
R E V I E W Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativ​ecommon​s.or​g/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http:​​​//creativecommo​ns.​​org/publicdo​main​/​zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Predescu et al. Biology of Sex Differences          (2024) 15:101 
https://doi.org/10.1186/s13293-024-00681-5

Biology of Sex Differences

*Correspondence:
Dan N. Predescu
dan_predescu@rush.edu

Full list of author information is available at the end of the article

Abstract  In humans, the X and Y chromosomes determine the biological sex, XX specifying for females and XY for 
males. The long noncoding RNA X-inactive specific transcript (lncRNA XIST) plays a crucial role in the process of X 
chromosome inactivation (XCI) in cells of the female, a process that ensures the balanced expression of X-linked 
genes between sexes. Initially, it was believed that XIST can be expressed only from the inactive X chromosome 
(Xi) and is considered a typically female-specific transcript. However, accumulating evidence suggests that XIST 
can be detected in male cells as well, and it participates in the development of cancers and other human diseases 
by regulating gene expression at epigenetic, chromatin remodeling, transcriptional, and translational levels. XIST 
is abnormally expressed in many sexually dimorphic diseases, including autoimmune and neurological diseases, 
pulmonary arterial hypertension (PAH), and some types of cancers. However, the underlying mechanisms are not fully 
understood. Escape from XCI and skewed XCI also contributes to sex-biased diseases and their severity. Interestingly, 
in humans, similar to experimental animal models of human disease, the males with the XIST gene activated display 
the sex-biased disease condition at a rate close to females, and significantly greater than males who had not been 
genetically modified. For instance, the men with supernumerary X chromosomes, such as men with Klinefelter 
syndrome (47, XXY), are predisposed toward autoimmunity similar to females (46, XX), and have increased risk for 
strongly female biased diseases, compared to 46, XY males. Interestingly, chromosome X content has been linked 
to a longer life span, and the presence of two chromosome X contributes to increased longevity regardless of the 
hormonal status. In this review, we summarize recent knowledge about XIST structure/function correlation and 
involvement in human disease with focus on XIST abnormal expression in males.

Plain language summary  Many human diseases show differences between males and females in penetrance, 
presentation, progression, and survival. In humans, the X and Y sex chromosomes determine the biological sex, XX 
specifying for females and XY for males. This numeric imbalance, two X chromosomes in females and only one in 
males, known as sex chromosome dosage inequality, is corrected in the first days of embryonic development by 
inactivating one of the X chromosomes in females. While this “dosage compensation” should in theory solve the 
difference in the number of genes between sexes, the expressed doses of X genes are incompletely compensated by 
X chromosome inactivation in females. In this review we try to highlight how abnormal expression and function of 
XIST, a gene on the X chromosome responsible for this inactivation process, may explain the sex differences in human 
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Introduction
The word “sex”, as defined in the Oxford English Dic-
tionary, is “the sum of the characteristics concerned 
with sexual reproduction and the raising of young, by 
which males, females, and hermaphrodites may be dis-
tinguished”, and is used to describe the genetic and 
phenotypic biological, anatomical, psychological, and 
physiological traits that define humans as male and 
female organisms [1]. These traits are not exclusive but 
tend to differentiate male from female humans. The 
genetic differences between men and women beginning 
at conception and continuing during life, lead to sex dif-
ferences in disease rate, presentation, and response to 
therapies. In humans, the X and Y chromosomes deter-
mine the biological sex - XX specifying for female and XY 
for male. However, most genes on the sex chromosomes 
are not implicated in sex determination, and develop-
ment into a male or a female depends only on the master 
sex-determining locus, the SRY (sex-determining region 
Y) gene, on the male-only Y chromosome [2].

Homo sapiens is a highly sexually dimorphic species 
which is the result of a sexual selection on males, and a 
disruptive natural selection that is different in males and 
females. One of the best examples of sexual dimorphism 
in humans is the body size difference, as a reflection of 
sex differences in human body composition, with men 
having a larger lean body and muscle mass. In contrast, 
the females have an increase in pelvis relative to males, 
to accommodate increasingly large-brained neonates 
[3]. According to the “obstetrical dilemma” hypothesis, 
bipedal locomotion narrowed the human pelvis in a way 
that constricted the birth canal. As the size of human 
infants, particularly the head, is larger than their moth-
ers’ pelvic size, selection favored wider female pelvis. 

This cephalopelvic disproportion and delivering large-
brained infants are relevant to female obstetric adapta-
tions [4]. This sexual dimorphism in pelvis morphology 
is largely the result of hormonally regulated sex-biased 
gene expression and becomes pronounced after puberty 
[5]. Thus, the sexual dimorphism comprises the natu-
ral materialization of morphological, physiological, and 
behavioral distinctions between males and females, 
added to the ones from the sex organs.

It is rationalized that the sexual dimorphism in rodents, 
bovines, non-human primates, and humans are the prod-
uct of complex interactions amongst the sex hormones, 
genetic variability, and the environment. However, all 
these factors function on the background created by the 
sex determination pathway, XX or XY. The sex determi-
nation decision of XX or XY must result in sexual dimor-
phism throughout the whole body, from the skin to all 
other organs, and from the function of the brain to that 
of a wiggling tail. A compelling example is that of SRY 
gene, a transcriptional activator that acts exclusively on 
the fetal gonads to establish the synthesis of the gonadal 
sex hormones, which will pass the sex determination 
decision to every cell of the body [6]. SRY is considered 
the “master switch” for testis determination in mammals, 
and functions by binding to and activating the testis-
specific enhancer core sequence of SRY-box 9 (SOX9) [7]. 
Once the couple of SRY-SOX9 is established, the SOX9 
protein induces somatic precursor cells to develop into 
Sertoli cells, which orchestrate the development of the 
gonads as testes [8]. Without SOX9 activation, the fetal 
gonads develop as ovaries. It is rationalized that SRY-
SOX9 interaction opposes the female-promoting regu-
latory network involving Wnt/β-catenin signaling that 
acts as a sex determinator for the XX genotype. On the 

health and disease. A better understanding of the molecular mechanisms of XIST participation in the male-female 
differences in disease is highly relevant since it would allow for improving the personalization of diagnosis and sex-
specific treatment of patients.
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other hand, the signaling on the Wnt/β-catenin pathway 
is first detected around E11-12 in both sexes’ bipotential 
gonads, acting as an anti-testicular agent by limiting the 
expression of SOX9 [9], but is downregulated by SRY in 
males. The systems of SRY-SOX9 for male, and of Wnt/β-
catenin for female determinism, are more complex as 
proven by the deletion of either one of two sex-specific 
mouse transcription factors — forkhead box L2 (FOXL2) 
in females, or doublesex and mab-3 related transcription 
factor 1 (DMRT1) in males, which could cause gonadal 
cells to reprogram their sex, even in adults [10, 11].

On this background, there is agreement regarding the 
existence of sex differences in gene expression and epi-
genetic profile, essentially on each human adult somatic 
cell, as a result of complex interactions between the sex 
hormones, genetic variability, and the environment 
[12–18]. Published data show that the expression of sexu-
ally dimorphic genes in pre-implantation development, 
before the new embryo produces sex hormones that 
are present in the circulation, is driven by sex-chromo-
somes based transcription, whilst later development is 
characterized by sex dimorphic autosomal transcription 
[16–18]. Thus, the emergence of sex differences prior to 
the development of gonads and exposure to gonadal hor-
mones is highly suggestive of the gonadal independent 
contribution of sex chromosome complement [17].

In the era of genomics, the proven differences between 
females and males regarding longevity, disease risk, pre-
sentation, and response to therapy are accepted to have 
a genetic/epigenetic underpinning that operates on the 
background established by the sex chromosomes, XX for 
females and XY for males [19–21].

Even in well-controlled systems and under well-defined 
conditions, investigating the sexual dimorphisms of gene 
expression from adult tissues is complicated by the influ-
ence of gonadal hormones on the sexual background 
established by the sex chromosomes early on the devel-
opment. This limitation was mainly overcome by the cre-
ation of the Four Core Genotypes mouse model, which 
allowed the scientific community to establish that the 
global gene expression differences stemmed from the sex 
chromosomes having influence over the entire genome, 
aka genome-wide effects [22, 23].

From early 1900, when the chromosomal basis of 
heredity was established by Wilson and Stevens [24, 25], 
more than 10 years elapsed until Drosophila’s eye color 
was confirmed as the first sex-linked trait and the molec-
ular basis of genetics was established [26]. Subsequently, 
by inference, the sex-linked traits in other species were 
assumed to have a similar physiological basis. In humans, 
the traits and the diseases originating on the X, or the Y 
chromosome are designated as sex-linked. At the begin-
ning of the work related to the X and Y chromosomes, 
when the topography of genes on the sex chromosomes 

and the details of their molecular regulation were estab-
lished, one curious feature of X-linked genes in humans 
and other species was revealed - their overall expression 
is usually under the control of a form of gene regulation 
known as XIC, unique to the X chromosome.

The good, the bad, and the ugly of XIST
The XX and XY, the sex chromosome complements 

in humans. In eukaryotic cells, there are two X chro-
mosomes, an X-inactive (Xi) and an X-active (Xa) in 
female cells, and an Xa and an Y chromosome in male 
cells. The Xi requires: (i) the establishment of specific 
post-translational modifications of histones, (ii) the cre-
ation of specific DNA methylation patterns of X-linked 
gene promoters, and (iii) changes in the higher-order of 
chromosome [27, 28]. Under evolutionary pressure, this 
sexual disparity in the number of X chromosomes con-
trols both the sex-specific gene expression and the cross-
talk between sex chromosomes and autosomes [29]. This 
is the genetic base of human sexual determinism. It is 
worth mentioning that even though the X chromosome 
accounts for 5% of active genes in humans and has a siz-
able contribution, it is considered as a chromosome with 
a low density of genes [30]. The X chromosome, with 
~ 155 mega bases (mb) is 2.6-fold the size of the Y chro-
mosome, and is “gene-rich” versus the Y chromosome, 
with greater than 1000 genes and 700 pseudogenes, while 
the Y chromosome is ~ 60 mb, is “gene-poor”, having less 
than 140 genes, Fig. 1, A, B [31, 32].This numeric imbal-
ance between the number of sex chromosomes between 
males and females, known as sex chromosome dosage 
inequality, is corrected in the first days of embryonic 
development by dosage compensation, a mechanisms 
meant to equalize sex chromosome-linked gene expres-
sion before gonadal differentiation [33]. Dosage com-
pensation is achieved in a two-fold manner in mammals, 
first, by inactivation of one of the two X chromosomes 
in females, and second, by upregulation of X-linked 
genes, to balance the expression levels between X-linked 
and autosomal genes [34]. X chromosome inactivation 
is largely mediated by the lncRNA XIST, which acts to 
recruit repressive complexes for silencing one X chro-
mosome. However, despite being on the Xi, about 20% of 
X-linked genes (termed escapees) escape from XCI and 
remain active. Some of these escapees have an Y chro-
mosome paralog, and thus, they have equal expression 
between sexes. Other escapees are expressed exclusively 
from the X chromosome and will exhibit higher expres-
sion in females. Some escapees have been directly cor-
related to specific disease characteristics [35–37]. A less 
elucidated mechanism for dosage compensation to main-
tain a balance between X-linked and autosomal gene 
expression is doubling the transcription from the Xa 
chromosome [34].
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The Good of XIST relates to the lyonization of gene 
expression. During dosage compensation, one of the X 
chromosomes in female cells is transcriptionally silenced 
at random, in the space of the X inactivation center 

(XIC) This phenomenon is also known as “lyonization’ 
in honor of Mary Frances Lyon, its first describer [38]. 
Lyonization starts with the upregulation of the lncRNA 
XIST from one allele in each cell [39–41]. XIC is about 

Fig. 1  Significant features of the X and Y chromosomes. A. The female signature consists of two X chromosomes, the Xa and Xi pair. B. The Xa and one 
chromosome Y represent the male mark. C. The XIST RNA molecule repeats between human, and mouse XIST/Xist are conserved. XIST/Xist RNA contains 
six types of repeats, labeled A-F. The E-repeat is located at the 5 end of exon 6 of XIST/Xist and at the 5 end of exon 7 of XIST/Xist, respectively; all other re-
peats are contained within the large first exon of XIST/Xist. The approximate copy number and monomer length for each repeat block is: A repeat (mouse 
8x ~ 50 nt; human 9x ~ 100 nt); F repeat (mouse 2x ~ 16 nt; human 2x ~ 16 nt); B repeat (mouse 32x ~ 7 nt; human 29x ~ 7 nt); C repeat (mouse 14x ~ 115 
nt; human 1x ~ 115 nt); D repeat (mouse 10x ~ 290 nt; human 26x ~ 290 nt); E repeat (mouse 50x ~ 25 nt; human 28x ~ 25 nt). The dashed boxes indicate 
the repeats that contribute to gene silencing (green), Polycomb Group (PcG) protein recruitment (Blue) and XIST/Xist localization (red)
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1  Mb region of X chromosome, at Xq13.2 and contains 
some protein-coding genes including, Rnf12, as well 
as several lncRNAs including RepA, Tsix, Xite, Jpx, Ftx, 
and Tsix [28]. Whereas there is agreement that RNF12 is 
one of the proteins form XIC which by targeting REX1 
is directly involved in XIST activation [42, 43], there are 
other proteins involved and the reader is referred to a 
recent review for an in dept analysis of XIST interaction 
with different proteins [44].

Xist/XIST, a 15 kb lncRNA in mice and 17 kb lncRNA 
in humans, is transcribed only from the Xi chromosome, 
and even if poorly conserved, XIST/Xist contributes and 
is required for XIC/Xic. Currently, because of the concept 
of XIST being expressed from only the Xi chromosome, 
it is considered a typically female exclusive transcript, 
and thus, not expressed in males [45]. Under normal 
conditions, detection of XIST presence in males was dif-
ficult, if not impossible, considering the low number of 
XIST molecules per cell and the analytical resolution of 
the in situ hybridization methodology, in the range of 
100–200 kb as determined by the probe size, prevalently 
used for its detection [46]. The use of higher resolution 
qPCR and RNA sequencing significantly improved XIST 
detection over in situ hybridization and fluorescence 
[47]. XIST expression is associated with the X chromo-
some from which it is produced, is acting only in cis, 
and is a molecule created of several conserved tandem 
repeats labeled A to F [48]. The XIST repeats, five major 
structural building blocks - A, F, B/C/D, E, and exon 6/7, 
Fig. 1C, described for mice are conserved in their human 
counterpart [49, 50]. Deletion analyses of mouse Xist 
repeats revealed the synergistic and coordinated func-
tions of these modules, established that XIST/Xist is a 
multitasking lncRNA, and helped to find out the specific 
RNA Binding Proteins (RBPs) that interact with the func-
tional domains, and finally, confirmed their involvement 
in Xic from its beginning till at the end [51–53]. Exon 6 
is considered a poor protein binding domain. A protein 
that is reported and confirmed to bind to the center of 
the Exon 6 is hnRNPU, while several proteins like: chro-
modomain-helicase-DNA-binding protein 4 (CHD4), 
enhancer of zeste polycomb repressive complex 2 subunit 
(EZH2), SUZ12 Polycomb Repressive Complex 2 Sub-
unit (SUZ12), and polycomb group protein CBX (pCBX) 
associate with the sides of the Exon 6 [50]. Considering 
this distribution, a poor protein binding center domain 
and sides-enriched with binding proteins, it has been 
speculated that such scattering may help to bring its two 
ends to proximity, which is concordant with the spatial 
structure of Exon 6. Binding the hnRNPU proteins along 
with the BCD, a major structural domain of Xist which 
also binds the CDKN1A Interacting Zinc Finger Protein 
1 (CIZ1), makes Exon 6 a participant in tethering Xist to 
Xi. Also, like the domain BCD, the compact folding of 

Exon 6 excludes the m6A methylase complex and, by this, 
contributes to the specificity of m6A modifications [50]. 
Thus, according to the current evidence, Exon 6 partici-
pates in three processes related to Xist structure/activity.

Structural modularity of XIST/Xist RNA protein com-
plexes  Repeat A, the focal point of XIST/Xist silencing, 
is highly conserved in mammals and has been shown to 
be indispensable for gene-silencing [54]. Repeat A essen-
tiality for transcriptional silencing was confirmed by 
proteomic methodologies which mapped its RNA–pro-
tein interactions [55]. This repeat is the focal point of 
initiation of transcriptional silencing by recruiting SPEN 
(SPlit Ends), which contains the repressive domain SPOC 
(SPEN Paralogue/Orthologue C-terminal) that recruits 
the repressive factors NCoR/SMRT (Nuclear receptor Co-
Repressor/Silencing Mediator of Retinoic acid and Thy-
roid hormone receptor) complex. After recruitment of the 
NCoR/SMRT complex, one of the first events that takes 
place is the deacetylation of histone H3 and H4. These are 
the first steps - recruiting and deacetylation - in initiating 
gene silencing. Given the biological importance of the A 
domain, repeated efforts have been made to elucidate its 
spatial structure to associate it with XIST biological func-
tion. Currently, the prevailing view is that repeat A func-
tions as a nucleation center for dynamic protein assembly 
which organizes them as a hub of transcriptional silenc-
ing [56]. Deletion of repeat A abolishes gene silencing, 
which also leads to a defect in XIST/Xist local spreading 
and spatial exclusion of active genes from the XIST/Xist-
coated nuclear compartment [57, 58]. Thus, the Repeat A 
domain contains RBPs involved in transcriptional silenc-
ing, splicing regulation, DNA methylation, m6A modifica-
tion, and nuclear lamina attachment [50].

Repeats B and C, the heart of Polycomb Repres-
sive Complexes mobilization, are important for lock-
ing the silent state of the Xi, through the recruitment 
of the PcG protein complexes to the Xi after the initial 
establishment of XIC by the repeat A module. Even if 
widely scrutinized, the mechanisms and sequences of 
events involved in PcG recruitment, are still an area of 
hot investigation [59]. As the two Repeats B and C are 
cytosine-reach domains, they serve as a docking site 
for the Heterogeneous Nuclear Ribo Nucleo Protein K 
(hnRNPK), which by binding the PcG Ring Finger 3/PcG 
Ring Finger - Protein Regulator of Cytokinesis 1 (PCGF3/
PCGF5–PRC1) complex decorates the chromatin with 
the histone H2AK1219 mono-ubiquitination mark 
(H2AK119ub), which is the primary signal for recruit-
ing the Polycomb Repressive Complex 2 (PRC2), via its 
recognition by Jumonji- and AT-rich interaction domain 
(ARID)-domain-containing protein 2 (JARID2) from the 
PRC2 [51]. Both repeats are binding to the hnRNPK, but 
it seems that the repeat C is involved in XIST localization 
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via its interactions with the heterogenous nuclear ribo-
nucleoprotein U/scaffold attachment factor A (hnRNPU/
Saf-A) and Yin Yang 1 (YY1) [60]. While polycomb 
recruitment is of the essence for chromosome-wide 
silencing, the contribution of PRC1 and PRC2 remains to 
be established. So far, repeat B is a prerequisite for XIST 
RNA to spread and by doing this, is an active participant 
in gene silencing. Moreover, the deletion of repeat B or of 
hnRNPK showed that the recruitment of PRC1 and PRC2 
is compromised. To conclude, the domains B/C are key 
players in heterochromatin formation and topological 
reconfiguration of the X chromosome and thus, in long 
lasting transcriptional silencing lengthwise of the Xi [59].

Repeat D, the neglected child of Xist/XIST, was 
described initially as an ~ 200  bp motif [40] and later 
shown to contain 10 truncated Repeat D motifs located 
at nucleotides ~ 5200–7900 toward the 3’ end of exon 
1. It was reported to be the most complex of the Xist/
XIST repeats [61]. Deletional analysis did not show any 
changes in phenotypes related to Xist/XIST coating or 
PCG recruitment in mouse embryonic fibroblasts [51]. 
Given the lack of functional data of the structurally com-
plex repeat D, it has been suggested that the repeat might 
have a role in the early stages of XCI [59]. By compari-
son to the mouse, the human Repeat D is larger, suggest-
ing that it may replace the function of repeat C, which in 
humans is reduced to one incomplete motif [59].

Repeat E, the hub of Xist/XIST localization to Xi, is 
important for tethering Xist/XIST by interacting with 
several RBPs necessary for anchoring to the Xi terri-
tory. Different methods and methodologies used to map 
the RBN complexes associated with each domain, estab-
lished that the domain E which binds CIZ1 and hnRNPU 
proteins, attaches the Xist/XIST RNA to the Xi [62–64]. 
CIZ1 is one member of a group of matrix-associated 
proteins shown to interact with Xist/XIST and strongly 
enriched at the site of Xist/XIST RNA, in both human 
and mouse models [62]. Additionally, it was proposed 
that repeat E may participate in the recruitment of PRC2, 
KMT5A, and CIZ1, all of which operate independently 
of silencing or chromatin remodeling [65]. Furthermore, 
the binding of polypyrimidine Tract Binding Protein 
1 (PTBP1), matrin-3 (MATR3), CUGBP (CUG triplet 
repeat RNA binding protein) Elav-Like Family Mem-
ber 1 (CELF1), and Transactive Response DNA-binding 
protein 43 (TDP-43) creates a distinct functional com-
plex which stabilizes Xist/XIST coating after the initial 
wave of transcriptional silencing and PcG recruitment 
by repeat A and repeats B/C. It is worth mentioning 
that, even if the polypyrimidine tract binding protein 
1 (PTBP1), with TAR DNA binding protein (TARDBP), 
ADP-ribosylation factor 6 ( ANF622), and serine and 
arginine rich splicing factor 7 (SRSF7) are spatially segre-
gated on the E domain, their functionality remains to be 

demonstrated [53]. By doing this, repeat E plays a central 
role in the maintenance of XCI likely, via the assembly of 
a specialized phase-separated sub-nuclear compartment 
necessary for the efficient maintenance of XCI [53].

Repeat F, the shortest of all domains, comprises two 
copies of 10 bp in mouse Xist RNA. As the deletion stud-
ies have produced conflicting results regarding its role in 
XCI, more work is needed to reconcile its possible roles, 
either as a binding site for YY 1, and/or as a participant 
in transcriptional silencing via the loss of tethering of Xi 
to the nuclear lamina [56, 66]. Recent studies reported 
that the Lamin B receptor binds to three sites across 
Xist, with the most prominent encompassing the entire 
F repeat, and tethers the Xi chromosome to the nuclear 
lamina, a region where gene expression is silenced [56]. 
Nuclear lamina is required for reshaping the chromatin 
structure to allow its proficient association with the tran-
scriptionally active genes and silencing [67–69].

Xist/XIST positive-negative regulators  The genes of three 
lncRNAs TSIX, XITE and LINX, whose main role is to 
randomly inactivate one X chromosome in the embryo 
development reside within the same topologically asso-
ciated domain (TAD) from XIC. On the same genomic 
space, the Xist/XIST promoter shares TAD with the other 
three lncRNAs positive regulators, JPX, FTX, XERT, and 
the protein-Rnfl12 [70]. Outside of this brief outline of 
XIC, it should be mentioned that other parts within the 
XIST locus have been reported to contribute to XIST 
upregulation [71]. Work related to SPEN, essential for 
gene silencing during XCI, revealed a cis-acting positive 
feedback mechanism that boosts XIST expression by 
either mutual repression when XIST silences one or some 
of its cis-repressors, or by mutual activation, by XIST 
induction of cis-activators [72, 73]. The studies to under-
stand the who and how different players involved are 
working together have established that the region encod-
ing for lncRNA XIST and TSIX, the antisense transcript 
of Xist/XIST that can mediate its repression, are essential 
for initiation, establishment, and propagation of XIC [74]. 
There is agreement in claiming that Tsix is the one that 
dictates which chromosome X will be Xa by modifying 
the chromatin state of that chromosome, and by manag-
ing the DNA methylation of the Xist/XIST promoter [75]. 
However, the gene expression from corner to corner of 
the Xi chromosome does not happen at the pseudo-auto-
somal regions (PARs) that are present on both X and Y 
chromosomes, Fig. 1A, B [32]. On the PARs, the repres-
sive events that mark the inactivated chromosome: (i) 
exclusion of RNA polymerase II, (ii) DNA methylation 
at promoters and (iii) adding in place histone modifica-
tions, that are missing from the PARs genes which are not 
imprinted [76]. As illustrated in Fig.  1A, B, in humans, 
PAR1 is of 2.7 Mb, while PAR2 is of only 330 kb [77]. The 
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expression of genes from the PARs is significant because 
PAR1 genes are highly expressed in males, 14 out of 15 
genes, making their expression to surpass the combined 
Xa and Xi expression in females [78].

Xist/XIST RNA – a master regulator of XCI  Xist/XIST 
associates with 81 unique binding proteins to form differ-
ent ribonucleoprotein complexes, more than 20 through 
direct RNA-protein interaction and others through 
indirect protein-protein interaction [55]. While differ-
ent proteins have been described as participating in 
XIC, recruitment of Polycomb group proteins following 
Xist/XIST RNA coating occurs in the early stages of Xi 
establishment. Polycomb complexes PCRC1 and PCRC2 
are primarily in charge of histone modifications that are 
paramount for XIC. While the PRC1 complex catalyzes 
ubiquitination of histone H2A at lysine 119 (H2AK119u1) 
[79], the PRC2 complex catalyzes lysine methylation 
-H3K27me3 [80]. Recent studies show that the non-
canonical PcG RING finger 3/5 (PCG3/5)-PRC1 complex 
initiates recruitment of both PRC1 and PRC2 in response 
to Xist/XIST expression, highlighting the fact that the 
mechanisms of XIST-mediated recruitment of PcG pro-
teins are far from being fully understood [52, 81].

Before super-resolution structural studies, it was rea-
soned that Xist/XIST together with its effectors proteins, 
other lncRNAs, and chromatin-induced modifications, 
accumulate over the whole chromosome and by their dis-
tribution from corner to corner, control the expression 
of all genes from X chromosome [82]. Super-resolution 
microscopy, however, has proved that XIST distributes 
on Xi as 50–150 nm diffraction-limited foci in differen-
tiated cells [83]. This new concept of Xi being carried 
out by protein foci, despite being revolutionary, cannot 
explain how the known effector proteins interacting with 
Xist/XIST are capable of silencing more than 800 genes 
spanning 150 million base pairs. Nevertheless, super-res-
olution microscopy combined with single-particle track-
ing provided solid data showing that Xist/XIST foci are 
locally confined and once in place, they stimulate tran-
sient dynamic protein compartments formation around 
a slowly exchanging Xist/XIST, referred to as supra-
molecular complexes (SMACs). In SMACs, the rapid 
binding and dissociation of most Xist/XIST-interacting 
proteins is the driving force behind local protein gradi-
ents stretched over broad regions of the X chromosome 
responsible for silencing [84].

However, the mechanisms behind other functions of 
Xist/XIST remain to be revealed. The female exclusive 
activation of XIC is mediated by a tightly controlled 
balance between X-encoded XIC activators and XIC 
repressors [85]. Initiation of XIC is stochastic, and a 
negative feedback loop involving rapid silencing of some 
X-encoded XIC activators can prevent the inactivation of 

the second X chromosome [86]. The stochastic model of 
XIC dynamics was confirmed, at least partially, by math-
ematic modeling and machine learning algorithms [87]. 
It is assumed that once XIC is established the Xi enters 
the maintenance stage which is watched over by several 
molecular mechanisms: (i) continuous XIST expression, 
(ii) histones hypoacetylation, (iii) DNA methylation, and 
(iv) acquisition of histone macroH2A and CULLIN3/
SPOP ubiquitin E3 ligase in the late stages of Xi establish-
ment. Once established, XIC is stably propagated, but it 
was shown that can be reversed in vivo and in vitro by 
pluripotent reprogramming and by DNA hypomethyl-
ation [88, 89]. The developmentally orchestrated process 
of XIC is considered perpetual for the lifespan of female 
cells and creates a rule according to which only one Xa 
chromosome is typically present in human cells. How-
ever, this genetic dogma does not apply to cancerous cells 
of both sexes when supernumerary X chromosomes are 
detected and XIST expression is dysregulated. While 
the “re-apparition” of XIST in somatic cells is well-doc-
umented for some forms of cancers, in several autoim-
mune and neurological diseases, its presence in females, 
and particularly in male PAH patients, is a novelty [90, 
91].

The silenced state of the Xist/XIST gene   While for females 
(both mice and humans) the long-noncoding RNA Xist/
XIST is indispensable for initiating and maintaining XCI 
of one of X chromosomes during early development, 
the expression of XIST in male normal tissues is barely 
detected, but not zero. Xist/XIST presence was demon-
strated by qPCR in the lung tissue of an experimental 
murine model of PAH, in the lung tissue of human PAH 
patients, and in human lung endothelial cells from lung 
PAH explants [92], as well as by sequencing in different 
human cancer tissues [93]. Significantly, XIST has also 
been detected in 0.6% of male somatic tissue adjacent 
to the tumors, presumed to be normal, and in 0.2% of 
normal male tissues. Hence, the values of XIST in nor-
mal somatic tissues are small, but they show that either 
XIST shutting off after the dosage compensation comple-
tion is not absolute, mainly for female cells, or that XIST 
gene can be reactivated in somatic cells, in both male and 
female, by mechanisms remaining to be elucidated. Even 
if the X chromosome from the male is Xa, under the cir-
cumstances described above or in various settings just 
starting to be identified, XIST can be detected in males’ 
somatic cells.

The Good of Xist/XIST is also found in sex-specific 
regulation of aging. Aging in living organisms, also 
known as senescence, is generally described as a cumula-
tive, irreversible process resulting in decreased function 
and increased risk of death [94]. Aging is accompanied by 
alterations in metabolism, body composition, hormone 
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status, and accumulation of abdominal fat. Studies of 
sex differences in longevity indicate a 4–10 years longer 
life in females versus males [95]. Using the Four Core 
Genotypes mouse model, Davis et al., have shown that 
chromosome X content has been linked to a longer life 
span and the presence of two chromosomes X contrib-
utes to increased longevity regardless of the hormonal 
status [96]. Recent studies demonstrate a female-specific 
feature of hypothalamic aging [97]. Using single nuclei 
sequencing of the aging female mouse (19–24 months) 
hypothalamus and bioinformatics, Hajdarovic and col-
leagues found that the major cell types of the hypothala-
mus undergo widespread transcriptional changes. The 
hypothalamus is a critical brain region for the regulation 
of physiological homeostasis, including feeding, metabo-
lism, and sleep. The most upregulated genes included 
the female specific XIST and TSIX. Upregulation of 
Xist expression with age was not detected in male mice. 
Moreover, a learning machine approach indicated that X 
chromosome gene expression is sufficient to predict cel-
lular age, and Xist is the second most important predic-
tor of age.

A different potential explanation for the females lon-
ger life compared to males may be due to the subopti-
mal mitochondrial function in males and the antagonist 
pleiotropy of gene function between the sexes [94]. Both 
the mitochondrion genome and the X chromosome are 
asymmetrically inherited in mammals – in the sense 
that through evolution, the associated genes spend rela-
tively more time under selection in females and thus, 
expected to be better optimized for function in females 
than in males and to contribute preferentially to the aging 
phenotype.

The Bad of XIST is found in the XIST driven patholo-
gies. Many recent studies confirmed XIST participation 
in a substantial number of pathologies like neurological, 
cardiovascular, lung, kidney, pancreas, skin, autoimmune, 
bone diseases and cancers [91, 92, 98–101]. XIST as a 
nuclear regulatory RNA, not only dictates the process 
of dosage compensation by establishing and maintaining 
XCI, but also may influence gene expression by epigen-
etic management and as a transcriptional regulator, via 
RNA processing and chromatin organization. Dysregu-
lation of its expression and defects in its functions can 
cause severe phenotypes and increase susceptibility to 
genetic disease.

XIST and autoimmune diseases  While females have an 
enhanced capability to solve infections when contrasted 
to males, they do have an increased vulnerability to devel-
oping autoimmune diseases [102]. Autoimmune diseases, 
occurring in 3–5% of the population are behind the heart 
disease and cancer, as the third most prevalent human 
disease category affecting females more than males; 4 

out of 5 patients are female [101]. More than 70–80% of 
sex-biased autoimmune diseases are female predominant, 
well-described examples being systemic lupus erythema-
tosus, scleroderma, Sjogren’s syndrome, and rheumatoid 
arthritis. It is noteworthy to mention that in systemic 
lupus erythematosus, the ratio of patient sex is 9:1 female/
male, and in Sjogren’s disease is 19:1 female/male [103]. 
Female prevalence is also observed before puberty or in 
postmenopausal women, when the level of sex hormones 
is low, implying that other mechanisms may be involved 
[104].

For decades, the female bias in autoimmune dis-
eases was credited to sex hormones [105]. The females’ 
estrogens and males’ androgens can influence the 
maintenance, development, and effector functions of 
various immune cell subsets from the innate and adaptive 
immune system [105]. Recent studies strongly suggest 
that genetic mechanisms determined by the sex chromo-
somes are potentially contributors to the sex-differences 
in immune responses across a wide range of ages [106]. 
Previous work proposed that XIST may be responsible 
for sex bias in systemic lupus erythematosus and rheu-
matoid arthritis, mainly because of the dynamic regula-
tion of XIST/Xist in lymphoid cells from humans and 
mice [107]. Some inconsistencies related to XIST regu-
lation were reported, mainly during B cell development. 
As cells differentiate into mature follicular naïve B cells, 
they display a progressive loss of the XIST compartment 
and heterochromatin marks [108]. Even though XIST is 
continuously transcribed and still diffusely present in the 
nucleus, given the sensitivity of the RNA-fluorescence in 
situ hybridization methods used, the observation is not 
yet settled.

More recent evidence demonstrates that the pattern 
recognition of Toll-like receptors 7 and 8 (TLR7, TLR8), 
both encoded by X-linked genes, are key molecules at the 
intersection between the enhanced protective and auto-
reactive immune responses in women. Both genes escape 
X chromosome inactivation leading to enhanced pro-
tein expression in women compared to men [109–111]. 
TLR7 is mainly expressed in plasmacytoid dendritic cells, 
monocytes and B lymphocytes while TLR8 is preferen-
tially expressed in monocytes, myeloid dendritic cells 
and neutrophils [112]. Single cell analyses of TLR7 allelic 
expression complemented by functional studies demon-
strated that the B cells of 46, XX females and 47, XXY 
males are biallelic for TLR7, have a higher cellular expres-
sion of TLR7 protein and increased responsiveness to 
TLR7 ligands [109]. Recent studies by Crawford identified 
the lncRNA XIST as a sex-bias source of TLR7 ligands in 
systemic lupus erythematosus [113]. XIST RNA levels 
were high in the blood leukocytes of females with sys-
temic lupus erythematosus versus controls and corre-
lated positively with increased production of interferon-α 
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and disease activity. Moreover, the studies demonstrated 
that XIST acts as an inducer of interferon-α, rather than 
as an interferon stimulated gene, a finding consistent 
with a pro-inflammatory role of XIST in systemic lupus 
erythematosus.

TLR7 and TLR8 form a co-regulated gene cluster on 
the X chromosome with sex specific divergent transcrip-
tional patterns in monocytes and CD4 + T and their co-
dependent transcription on the active X was observed in 
women and men with Klinefelter syndrome lymphocytes 
[106]. The elevated levels of XIST in men with Klinefelter 
syndrome or women with triple X syndrome indicate that 
XIST inactivates the supernumerary X chromosomes, 
but the inactivation process is incomplete, strongly sug-
gesting a disease-augmenting role of XIST, outside of its 
established role in X chromosome inactivation [114].

XIST-ribonucleoprotein complex is an important 
driver of sex-biased autoimmunity [101]. Dou and col-
leagues demonstrated that the inducible transgenic 
expression of a non-silencing form of Xist in male mice 
introduced Xist ribonucleoprotein complexes and suf-
ficed to produce autoantibodies. Xist expression in males 
reprogrammed T and B cell populations and chromatin 
states to more resemble wild-type females and promote 
multi-organ autoimmune pathology. Moreover, single 
cell gene expression analysis identified clusters of atypical 
B cells that accumulate as a consequence of XIST ribonu-
cleoprotein expression.

XIST involvement in sex-biased autoimmune diseases 
is further supported by individuals with supernumerary 
X chromosomes, such as Klinefelter syndrome, a genetic 
condition that occurs in males when they have an extra 
X chromosome (47, XXY). These individuals with two 
X chromosomes are predisposed toward autoimmunity 
similar to females (46, XX), and have an increased risk 
of strongly female biased diseases such as Sjogren’s syn-
drome, systemic lupus erythematosus, and rheumatoid 
arthritis, compared to 46, XY males. The risk of systemic 
lupus erythematosus in men with Klinefelter syndrome is 
predicted to be similar to the risk of normal women with 
46, XX, and about 14-fold higher than in men with 46, 
XY, consistent with the idea that systemic lupus erythe-
matosus susceptibility can be explained, at least in part, 
by an X-chromosome gene-dose effect [27, 115]. Further-
more, the prevalence of systemic lupus erythematosus 
in females with Turner syndrome (45, X) is significantly 
lower compared with female trisomy (47, XXX) [27]. 
These observations further confirm the X chromosome 
gene-dose effect.

Elegant genetic system allowing for the comparison 
between XX SRY + mice genetically modified by autoso-
mal insertion of the testes determining SRY transgene in 
a XX female sex chromosome background, and XY in a 
male hormonal background indicated that the two X 

chromosomes promoted autoimmune disease indepen-
dent of hormones, strongly suggesting the lncRNA XIST 
may possess a risk for autoimmunity [27, 116].

Support for Xist as a major driver of autoimmune risk 
irrespective of sex or hormonal status in mice came 
from studies of NZB/W F1 mice, a spontaneous mouse 
model of lupus that shared similarities with human 
patients [117]. Remarkably, 100% of female mice develop 
symptoms of lupus disease around 5–6 month of age, 
compared to less than 40% male mice. Bone marrow 
transplantation experiments in which female NZB/W 
F1 cells were transplanted into irradiated male NZB/W 
F1 mice resulted in 100% male mice developing lupus 
symptoms, consistent with a hormone-independent role 
for the X chromosome in the developing of lupus dis-
ease. Even if in this context, the female predisposition has 
been linked to X-linked immune gene dosage, an induc-
ible transgenic expression of a non-silencing form of Xist 
in male mice sufficed to produce autoantibodies [104, 
106]. The prevalent consensus of Xist/XIST involvement 
in autoimmune diseases is that the escape from XCI in 
female, creates notable cellular heterogeneity and diver-
sity in X-linked gene expression. This changed genetic 
background set up a matchless female’s cellular mosa-
icism, which provides a particular advantage compared 
to males, particularly during viral infections.

Taken together, this brief overlook of Xist/XIST 
involvement in autoimmune diseases strongly suggests 
that understanding the genetic mechanisms by which 
biological sex contributes to the strength and magnitude 
of innate and adaptive immunity may have implications 
for the treatment of these immunopathological disorders 
for promoting most selective protective immunity during 
the immune response, and for improving vaccine efficacy 
in both sexes.

Xist/XIST in PAH  Pulmonary arterial hypertension 
(PAH), a dreadful progressive disease of lung vasculature, 
with a 3-year survival rate of less than 60% is the most 
sex-biased form of hypertension once disease penetrance, 
presentation, and progression are considered [118]. The 
sexual dimorphism of PAH should be viewed with a dif-
ferent lens, as all the main characteristics of the disease 
are 2- to 4-fold augmented in females across all races, eth-
nicities, and ages [119]. The widespread remodeling of the 
pulmonary artery vascular bed (arteriole below 120  μm 
diameter), and the development of hallmark plexiform 
lesions are the major characteristics of PAH vasculopathy, 
leading to right heart failure and death [120, 121].

Until recently, despite the higher susceptibility to the 
disease, the better female survival prognosis compared 
to male PAH patients was attributed to the cardio-
protection mediated by female sex hormones. Recent 
research, however, using experimental cell models and 
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animal-induced PAH models strongly suggests that 
genetic and epigenetic factors are responsible for sex 
differences in PAH. As different cell types isolated from 
the lung explants of PAH patients maintain their in vivo 
characteristics (i.e., apoptosis-resistance, hyperprolifera-
tion, inflammatory phenotype, etc.,) or preserve cellular 
identity by using their cell progenitors, they were valuable 
tools in obtaining evidence for the sexual dimorphism of 
PAH [122, 123]. The X chromosome is home to several 
important genes associated with PAH pathobiology [119]. 
Recent studies have demonstrated increased expression 
and activity of XIST/Xist induced by an intersectin-1 
protein fragment with proliferative potential (EHITSN), in 
female PAH lung specimens, as well as a murine model of 
PAH that closely recapitulates the human disease [90, 92]. 
This increased expression of XIST/Xist leads to increased 
expression and activity of the X-linked gene Elk1 and 
endothelial cell hyper-proliferation [92]. When male PAH 
specimens were analyzed, a wide range of XIST expres-
sion levels were detected [91]. Pulmonary artery endo-
thelial cells of PAH male patients showed a wide range of 
XIST expression, with the highest XIST level over 16-fold 
greater than the lowest XIST level; on average 10.3-fold 
increase in high XIST versus low. DNA methylation sta-
tus in the XIST promoter region and the lncRNA TSIX 
expression/methylation was proposed to explain, at least 
in part the significant variability of XIST expression in 
male ECPAH. Also, the studies found an important asso-
ciation between XIST levels and endothelial cell prolif-
eration via a crosstalk between the EHITSN-triggered p38/
Elk1/c-Fos pathogenic proliferative signaling and XIST-
EZH2-Klf2 interaction [91]. Unlike female endothelial 
cells, where higher XIST levels correlated to more pro-
liferative endothelial phenotype, in males PAH patients, 
endothelial cells with low XIST were more proliferative 
than the endothelial cells with high XIST, suggesting that 
in male patients, augmented XIST expression may pro-
vide protection against endothelial hyperproliferation, 
consistent with a sex-specific relationship between XIST 
abnormal expression and diseases.

The knowledge of the functional impact of somatic 
XIST perturbation in human male cells is limited [93]. 
Moreover, the correlation between XIST and TSIX, an 
antisense XIST gene, is largely unexplored. It has been 
suggested that the lncRNA TSIX transcription regulates 
chromatin conformation of the XIST locus, causing a 
repressive chromatin structure [75, 124]. While in mice, 
the lncRNA Tsix is transcribed over the Xist locus in the 
antisense orientation and functions as a repressor of Xist 
on the chromosome from which it is transcribed, this 
mechanism is not yet demonstrated in humans and is still 
controversial [125, 126]. Interestingly, pulmonary artery 
endothelial cells of PAH male patients with high XIST 

levels belong to hypoxic patients, suggesting a possible 
link between XIST levels and hypoxic signaling in PAH.

Recent developments revealed significant crosstalk of 
XIST, via a range of miRNAs, with proteins that affect 
the pathological mechanisms of cancer and cardiovas-
cular diseases including PAH. XIST modulates via the 
miR 93-5p the HIF1A-Axl axis in colorectal cancer [127]. 
Using both male and female colorectal cancer samples, 
Yang demonstrated that XIST is the competitive endog-
enous RNA of miR93-5p to promote HIF-1  A and then 
the upregulated AXL level facilitates migration and pro-
liferation of colorectal cancer. HIF1A is a master regula-
tor of oxygen homeostasis with augmented expression in 
PAH [128–131], while AXL is a key regulator of endothe-
lial BMPR2 signaling, whose loss-of-function mutations 
is the most common genetic cause of PAH [132, 133].

In vitro studies using myocardial H9c2 cells demon-
strated that XIST provides protection against injury 
induced by hypoxia and regulates myocardial infarction 
via the mir486-5p/Sirtuin 1 axis [134]. Sirtuin 1 is a nico-
tinamide adenine dinucleotide (NAD+)-dependent his-
tone deacetylase and a regulator of endothelial cells and 
smooth muscle cells proliferation in PAH [135, 136].

Kostyunina et al., reported sexual dimorphism in the 
development and progression of PAH associated with 
significant differences in RNA and protein expression 
between male and female pulmonary microvascular 
endothelial cells grown in conditions of physiological 
shear stress in response to hypoxia; these differences 
were independent of the sex hormone environment [137].

In vitro studies, using mouse lung endothelial cells 
of male and female wt- and parkin-/- mice have shown 
epigenetic sex differences (methylation, histone modifi-
cation), and effects on gene expression in experimental 
pulmonary hypertension that may account for the sexual 
dimorphism found in vivo [138]. Xist/XIST in mammals 
regulates mitochondrial maintenance across generations 
and in aging [94]. Asymmetric inheritance of mitochon-
drial genes and sex chromosomes promotes the evolution 
of sexually antagonistic gene functions and are expected 
to contribute preferentially to the aging phenotype [94]. 
Thus, in evolution, the mitochondria may be less opti-
mized for function in the male vs. the female, and this 
sub-optimal function of mitochondria in males may con-
tribute to sex differences in stress response and apoptosis 
[139]. It may be attractive to speculate that while men are 
less susceptible to PAH, they have worse outcomes once 
diagnosed with the disease. Thus, Xist/XIST may be a 
regulator of sexual differentiation, and a co-regulator of 
apoptosis and life span. Its level of expression, interac-
tions and pleiotropic effects may facilitate understanding 
sex differences in disease.
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XIST and obstructive sleep apnea  Obstructive sleep 
apnea (OSA) characterized by recurrent episodes of par-
tial or complete upper airway collapse during sleep, is a 
risk factor for PAH [119, 140]. Limited studies related 
to XIST involvement in OSA demonstrated that XIST 
expression was significantly increased in the adenoids of 
patients with OSA compared to healthy controls [141]. 
The OSA group included 19 females and 7 males, while 
the healthy group included 19 females and 2 males. XIST 
expression negatively correlated with the expression of 
glucocorticoid receptor α; XIST increased the production 
of inflammatory cytokines including IL-8, TNFα, IL-6 
and IL-1β, in an NF-kB-dependent manner. These find-
ings suggest that XIST /glucocorticoid receptor α/NF-kB 
signaling contributes to the inflammation in the adenoids 
of patients with OSA.

Men with supernumerary X-chromosomes, such as 
individuals with Klinefelter syndrome (47, XXY) have a 
higher risk of developing OSA [142–146]. Genetic vari-
ants of the Klinefelter syndrome (48, XXYY) also showed 
a history of OSA and obesity [147]. While the additional 
chromosome X is associated with an expected signifi-
cant increase in XIST, it cannot convincingly link OSA 
to XIST. Genome-wide methylation data showed that 
despite increased XIST expression in supernumerary 
X-chromosome syndrome, the inactivation process of 
the extra X chromosome is incomplete [114], leading to 
a global genomic imbalance affecting the male cells epig-
enome and transcriptome.

XIST and obesity  Sex differences in obesity and the 
gonadal hormones as critical determinants of these dif-
ferences are well-established concepts. However, the 
emergence of sex differences prior to the development of 
gonads and exposure to gonadal hormones is highly sug-
gestive of gonadal independent contribution of sex chro-
mosome complement [17, 148]. Studies using the Four 
Core Genotypes mouse model that allows the distinction 
of gonadal from sex chromosomal effects have demon-
strated that X chromosome dosage influences food intake, 
fat accumulation and obesity related conditions [149, 
150]. Several studies have revealed that visceral obesity is 
one of the phenotypic characteristics of men with Kline-
felter syndrome [151–156]. High fat diet induced obesity 
aggravated the severity of lupus in TLR8 deficient female 
mice which develop spontaneous lupus-like disease due to 
increased TLR7 signaling by dendritic cells [157]. XIST/
Xist expression is significantly higher in human adipose 
tissue of females than males, as well as in female mice 
homozygous for the obese spontaneous mutation (ob/ob) 
[158, 159]. However, currently the role of Xist/XIST in 
adipose tissue metabolism is still unknown.

Interestingly, XIST expression is significantly upregu-
lated during brown adipocytes differentiation in vitro 

[158]. Wu and colleagues found that overexpression of 
XIST during differentiation increased the expression 
of brown adipose tissue markers genes such as UCP1 
(uncoupling protein 1), CCAAT enhancer binding pro-
tein (C/ebp) α, and PPARG (peroxisome proliferator acti-
vated receptor gamma). Overexpression of Xist in male 
mice, activates brown adipose tissue activity, preventing 
high fat diet induced obesity and improving adipose tis-
sue function.

Recent evidence indicates that XIST is transcriptionally 
regulated by a glucocorticoid/ glucocorticoid receptor 
signaling, both in vitro and in vivo [160]. This is relevant 
as the glucocorticoids regulate adipogenesis and adipose 
metabolic function [161].

The Ugly of XIST concerns its involvement in carci-
nogenesis. A mounting body of evidence demonstrates 
XIST involvement in different human cancers as both 
a tumor suppressor gene, and an oncogene [100, 162]. 
Onco-suppressive properties of XIST have been reported 
in several hematologic malignancies. For instance, dele-
tion of XIST in hematopoietic cells triggered myeloprolif-
erative and myelodysplastic syndrome [163]. Reactivation 
of XIST in males with Hodkin’s disease was associated 
with a better prognosis [162]. XIST was found to interact 
with miR-92b in hepatocellular carcinoma and inhibited 
cancer progression mediated by its direct target, Smad7 
[164].

Many studies have reported the association between 
XIST expression with tumorigenesis and tumor progres-
sion [93, 165]. Emerging evidence indicates a significant 
role of lncRNA XIST/EZH2/Klf2 axis in promoting cell 
proliferation and cancer aggressiveness [166]. Upregula-
tion of XIST was reported to be associated with overex-
pression of EZH2, a key component of PRC2, and to act 
as an adverse prognosis indicator of cancer in male and 
female patients [167, 168]. Knockdown of XIST exerts 
tumor-suppressive functions in human glioblastoma 
stem cells [169]. Likewise, tetracycline inducible Xist 
transgene expression in thymic lymphoma was shown to 
cause tumor block by X chromosome silencing, in mice 
[170]. XIST dispersion was associated with cancer cells 
growth, particularly in breast cancer [171].

The male predominance in cancer risk and mortal-
ity has been well recognized for decades and besides 
smoking, alcohol, and certain occupational exposures, 
the sex gap and XIST involvement remains for the most 
part unexplained. Available data show that male bias to 
many cancers is frequently associated with six genes that 
escape or variably escape from XCI ATP-dependent heli-
case X-linked helicase II (ATRX), connector enhancer of 
kinase suppressor of Ras-2 (CNKSR2), dead-box helicase 
3 X-linked (DDX3X), histone demethylase 5 C (KDM5C), 
histone demethylase 6  A (KDM6A), and melanoma 
antigen gene member C3 (MAGEC3). Loss-of-function 
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mutations of these genes is more frequently in males 
than females, and thus the “EXiTS” hypothesis in which 
genes that escape from X inactivation are tumor suppres-
sors, was proposed. Accordingly, their expression from 
the Xi, is protecting females from cancer [172]. There 
are other genes [i.e., DDX3X, cyclin Q (CCNQ) and zinc 
finger protein X-linked (ZFX)] that escape XCI, or that 
are more frequently mutated in males, with DDX3X 
mutations found only in males. The same study found 
that from X-linked genes, 45 are upregulated in females, 
with DDX3X expression being 1.3-fold higher in female 
melanomas, and all of them had lower levels of promoter 
methylation. DDX3X-associated gene expression analysis 
pointed out that its loss is associated with de-differentia-
tion, invasiveness, and cut down proliferation [173].

Everything sets off with the fact that XIST is not 
expressed in male somatic tissues, nevertheless its ele-
vated expression was noted in males’ tumors like bladder, 
colorectal, and lung cancers, and correlated with shorter 
survival and worse prognosis [166, 174]. Thus, even in 
males’ tumors XIST presence is associated with tumori-
genesis, metastasis, and tumor developmental stage.

The current data also show that XIST serves primarily 
as a miRNA molecular sponge to regulate the expression 
of miRNA targets in male biased cancers [175]. Outside 
of sponging, XIST’s direct interactions with different pro-
teins change their functions. Among them, XIST interac-
tion with the DNA demethylase ten-eleven translocation 
methyl cytosine dioxygenase 1 (TET1) reduces TET1-
mediated demethylation of p53, causing an inhibitory 
effect on p53 expression in bladder cancer [176]. XIST 
also binds with the H3K27me3-specific methyltransfer-
ase EZH2, a subunit of the polycomb repressive complex 
2, and by doing so, it silences the expression of Klf2, a 
tumor suppressor in non-small cell lung cancer.

The idea that XIST is expressed in male somatic cells 
under distinct conditions should be considered and 
exploited, and further research is needed to better under-
stand its contribution to human disease.

Conclusions
LncRNA XIST is a key player in many sex-biased dis-
eases. Dysregulation of its expression and defects in its 
functions can cause severe phenotypes and increased 
susceptibility to genetic disease. Given the longstanding 
exclusion of the X chromosome from the genome-wide 
association studies [177], the roles of X-chromosomal 
genes, XIST included, in complex traits in females, are 
still inadequately appreciated, while for males, the impli-
cation of XIST functions and its participation and con-
tribution to diseases states, other than cancer, remains 
in its infancy. Future research should focus more on the 
relationship between XIST expression and diseases with 
consideration of sex differences.

Studies to gain a deeper understanding of XIST func-
tion, and how its aberrant expression may regulate key 
cellular processes in a sex-dependent manner may lead 
to establishing XIST as a biomarker to track or predict 
disease progression and as a potential therapeutic target.
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finger - protein regulator of cytokinesis 1
PRC2	� Polycomb repressive complex 2
PTBP1	� Polypyrimidine Tract Binding Protein 1
PPARG	� Peroxisome proliferator activated receptor gamma
pCBX	� Polycomb group protein CBX
RBPs	� RNA-Binding-Proteins
SPEN	� SPlit Ends hormone receptor)
SMACs	� Supramolecular complexes
SUZ12	� SUZ12 Polycomb Repressive Complex 2 Subunit
TDP-43	� Transactive response DNA-binding protein 43
TAD	� Topologically associated domain
TLR	� Toll-like receptors
TNF	� Tumor necrosis factor
TET1	� Ten-eleven translocation methylcytosine dioxygenase 

1
UCP-1	� Uncoupling protein 1
XCI	� X chromosome inactivation
Xa	� Active X chromosome
Xi	� Inactive X chromosome
YY1	� Yin Yang 1
ZFX	� Zinc finger protein X-linked
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