMP3 risk alleles.

Future directions – from single cells and  
deep phenotyping to animal models

Based on the earlier discussion, it is evident that a 
considerable amount of knowledge has already been 
obtained about the genomics of SCAs. The variable  
multi-tissue phenotypes seen in SCAs may result from 
complex genetic heterogeneity affecting multiple organ 
systems. This means that a plethora of different cell 
types may be affected by SCAs. Hence, genomic and 
transcriptomic data at single-cell resolution and in a 
spatial context may be a prerequisite to gain a further 
understanding of the genomics of SCAs. Below we will 
focus on new molecular techniques and approaches 
that can help to advance and refine our knowledge of 
the genomics of SCAs and the genotype–phenotype 
associations. Furthermore, we discuss the use of human-
induced pluripotent stem cells (hiPSCs) isolated from 
SCAs and animal models as possible methods to gain 
further insight into the genomics of SCAs.

Transcriptomics at single-cell resolution and 
spatial transcriptomics

Single-cell RNA sequencing (scRNA-seq) provides 
transcriptomic information at single-cell resolution, 
allowing for the detection of small genomic changes 
and cellular heterogeneity (Fig. 3). This method further  
allows for trajectory (pseudotime) analyses of cell 
differentiation and cell–cell communication based on 
intercellular interaction patterns. In addition, epigenetics 
can also be investigated at the single-cell level with  
single-cell assay for transposase-accessible chromatin), 
allowing for analysis of gene regulatory mechanisms 
dependent on cell type and stage. However, tissue 
dissociation protocols and high cellular quality are 
a prerequisite for these methods. To overcome these 
limitations, an alternative method is single nuclei 
sequencing (snRNAseq), profiling gene expression from 
isolated nuclei rather than entire cells. This alternative 
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excludes cytoplasmic transcripts, resulting in a  
~20–40% reduction in total captured genes dependent 
on sample type. However, it can still allow for the 
distinction of cell populations that could otherwise 
risk neglection (https://kb.10xgenomics.com/hc/en-us/
articles/360054702612-How-does-the-Gene-Expression-
data-compare-between-whole-cells-and-nuclei-).

In multiple organs, tissue architecture and  
localization of cellular subtypes are of interest to 
understand the effects of transcriptional variation. 
Here, the application of spatial transcriptomics allows 
for visualization of spatial gene expression and tissue 
heterogeneity (Fig. 3). However, the spatial context 
comes at the expense of single-cell resolution, as current 
technologies only offer subcellular resolution. By 
integrating spatial data with scRNAseq of the same cell 
types, this can, to some degree, be overcome with cell type 
deconvolution algorithms (Fig. 3) (55).

Previous genomic studies of SCAs have measured 
DNA methylation and RNA expression in bulk tissue, 
comprising thousands or millions of heterogeneous 
cells, thereby partly neglecting cell type compositions, 
specialized cell populations and spatial context. Currently, 
only a few scRNAseq studies have been performed on 
SCAs to overcome these challenges. These include a study 
on blood from a single 47,XXY male, finding distinct 

cell subpopulations with gene expression associated 
with various phenotypical traits (56). However, more  
scRNAseq studies have been performed on testicular tissue 
(n = 3), identifying dysregulated testicular pathways in 
KS patients (57, 58, 59). These studies have established 
that Sertoli cells are the most affected testicular cell type 
in KS (58, 60), with a subset lacking XIST expression,  
resulting in loss of X chromosome inactivation (57).

Applying scRNA-seq and spatial transcriptomics 
in future studies of SCAs would be highly relevant as 
it may widen our understanding of the genomics of 
SCAs and perhaps lead to the discovery of specialized 
cell populations so far undiscovered. In addition, an 
atlas for various karyotypes and tissues would be highly 
advantageous in the understanding of SCAs, spanning 
from embryo to adulthood.

Deep phenotyping by a multi-omics approach

A large share of our knowledge about the genomics of 
SCAs has come from the implementation of exploratory 
omics-based methods used for the analysis of DNA 
(genomics), DNA methylation (methylomics), gene 
expression (transcriptomics), and protein abundance 
(proteomics) (13, 14, 15, 16, 17, 18, 21, 61). A common 
element of these omics-based techniques is the enormous 

Figure 3
Multi-tissue and multi-omics approach at the single cell level to better deep phenotype SCAs. From SCA individuals, representative tissue biopsies should 
be obtained from relevant tissues. Biopsies can then either be dissociated to a single-cell suspension, barcoded and sequenced to obtain single cell 
omics (A) or sectioned, stained, imaged and barcoded prior to sequencing for spatial RNA expression (B). If possible, clinical measurements should be 
obtained at the same time for the same individuals (C). Multi-omics and clinical measurements can be combined into an integrated dataset, maintaining 
both the single cell resolution and the spatial information, thus, making it possible to identify specific molecular signatures for each SCA in a tissue and 
cell-specific phenotypic context (D). This figure was created with BioRender.com.
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output generated, resulting in high-dimensional datasets 
where each individual, SCA patient or control, is  
described by a very large number of measured variables. 
Historically, when implementing omics-based  
acquisition in studies of SCAs, a substantial focus has been 
on associating changes in single genes to phenotypic 
traits. This approach can be characterized as a reductionist 
biology approach where a hypothesis test is done on one 
variable at the time, independently of the other variables. 
The significant variables resulting from this analysis can 
then be linked to phenotypic traits by correlation or 
regression, or in a more unbiased approach, by using all 
significant variables as input for functional enrichment 
analysis, for example, gene set enrichment analysis 
(62). Unfortunately, these classic approaches do not  
seem to fully appreciate or describe the complexity of 
the molecular pathways that are perturbed in SCAs, and 
as such, makes it difficult to adequately describe SCA 
genotype–phenotype links.

To better elucidate important biological pathways  
in SCAs, a simultaneous multi-omics approach, followed 
by an integrated multivariate analysis, could prove 
essential in understanding how underlying changes 
– perhaps subtle – in networks of gene-regulatory  
processes such as DNA methylation, gene regulation by 
non-coding RNAs and post-translational modifications 
influence the SCA phenotype, and the heterogeneous 
manifestation of the phenotype within the different 
SCAs. To date, a majority of the published SCA studies  
that have applied one or several omics-techniques, have 
used blood, or cells derived from blood, as the sample 
material. However, the changes in molecular pathways 
in blood cells cannot be expected to explain clinical  
traits such as differences in neuropsychology, body 
composition, endocrinology, and immune system (15, 
16). Based on the substantially distinctive expression 
profiles of different tissues, also within SCAs (27), it  
seems plausible that the different SCA groups will 
have a tissue-specific impact that will depend on tissue 
and cell-type susceptibility to the specific SCA. Thus, 
understanding tissue and cell-type specific impact will 
not only require a multi-omics approach, but also a 
multi-tissue approach – possibly at a single cell level – to 
describe SCA biological pathways and to characterize the 
phenotype as a manifestation hereof.

Several methods exist to carry out a data-driven 
analysis in a systems biology context. One of the most 
well-known methods is the weighted gene correlation 
network analysis (WGCNA) (63). With this method, it 
is acknowledged that the expression and translation of 

single genes are not independent. Instead, co-expressed 
genes or proteins, based on correlation, are grouped  
into larger networks (modules). This approach has been 
used successfully to identify gene networks that were 
associated with TS, KS, and the number of X chromosomes 
(13, 21, 64). Thus, WGCNA makes it possible to associate 
clinical traits, continuous and categorical, with the 
identified networks. However, WGCNA is not well-suited 
for a combined and integrated analysis of multi-omics 
datasets. Here, specialized methods using dimensional 
reduction techniques to identify pathway signatures of 
correlated variables across different omics, while also 
discriminating the different SCAs, could prove useful. 
Some of these methods have been described in detail and 
implemented in various software packages including the 
mixOmics package for R (65).

For the earlier approach to be successful, it will  
require larger sample sizes, several tissue biopsies and  
well-measured clinical traits for each subject. 
Unfortunately, SCA cohorts often consist of a small 
number of subjects and different clinical measurements 
are obtained in different cohorts in different studies.  
As such, analyses become prone to clinical heterogeneity, 
noise and overfitting. Thus, a multicenter approach,  
with standardized biopsy and clinical measurements, 
across different countries, maybe a way forward to  
increase the sample size number and in this way find 
significant and robust genotype–phenotype links. As 
this might not be plausible based on national rules or  
the availability of certain tissues, novel SCA model 
systems, as described below, could instead act as valuable 
alternatives to drive SCA research forward.

Using human-induced pluripotent stem cells to 
elucidate the molecular underpinnings of SCAs

As mentioned above, getting tissue biopsies from multiple 
phenotypic target organs from patients with SCAs can 
be a major challenge. Inaccessibility of the relevant 
tissue (brain, heart, aorta, etc.) can potentially make it 
difficult, or in the worst case, impossible to map out the 
full picture of the genome of SCAs and their relation 
to the phenotype. The possibility of deriving hiPSCs  
from peripheral blood mononuclear cells or skin  
fibroblasts, and further differentiate these into 
organotypic cells (66) such as cardiomyocytes or neurons, 
provides a unique opportunity to elucidate the molecular 
pathways involved in the neurophenotype and cardiac 
phenotype of SCAs. A recent study has utilized this 
technique to differentiate 47,XXY-hiPSCs into germ cells 
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(67). Another study using KS and other supernumerary 
sex chromosome aneuploidy induced pluripotent stem 
cells (iPSCs) provided the first evidence of an X-dosage-
sensitive autosomal transcription factor (NRF1), and that 
this transcription factor is a key regulator of the X-linked 
zinc finger protein ZFX. Thus, iPSCs can be used as an in 
vitro modeling of X chromosome abnormalities in an 
attempt to gain further knowledge about how altered 
sex-chromosome dosage impact the transcriptome and 
methylome in different cell types (64).

The potentials of animal models in SCAs

Animal models have been useful as a tool to investigate 
the genetics behind diverse diseases and clinical 
manifestations in humans. In SCAs, various mouse 
models have been established including mouse models of 
TS and KS (reviewed in (68, 69)). Some of the phenotypic 
traits of SCAs are seen in these models such as germ cell 
loss, impaired cognition, and Leydig cell hyperplasia in 
the mouse model of KS. However, other phenotypic traits 
are not seen in these models. For example, monosomy X 
female (39,XO) mice have a less severe phenotype than TS 

females since the XO mice are fertile and embryonically 
viable. The phenotype discrepancy between humans 
and mice may be due to their genetic differences. The 
number of both PAR1 genes and X–Y gene pairs is lower 
in mice than in humans (8, 70). Moreover, 12–25% of the  
X-linked genes escape from inactivation in humans 
(6, 7), while it is only approximately 3–7% in mice (71).  
Therefore, one may speculate whether the genes implicated 
in the phenotypic trait of SCAs are PAR1 genes, X–Y  
gene pairs, and/or escape genes found only in humans  
and not in mice.

Another possible model organism for SCAs is the 
zebrafish. In 2013, a high-quality sequence assembly 
of the genome of zebrafish (Danio rerio) showed that 
more than 70% of the human genes have at least one 
zebrafish ortholog, while at least 80% of the human 
disease-associated genes have one (72). Accordingly, 
the zebrafish is a valuable vertebrate model organism 
for the study of genes involved in human disorders and 
clinical manifestations. Although zebrafish do not have 
sex chromosomes, the majority of the human PAR1 
genes and X–Y gene pairs have at least one zebrafish 
ortholog (Fig. 4A), making it a qualified model organism 

Figure 4
(A) The table shows the zebrafish orthologs to the 
human PAR1 genes and X–Y gene pairs and their 
chromosome location in the zebrafish genome. 
The data in this table are retrieved from the 
Alliance of Genome Resources (https://www.
alliancegenome.org). In the table, – indicates that 
no ortholog is found, while 1 and 2 indicate that 
the gene is an ortholog to the X homolog and X–Y 
gene pair, respectively. (B) An example of how to 
genetically manipulate zebrafish and establish 
knockout lines using CRISPR/Cas9. Wildtype 
embryos are obtained by crossing adult wildtype 
zebrafish. Subsequently, single guide RNA (sgRNA) 
and Cas9 mRNA are co-injected into the one-cell 
stage wildtype embryos to disrupt gene function 
of the target gene by, for example, introducing a 
premature termination codon (PTC). When the 
injected embryos become adult fish, they are 
screened to identify a founder fish (F0) that can 
pass on the PTC to the next generations. The F1 
and F2 generations are obtained by crossing F0 
founders with wildtype zebrafish and crossing F1 
zebrafish with wildtype zebrafish, respectively. The 
F2 zebrafish can be used for phenotype analysis. 
This figure was created with BioRender.com.
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to study the genetics of SCAs. Data retrieved from the  
Alliance of Genome Resources (http://www.
alliancegenome.org) (73) show that most of these 
orthologs are found on chromosomes 6 and 9, while 
the rest of these genes are more widely spread in the z 
ebrafish genome. Thus, targeting single candidate 
genes will be a potential way to examine their role in a  
zebrafish model of SCAs. Zebrafish have several advantages 
as an animal model (reviewed in (74)). For example, 
zebrafish have high fecundity, external fertilization, 
short generation time, and several organs and organ 
systems that are also found in humans. Additionally,  
their embryos are transparent and develop very rapidly 
outside the mother, enabling observation of the  
embryonic development in vivo and making it easy 
to collect and genetically manipulate them (Fig. 4B). 
Therefore, the consequences of haploinsufficiency and 
gene overdose of candidate genes can be investigated in 
these models. These qualities demonstrate that zebrafish 
as an animal model has the potential to contribute to 
elucidating the genotype–phenotype relation in SCAs.

Conclusions

Even though new technologies enabling high- 
throughput analysis of the methylome and transcriptome 
have broadened our insight into how altered sex 
chromosome dosages impact the human genome, 
much is still left unanswered. It is clear that an altered 
sex chromosome dosage has huge genome-wide 
consequences, and that the phenotype of SCAs may not 
merely be due to the direct genomic imbalance from 
altered sex chromosome gene dosage but may also be due 
to additive alterations in gene networks and regulatory 
pathways across the genome as well as individual genetic 
modifiers (Fig. 5). More research is required before we  
can translate these advances into the observed  
phenotype. We believe that there is a need to study 
phenotypically relevant tissues such as gonads, muscle, 
fat, and heart at single-cell resolution by a multi-omics 
and system biology approach to understand the spatial 
and temporal gene networks leading to the phenotype  
of SCAs across a lifespan. To reach the ultimate goal of  
being able to describe the genotype–phenotype  
association of SCAs, we advocate for national and 
international research collaborations.

Declaration of interest
The authors have no conflict of interest that could be perceived as 
prejudicing the impartiality of this review.

Funding
This work was supported by Aarhus University, the Novo Nordisk 
Foundation (Nos. NNF15OC0016474 and NNF20OC0060610), ‘Fonden til 
lægevidenskabens fremme,’ the Familien Hede Nielsen Foundation, and 
the Independent Research Fund Denmark (Nos. 0134-00406 and 0134-
00130B).

Acknowledgement
The authors thank all females with Turner syndrome and Trisomy X 
syndrome and all males with Klinefelter syndrome for their participation 
in various research projects.

References
 1 Berglund A, Stochholm K & Gravholt CH. The epidemiology of sex 

chromosome abnormalities. American Journal of Medical Genetics. 
Part C, Seminars in Medical Genetics 2020 184 202–215. (https://doi.
org/10.1002/ajmg.c.31805)

 2 Lahn BT & Page DC. Four evolutionary strata on the human X 
chromosome. Science 1999 286 964–967. (https://doi.org/10.1126/
science.286.5441.964)

 3 Bellott DW, Skaletsky H, Pyntikova T, Mardis ER, Graves T, 
Kremitzki C, Brown LG, Rozen S, Warren WC, Wilson RK, et al. 
Convergent evolution of chicken Z and human X chromosomes by 

Figure 5
The molecular underpinnings of the phenotype of SCAs are complex and 
may include mosaicism, genomic variations (e.g. CNVs and SNPs), altered 
methylome and transcriptome. It has been speculated whether the 
altered methylation can alleviate the effect of sex chromosome loss or 
gain and thereby the phenotype. The altered transcription of the 
protein-coding genes may result in an altered proteome that may also 
contribute to the phenotype. Moreover, the non-coding RNAs (e.g. 
microRNAs, circular RNAs, and lncRNAs) have been suggested to 
contribute to the phenotype. This figure was created with BioRender.com.

This work is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 
International License.

https://doi.org/10.1530/EC-23-0011
https://ec.bioscientifica.com © 2023 the author(s)

Published by Bioscientifica Ltd

http://www.alliancegenome.org
http://www.alliancegenome.org
https://doi.org/10.1002/ajmg.c.31805
https://doi.org/10.1002/ajmg.c.31805
https://doi.org/10.1126/science.286.5441.964
https://doi.org/10.1126/science.286.5441.964
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/EC-23-0011
https://ec.bioscientifica.com


H B Tallaksen et al. e230011

PB–XX

12:9

expansion and gene acquisition. Nature 2010 466 612–616. (https://
doi.org/10.1038/nature09172)

 4 Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier L, 
Brown LG, Repping S, Pyntikova T, Ali J, Bieri T, et al. The male-
specific region of the human Y chromosome is a mosaic of discrete 
sequence classes. Nature 2003 423 825–837. (https://doi.org/10.1038/
nature01722)

 5 Lyon MF. Gene action in the X-chromosome of the mouse 
(Mus musculus L.). Nature 1961 190 372–373. (https://doi.
org/10.1038/190372a0)

 6 Balaton BP, Cotton AM & Brown CJ. Derivation of consensus 
inactivation status for X-linked genes from genome-wide studies. 
Biology of Sex Differences 2015 6 35. (https://doi.org/10.1186/s13293-
015-0053-7)

 7 Carrel L & Willard HF. X-inactivation profile reveals extensive 
variability in X-linked gene expression in females. Nature 2005 434 
400–404. (https://doi.org/10.1038/nature03479)

 8 Bellott DW, Hughes JF, Skaletsky H, Brown LG, Pyntikova T, Cho TJ, 
Koutseva N, Zaghlul S, Graves T, Rock S, et al. Mammalian Y 
chromosomes retain widely expressed dosage-sensitive regulators. 
Nature 2014 508 494–499. (https://doi.org/10.1038/nature13206)

 9 De Bonis ML, Cerase A, Matarazzo MR, Ferraro M, Strazzullo M, 
Hansen RS, Chiurazzi P, Neri G & D'Esposito M. Maintenance of 
X- and Y-inactivation of the pseudoautosomal (PAR2) gene SPRY3 
is independent from DNA methylation and associated to multiple 
layers of epigenetic modifications. Human Molecular Genetics 2006 15 
1123–1132. (https://doi.org/10.1093/hmg/ddl027)

 10 Rao E, Weiss B, Fukami M, Rump A, Niesler B, Mertz A, Muroya K, 
Binder G, Kirsch S, Winkelmann M, et al. Pseudoautosomal deletions 
encompassing a novel homeobox gene cause growth failure in 
idiopathic short stature and Turner syndrome. Nature Genetics 1997 
16 54–63. (https://doi.org/10.1038/ng0597-54)

 11 Ottesen AM, Aksglaede L, Garn I, Tartaglia N, Tassone F, Gravholt CH, 
Bojesen A, Sorensen K, Jorgensen N, Rajpert-De Meyts E, et al. 
Increased number of sex chromosomes affects height in a nonlinear 
fashion: a study of 305 patients with sex chromosome aneuploidy. 
American Journal of Medical Genetics. Part A 2010 152A 1206–1212. 
(https://doi.org/10.1002/ajmg.a.33334)

 12 Rhie SK, Yao L, Luo Z, Witt H, Schreiner S, Guo Y, Perez AA & 
Farnham PJ. ZFX acts as a transcriptional activator in multiple types 
of human tumors by binding downstream of transcription start sites 
at the majority of CpG island promoters. Genome Research 2018 28 
310–320. (https://doi.org/10.1101/gr.228809.117)

 13 Zhang X, Hong D, Ma S, Ward T, Ho M, Pattni R, Duren Z, Stankov A, 
Bade Shrestha S, Hallmayer J, et al. Integrated functional genomic 
analyses of Klinefelter and Turner syndromes reveal global network 
effects of altered X chromosome dosage. Proceedings of the National 
Academy of Sciences of the United States of America 2020 117 4864–4873. 
(https://doi.org/10.1073/pnas.1910003117)

 14 Raznahan A, Parikshak NN, Chandran V, Blumenthal JD, Clasen LS, 
Alexander-Bloch AF, Zinn AR, Wangsa D, Wise J, Murphy DGM, et al. Sex-
chromosome dosage effects on gene expression in humans. Proceedings 
of the National Academy of Sciences of the United States of America 2018 115 
7398–7403. (https://doi.org/10.1073/pnas.1802889115)

 15 Trolle C, Nielsen MM, Skakkebaek A, Lamy P, Vang S, Hedegaard J, 
Nordentoft I, Orntoft TF, Pedersen JS & Gravholt CH. Widespread 
DNA hypomethylation and differential gene expression in Turner 
syndrome. Scientific Reports 2016 6 34220. (https://doi.org/10.1038/
srep34220)

 16 Skakkebaek A, Nielsen MM, Trolle C, Vang S, Hornshoj H, 
Hedegaard J, Wallentin M, Bojesen A, Hertz JM, Fedder J, et al. DNA 
hypermethylation and differential gene expression associated with 
Klinefelter syndrome. Scientific Reports 2018 8 13740. (https://doi.
org/10.1038/s41598-018-31780-0)

 17 Sharma A, Jamil MA, Nuesgen N, Schreiner F, Priebe L, Hoffmann P, 
Herns S, Nothen MM, Frohlich H, Oldenburg J, et al. DNA 

methylation signature in peripheral blood reveals distinct 
characteristics of human X chromosome numerical aberrations. 
Clinical Epigenetics 2015 7 76. (https://doi.org/10.1186/s13148-015-
0112-2)

 18 Nielsen MM, Trolle C, Vang S, Hornshoj H, Skakkebaek A, 
Hedegaard J, Nordentoft I, Pedersen JS & Gravholt CH. Epigenetic and 
transcriptomic consequences of excess X-chromosome material in 
47,XXX syndrome-A comparison with Turner syndrome and 46,XX 
females. American Journal of Medical Genetics. Part C, Seminars in Medical 
Genetics 2020 184 279–293. (https://doi.org/10.1002/ajmg.c.31799)

 19 Viana J, Pidsley R, Troakes C, Spiers H, Wong CC, Al-Sarraj S, Craig I, 
Schalkwyk L & Mill J. Epigenomic and transcriptomic signatures of 
a Klinefelter syndrome (47,XXY) karyotype in the brain. Epigenetics 
2014 9 587–599. (https://doi.org/10.4161/epi.27806)

 20 Wan ES, Qiu W, Morrow J, Beaty TH, Hetmanski J, Make BJ, Lomas DA, 
Silverman EK & DeMeo DL. Genome-wide site-specific differential 
methylation in the blood of individuals with Klinefelter syndrome. 
Molecular Reproduction and Development 2015 82 377–386. (https://doi.
org/10.1002/mrd.22483)

 21 Belling K, Russo F, Jensen AB, Dalgaard MD, Westergaard D, Rajpert-De 
Meyts E, Skakkebaek NE, Juul A & Brunak S. Klinefelter syndrome 
comorbidities linked to increased X chromosome gene dosage and 
altered protein interactome activity. Human Molecular Genetics 2017 
26 1219–1229. (https://doi.org/10.1093/hmg/ddx014)

 22 Zitzmann M, Bongers R, Werler S, Bogdanova N, Wistuba J, Kliesch S, 
Gromoll J & Tuttelmann F. Gene expression patterns in relation to 
the clinical phenotype in Klinefelter syndrome. Journal of Clinical 
Endocrinology and Metabolism 2015 100 E518–E523. (https://doi.
org/10.1210/jc.2014-2780)

 23 Winge SB, Dalgaard MD, Belling KG, Jensen JM, Nielsen JE, 
Aksglaede L, Schierup MH, Brunak S, Skakkebaek NE, Juul A, et al. 
Transcriptome analysis of the adult human Klinefelter testis and 
cellularity-matched controls reveals disturbed differentiation of 
Sertoli- and Leydig cells. Cell Death and Disease 9 586. (https://doi.
org/10.1038/s41419-018-0671-1)

 24 Huang J, Zhang L, Deng H, Chang L, Liu Q & Liu P. Global 
transcriptome analysis of peripheral blood identifies the most 
significantly down-regulated genes associated with metabolism 
regulation in Klinefelter syndrome. Molecular Reproduction and 
Development 2015 82 17–25. (https://doi.org/10.1002/mrd.22438)

 25 D'Aurora M, Ferlin A, Di Nicola M, Garolla A, De Toni L, Franchi S, 
Palka G, Foresta C, Stuppia L & Gatta V. Deregulation of Sertoli 
and Leydig cells function in patients with Klinefelter syndrome as 
evidenced by testis transcriptome analysis. BMC Genomics 2015 16 
156. (https://doi.org/10.1186/s12864-015-1356-0)

 26 D'Aurora M, Ferlin A, Garolla A, Franchi S, D'Onofrio L, Trubiani O, 
Palka G, Foresta C, Stuppia L & Gatta V. Testis transcriptome 
modulation in Klinefelter patients with hypospermatogenesis. 
Scientific Reports 2017 7 45729. (https://doi.org/10.1038/srep45729)

 27 Johannsen EB, Just J, Viuff MH, Okholm TLH, Pedersen SB, Meyer 
Lauritsen K, Trolle C, Pedersen MGB, Chang S, Fedder J, et al. Sex 
chromosome aneuploidies give rise to changes in the circular RNA 
profile: a circular transcriptome-wide study of Turner and Klinefelter 
syndrome across different tissues. Frontiers in Genetics 2022 13 928874. 
(https://doi.org/10.3389/fgene.2022.928874)

 28 Rajpathak SN, Vellarikkal SK, Patowary A, Scaria V, Sivasubbu S 
& Deobagkar DD. Human 45,X fibroblast transcriptome reveals 
distinct differentially expressed genes including long noncoding 
RNAs potentially associated with the pathophysiology of Turner 
syndrome. PLoS One 2014 9 e100076. (https://doi.org/10.1371/journal.
pone.0100076)

 29 Sui W, Ou M, Chen J, Li H, Lin H, Zhang Y, Li W, Xue W, Tang D, 
Gong W, et al. microRNA expression profile of peripheral blood 
mononuclear cells of Klinefelter syndrome. Experimental and 
Therapeutic Medicine 2012 4 825–831. (https://doi.org/10.3892/
etm.2012.682)

This work is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 
International License.

https://doi.org/10.1530/EC-23-0011
https://ec.bioscientifica.com © 2023 the author(s)

Published by Bioscientifica Ltd

https://doi.org/10.1038/nature09172
https://doi.org/10.1038/nature09172
https://doi.org/10.1038/nature01722
https://doi.org/10.1038/nature01722
https://doi.org/10.1038/190372a0
https://doi.org/10.1038/190372a0
https://doi.org/10.1186/s13293-015-0053-7
https://doi.org/10.1186/s13293-015-0053-7
https://doi.org/10.1038/nature03479
https://doi.org/10.1038/nature13206
https://doi.org/10.1093/hmg/ddl027
https://doi.org/10.1038/ng0597-54
https://doi.org/10.1002/ajmg.a.33334
https://doi.org/10.1101/gr.228809.117
https://doi.org/10.1073/pnas.1910003117
https://doi.org/10.1073/pnas.1802889115
https://doi.org/10.1038/srep34220
https://doi.org/10.1038/srep34220
https://doi.org/10.1038/s41598-018-31780-0
https://doi.org/10.1038/s41598-018-31780-0
https://doi.org/10.1186/s13148-015-0112-2
https://doi.org/10.1186/s13148-015-0112-2
https://doi.org/10.1002/ajmg.c.31799
https://doi.org/10.4161/epi.27806
https://doi.org/10.1002/mrd.22483
https://doi.org/10.1002/mrd.22483
https://doi.org/10.1093/hmg/ddx014
https://doi.org/10.1210/jc.2014-2780
https://doi.org/10.1210/jc.2014-2780
https://doi.org/10.1038/s41419-018-0671-1
https://doi.org/10.1038/s41419-018-0671-1
https://doi.org/10.1002/mrd.22438
https://doi.org/10.1186/s12864-015-1356-0
https://doi.org/10.1038/srep45729
https://doi.org/10.3389/fgene.2022.928874
https://doi.org/10.1371/journal.pone.0100076
https://doi.org/10.1371/journal.pone.0100076
https://doi.org/10.3892/etm.2012.682
https://doi.org/10.3892/etm.2012.682
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/EC-23-0011
https://ec.bioscientifica.com


H B Tallaksen et al. e23001112:9

 30 Winge SB, Dalgaard MD, Jensen JM, Graem N, Schierup MH, Juul A, 
Rajpert-De Meyts E & Almstrup K. Transcriptome profiling of fetal 
Klinefelter testis tissue reveals a possible involvement of long non-
coding RNAs in gonocyte maturation. Human Molecular Genetics 2018 
27 430–439. (https://doi.org/10.1093/hmg/ddx411)

 31 Cimino L, Salemi M, Cannarella R, Condorelli RA, Giurato G, 
Marchese G, La Vignera S & Calogero AE. Decreased miRNA 
expression in Klinefelter syndrome. Scientific Reports 2017 7 16672. 
(https://doi.org/10.1038/s41598-017-16892-3)

 32 Rajpathak SN & Deobagkar DD. Micro RNAs and DNA methylation 
are regulatory players in human cells with altered X chromosome 
to autosome balance. Scientific Reports 2017 7 43235. (https://doi.
org/10.1038/srep43235)

 33 Vasilyev SA, Skryabin NA, Kashevarova AA, Tolmacheva EN, 
Savchenko RR, Vasilyeva OY, Lopatkina ME, Zarubin AA, Fishman VS, 
Belyaeva EO, et al. Differential DNA methylation of the IMMP2L 
gene in families with maternally inherited 7q31.1 microdeletions 
is associated with intellectual disability and developmental delay. 
Cytogenetic and Genome Research 2021 161 105–119. (https://doi.
org/10.1159/000514491)

 34 Kingdom R & Wright CF. Incomplete penetrance and variable 
expressivity: from clinical studies to population cohorts. 
Frontiers in Genetics 2022 13 920390. (https://doi.org/10.3389/
fgene.2022.920390)

 35 Youssoufian H & Pyeritz RE. Mechanisms and consequences of 
somatic mosaicism in humans. Nature Reviews. Genetics 2002 3 
748–758. (https://doi.org/10.1038/nrg906)

 36 Stochholm K, Juul S, Juel K, Naeraa RW & Gravholt CH. Prevalence, 
incidence, diagnostic delay, and mortality in Turner syndrome. 
Journal of Clinical Endocrinology and Metabolism 2006 91 3897–3902. 
(https://doi.org/10.1210/jc.2006-0558)

 37 Stochholm K, Juul S & Gravholt CH. Mortality and incidence in 
women with 47,XXX and variants. American Journal of Medical 
Genetics. Part A 2010 152A 367–372. (https://doi.org/10.1002/
ajmg.a.33214)

 38 Bojesen A, Juul S & Gravholt CH. Prenatal and postnatal prevalence 
of Klinefelter syndrome: a national registry study. Journal of Clinical 
Endocrinology and Metabolism 2003 88 622–626. (https://doi.
org/10.1210/jc.2002-021491)

 39 Berglund A, Stochholm K & Gravholt CH. Morbidity in 47,XYY 
syndrome: a nationwide epidemiological study of hospital diagnoses 
and medication use. Genetics in Medicine 2020 22 1542–1551. (https://
doi.org/10.1038/s41436-020-0837-y)

 40 Berglund A, Stochholm K & Gravholt CH. The comorbidity landscape 
of 47,XXX syndrome: a nationwide epidemiologic study. Genetics in 
Medicine 2022 24 475–487. (https://doi.org/10.1016/j.gim.2021.10.012)

 41 Tuke MA, Ruth KS, Wood AR, Beaumont RN, Tyrrell J, Jones SE, 
Yaghootkar H, Turner CLS, Donohoe ME, Brooke AM, et al. Mosaic 
Turner syndrome shows reduced penetrance in an adult population 
study. Genetics in Medicine 2019 21 877–886. (https://doi.org/10.1038/
s41436-018-0271-6)

 42 Klaskova E, Zapletalova J, Kapralova S, Snajderova M, Lebl J, Tudos Z, 
Pavlicek J, Cerna J, Mihal V, Stara V, et al. Increased prevalence of 
bicuspid aortic valve in Turner syndrome links with karyotype: the 
crucial importance of detailed cardiovascular screening. Journal of 
Pediatric Endocrinology and Metabolism 2017 30 319–325. (https://doi.
org/10.1515/jpem-2016-0301)

 43 Samplaski MK, Lo KC, Grober ED, Millar A, Dimitromanolakis A & 
Jarvi KA. Phenotypic differences in mosaic Klinefelter patients as 
compared with non-mosaic Klinefelter patients. Fertility and Sterility 
2014 101 950–955. (https://doi.org/10.1016/j.fertnstert.2013.12.051)

 44 Hassold TJ. Chromosome-abnormalities in human reproductive 
wastage. Trends in Genetics 1986 2 105–110. (https://doi.
org/10.1016/0168-9525(86)90194-0)

 45 Held KR, Kerber S, Kaminsky E, Singh S, Goetz P, Seemanova E & 
Goedde HW. Mosaicism in 45,X Turner syndrome: does survival in 

early pregnancy depend on the presence of two sex chromosomes? 
Human Genetics 1992 88 288–294. (https://doi.org/10.1007/
BF00197261)

 46 Hook EB & Warburton D. Turner syndrome revisited: review of new 
data supports the hypothesis that all viable 45,X cases are cryptic 
mosaics with a rescue cell line, implying an origin by mitotic loss. 
Human Genetics 2014 133 417–424. (https://doi.org/10.1007/s00439-
014-1420-x)

 47 Deng X, Berletch JB, Nguyen DK & Disteche CM. X chromosome 
regulation: diverse patterns in development, tissues and disease. 
Nature Reviews. Genetics 2014 15 367–378. (https://doi.org/10.1038/
nrg3687)

 48 Pavlicek J, Soucek O, Vrtel R, Klaskova E, Hana V, Stara V, Adamova K, 
Fürst T, Hana V, Kapralova S, et al. Karyotyping of lymphocytes and 
epithelial cells of distinct embryonic origin does not help to predict 
the Turner syndrome features. Hormone Research in Paediatrics 2022 95 
465–475. (https://doi.org/10.1159/000525823)

 49 Tysoe O. SNPs influence obesity and puberty timing. Nature Reviews. 
Endocrinology 2022 18 69. (https://doi.org/10.1038/s41574-021-00616-9)

 50 Howard DM, Adams MJ, Shirali M, Clarke TK, Marioni RE, Davies G, 
Coleman JRI, Alloza C, Shen X, Barbu MC, et al. Genome-wide 
association study of depression phenotypes in UK Biobank identifies 
variants in excitatory synaptic pathways. Nature Communications 2018 
9 1470.

 51 Xue A, Wu Y, Zhu Z, Zhang F, Kemper KE, Zheng Z, Yengo L, Lloyd-
Jones LR, Sidorenko J, Wu Y, et al. Genome-wide association analyses 
identify 143 risk variants and putative regulatory mechanisms for 
type 2 diabetes. Nature Communications 2018 9 2941. (https://doi.
org/10.1038/s41467-018-04951-w)

 52 Richards JB, Zheng HF & Spector TD. Genetics of osteoporosis from 
genome-wide association studies: advances and challenges. Nature 
Reviews. Genetics 2012 13 576–588. (https://doi.org/10.1038/nrg3228)

 53 Corbitt H, Morris SA, Gravholt CH, Mortensen KH, Tippner-Hedges R, 
Silberbach M, Maslen CL & GenTAC Registry Investigators. TIMP3 
and TIMP1 are risk genes for bicuspid aortic valve and aortopathy 
in Turner syndrome. PLOS Genetics 2018 14 e1007692. (https://doi.
org/10.1371/journal.pgen.1007692)

 54 Corbitt H, Gutierrez J, Silberbach M & Maslen CL. The genetic basis 
of Turner syndrome aortopathy. American Journal of Medical Genetics. 
Part C, Seminars in Medical Genetics 2019 181 117–125. (https://doi.
org/10.1002/ajmg.c.31686)

 55 Moncada R, Barkley D, Wagner F, Chiodin M, Devlin JC, Baron M, 
Hajdu CH, Simeone DM & Yanai I. Integrating microarray-based 
spatial transcriptomics and single-cell RNA-seq reveals tissue 
architecture in pancreatic ductal adenocarcinomas. Nature 
Biotechnology 2020 38 333–342. (https://doi.org/10.1038/s41587-019-
0392-8)

 56 Liu X, Tang D, Zheng F, Xu Y, Guo H, Zhou J, Lin L, Xie J, Ou M 
& Dai Y. Single-cell sequencing reveals the relationship between 
phenotypes and genotypes of Klinefelter syndrome. Cytogenetic and 
Genome Research 2019 159 55–65. (https://doi.org/10.1159/000503737)

 57 Mahyari E, Guo J, Lima AC, Lewinsohn DP, Stendahl AM, Vigh-
Conrad KA, Nie X, Nagirnaja L, Rockweiler NB, Carrell DT, et al. 
Comparative single-cell analysis of biopsies clarifies pathogenic 
mechanisms in Klinefelter syndrome. American Journal of 
Human Genetics 2021 108 1924–1945. (https://doi.org/10.1016/j.
ajhg.2021.09.001)

 58 Zhao L, Yao C, Xing X, Jing T, Li P, Zhu Z, Yang C, Zhai J, Tian R, Chen H, 
et al. Single-cell analysis of developing and azoospermia human testicles 
reveals central role of Sertoli cells. Nature Communications 2020 11 5683. 
(https://doi.org/10.1038/s41467-020-19414-4)

 59 Laurentino S, Heckmann L, Di Persio S, Li X, Meyer Zu Horste G, 
Wistuba J, Cremers JF, Gromoll J, Kliesch S, Schlatt S, et al. High-resolution 
analysis of germ cells from men with sex chromosomal aneuploidies 
reveals normal transcriptome but impaired imprinting. Clinical Epigenetics 
2019 11 127. (https://doi.org/10.1186/s13148-019-0720-3)

This work is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 
International License.

https://doi.org/10.1530/EC-23-0011
https://ec.bioscientifica.com © 2023 the author(s)

Published by Bioscientifica Ltd

https://doi.org/10.1093/hmg/ddx411
https://doi.org/10.1038/s41598-017-16892-3
https://doi.org/10.1038/srep43235
https://doi.org/10.1038/srep43235
https://doi.org/10.1159/000514491
https://doi.org/10.1159/000514491
https://doi.org/10.3389/fgene.2022.920390
https://doi.org/10.3389/fgene.2022.920390
https://doi.org/10.1038/nrg906
https://doi.org/10.1210/jc.2006-0558
https://doi.org/10.1002/ajmg.a.33214
https://doi.org/10.1002/ajmg.a.33214
https://doi.org/10.1210/jc.2002-021491
https://doi.org/10.1210/jc.2002-021491
https://doi.org/10.1038/s41436-020-0837-y
https://doi.org/10.1038/s41436-020-0837-y
https://doi.org/10.1016/j.gim.2021.10.012
https://doi.org/10.1038/s41436-018-0271-6
https://doi.org/10.1038/s41436-018-0271-6
https://doi.org/10.1515/jpem-2016-0301
https://doi.org/10.1515/jpem-2016-0301
https://doi.org/10.1016/j.fertnstert.2013.12.051
https://doi.org/10.1016/0168-9525(86)90194-0
https://doi.org/10.1016/0168-9525(86)90194-0
https://doi.org/10.1007/BF00197261
https://doi.org/10.1007/BF00197261
https://doi.org/10.1007/s00439-014-1420-x
https://doi.org/10.1007/s00439-014-1420-x
https://doi.org/10.1038/nrg3687
https://doi.org/10.1038/nrg3687
https://doi.org/10.1159/000525823
https://doi.org/10.1038/s41574-021-00616-9
https://doi.org/10.1038/s41467-018-04951-w
https://doi.org/10.1038/s41467-018-04951-w
https://doi.org/10.1038/nrg3228
https://doi.org/10.1371/journal.pgen.1007692
https://doi.org/10.1371/journal.pgen.1007692
https://doi.org/10.1002/ajmg.c.31686
https://doi.org/10.1002/ajmg.c.31686
https://doi.org/10.1038/s41587-019-0392-8
https://doi.org/10.1038/s41587-019-0392-8
https://doi.org/10.1159/000503737
https://doi.org/10.1016/j.ajhg.2021.09.001
https://doi.org/10.1016/j.ajhg.2021.09.001
https://doi.org/10.1038/s41467-020-19414-4
https://doi.org/10.1186/s13148-019-0720-3
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/EC-23-0011
https://ec.bioscientifica.com


H B Tallaksen et al. e230011

PB–XX

12:9

 60 Winge SB, Soraggi S, Schierup MH, Rajpert-De Meyts E & Almstrup K. 
Integration and reanalysis of transcriptomics and methylomics data 
derived from blood and testis tissue of men with 47,XXY Klinefelter 
syndrome indicates the primary involvement of Sertoli cells in the 
testicular pathogenesis. American Journal of Medical Genetics. Part 
C, Seminars in Medical Genetics 2020 184 239–255. (https://doi.
org/10.1002/ajmg.c.31793)

 61 Le Gall J, Nizon M, Pichon O, Andrieux J, Audebert-Bellanger S, 
Baron S, Beneteau C, Bilan F, Boute O, Busa T, et al. Sex chromosome 
aneuploidies and copy-number variants: a further explanation for 
neurodevelopmental prognosis variability? European Journal of Human 
Genetics 2017 25 930–934. (https://doi.org/10.1038/ejhg.2017.93)

 62 Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, 
Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, et al. 
Gene set enrichment analysis: a knowledge-based approach for 
interpreting genome-wide expression profiles. Proceedings of the 
National Academy of Sciences of the United States of America 2005 102 
15545–15550. (https://doi.org/10.1073/pnas.0506580102)

 63 Langfelder P. Horvath S. WGCNA: an R package for weighted 
correlation network analysis. BMC Bioinformatics 2008 559. (https://
doi.org/10.1186/1471-2105-9-559)

 64 Astro V, Alowaysi M, Fiacco E, Saera-Vila A, Cardona-Londono KJ, 
Aiese Cigliano R & Adamo A. Pseudoautosomal Region 1 overdosage 
affects the global transcriptome in iPSCs from patients with 
Klinefelter syndrome and high-grade X chromosome aneuploidies. 
Frontiers in Cell and Developmental Biology 2021 9 801597. (https://doi.
org/10.3389/fcell.2021.801597)

 65 Rohart F, Gautier B, Singh A & Le Cao KA. mixOmics: an R package 
for 'omics feature selection and multiple data integration. PLOS 
Computational Biology 2017 13 e1005752. (https://doi.org/10.1371/
journal.pcbi.1005752)

 66 Hamazaki T, El Rouby N, Fredette NC, Santostefano KE & Terada N. 
Concise review: induced pluripotent stem cell research in the era 

of precision medicine. Stem Cells 2017 35 545–550. (https://doi.
org/10.1002/stem.2570)

 67 Botman O, Hibaoui Y, Giudice MG, Ambroise J, Creppe C, Feki A & 
Wyns C. Modeling Klinefelter syndrome using induced pluripotent 
stem cells reveals impaired germ cell differentiation. Frontiers in Cell 
and Developmental Biology 2020 8 567454. (https://doi.org/10.3389/
fcell.2020.567454)

 68 Arnold AP. The mouse as a model of fundamental concepts related 
to Turner syndrome. American Journal of Medical Genetics. Part C, 
Seminars in Medical Genetics 2019 181 76–85. (https://doi.org/10.1002/
ajmg.c.31681)

 69 Wistuba J. Animal models for Klinefelter's syndrome and their 
relevance for the clinic. Molecular Human Reproduction 2010 16 
375–385. (https://doi.org/10.1093/molehr/gaq024)

 70 Raudsepp T & Chowdhary BP. The eutherian pseudoautosomal 
region. Cytogenetic and Genome Research 2015 147 81–94. (https://doi.
org/10.1159/000443157)

 71 Berletch JB, Ma W, Yang F, Shendure J, Noble WS, Disteche CM 
& Deng X. Escape from X inactivation varies in mouse tissues. 
PLOS Genetics 2015 11 e1005079. (https://doi.org/10.1371/journal.
pgen.1005079)

 72 Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C, Muffato M, 
Collins JE, Humphray S, McLaren K, Matthews L, et al. The zebrafish 
reference genome sequence and its relationship to the human 
genome. Nature 2013 496 498–503. (https://doi.org/10.1038/
nature12111)

 73 Alliance of Genome Resources Consortium. Alliance of Genome 
Resources Portal: Unified Model organism research platform. Nucleic 
Acids Research 2020 48 D650–D658. (https://doi.org/10.1093/nar/
gkz813)

 74 Teame T, Zhang Z, Ran C, Zhang H, Yang Y, Ding Q, Xie M, Gao C, Ye Y, 
Duan M, et al. The use of zebrafish (Danio rerio) as biomedical models. 
Animal Frontiers 2019 9 68–77. (https://doi.org/10.1093/af/vfz020)

Received 6 January 2023
Accepted 30 June 2023
Available online 3 July 2023
Version of Record published 1 August 2023

This work is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 
International License.

https://doi.org/10.1530/EC-23-0011
https://ec.bioscientifica.com © 2023 the author(s)

Published by Bioscientifica Ltd

https://doi.org/10.1002/ajmg.c.31793
https://doi.org/10.1002/ajmg.c.31793
https://doi.org/10.1038/ejhg.2017.93
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.3389/fcell.2021.801597
https://doi.org/10.3389/fcell.2021.801597
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1002/stem.2570
https://doi.org/10.1002/stem.2570
https://doi.org/10.3389/fcell.2020.567454
https://doi.org/10.3389/fcell.2020.567454
https://doi.org/10.1002/ajmg.c.31681
https://doi.org/10.1002/ajmg.c.31681
https://doi.org/10.1093/molehr/gaq024
https://doi.org/10.1159/000443157
https://doi.org/10.1159/000443157
https://doi.org/10.1371/journal.pgen.1005079
https://doi.org/10.1371/journal.pgen.1005079
https://doi.org/10.1038/nature12111
https://doi.org/10.1038/nature12111
https://doi.org/10.1093/nar/gkz813
https://doi.org/10.1093/nar/gkz813
https://doi.org/10.1093/af/vfz020
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/EC-23-0011
https://ec.bioscientifica.com

	Abstract
	Introduction
	The human sex chromosomes, gene dosage, and X chromosome inactivation
	Potential mechanistic modifiers underlying phenotypic variability in SCAs – mosaicism and global modifiers
	Mosaicism
	Individual genomic variations as modifiers of the phenotype of SCAs

	Future directions – from single cells and 
deep phenotyping to animal models
	Transcriptomics at single-cell resolution and spatial transcriptomics
	Deep phenotyping by a multi-omics approach
	Using human-induced pluripotent stem cells to elucidate the molecular underpinnings of SCAs
	The potentials of animal models in SCAs

	Conclusions
	Declaration of interest
	Funding
	Acknowledgement
	References

