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Abstract 

Although sex hormones play a key role in sex differences in susceptibility, severity, outcomes, and response to therapy 
of different diseases, sex chromosomes are also increasingly recognized as an important factor. Studies demonstrated 
that the Y chromosome is not a ‘genetic wasteland’ and can be a useful genetic marker for interpreting various male‑
specific physiological and pathophysiological characteristics. Y chromosome harbors male‑specific genes, which 
either solely or in cooperation with their X‑counterpart, and independent or in conjunction with sex hormones have 
a considerable impact on basic physiology and disease mechanisms in most or all tissues development. Furthermore, 
loss of Y chromosome and/or aberrant expression of Y chromosome genes cause sex differences in disease mecha‑
nisms. With the launch of the human proteome project (HPP), the association of Y chromosome proteins with patho‑
logical conditions has been increasingly explored. In this review, the involvement of Y chromosome genes in male‑
specific diseases such as prostate cancer and the cases that are more prevalent in men, such as cardiovascular disease, 
neurological disease, and cancers, has been highlighted. Understanding the molecular mechanisms underlying Y 
chromosome‑related diseases can have a significant impact on the prevention, diagnosis, and treatment of diseases.
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Background
The human Y chromosome is a haploid male-specific 
chromosome. It consists of about 60  million base pairs 
and approximately compromises 2% of the human 
genome [1]. From the evolution point of view, X and Y 
chromosomes started to evolve from a pair of ancestral 
autosomes about 25  million years ago [2]. About 95% 
of the Y chromosome is composed of the male-specific 
region of the Y chromosome (MSY), and the other 5% is 
two pseudoautosomal regions (PAR1 and PAR2) in two 

ends of this chromosome (Fig. 1). PAR1 and PAR2 with 
less than 3  Mb in length are the only regions that have 
maintained the ability to recombine with their X coun-
terparts; therefore, MSY escapes meiotic recombination 
[3]. Based on evolutionary origin, euchromatic sequences 
of MSY are divided into three different classes: X-degen-
erate, X-transposed, and ampliconic sequences. X-degen-
erate sequences are single copy and broadly expressed 
genes which were evolved from ancestral autosomes to 
generate sex chromosomes. Their X homologs exces-
sively escape X chromosome inactivation, thus research-
ers classified them as dose-sensitive and haplolethal 
genes. The X-transposed region is a result of a recent 
X-to-Y transposition that has preserved 99% similarity to 
their X chromosome sequences. Ampliconic sequences, 
as the largest part of the MSY, encode nine gene fami-
lies which were acquired from diverse sources and then 
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have undergone amplification [1]. Although the number 
of MSY genes and their X-homologs is small, they have 
remained conserved in the human genome over time due 
to their crucial functions [1]. The role of MSY genes in 
important cellular processes such as transcription regu-
lation, translation, and protein stability in males is vital 
not only in sex determination but also in sex-dependent 
organ development [3]. It has been reported that tes-
tis, brain, heart, and kidney developments are associ-
ated with MSY genes expression [4, 5]. Despite extensive 
studies on the effect of these genes on the development 
pathways, some MSY genes have remained as missing 
proteins with no experimental protein evidence due to 
highly transient and spatio-temporal restricted expres-
sion patterns. For example, TBL1Y is a crucial protein 
in cardiac differentiation whose expression was first 
detected during embryonic stem cell differentiation into 
cardiomyocytes [6]. Furthermore, there are numerous 
reports on the direct linkage of MSY genes malfunction 
with several male-specific disorders, as well as gender 
differences in prevalence and severity of diseases [7–9]. 
The occurrence of these differences has been observed 
in both genetic and non-genetic disorders; for exam-
ple, autism is four times more prevalent in males than 
females [7]. Although sex-related circulating hormones 
have been proposed as one of the causes of these differ-
ences, Y chromosome genes, with the cooperation of 
these hormones or independently, may be responsible 
for above mentioned sexual disparities [8, 10, 11]. In this 
article, the role of Y chromosome in male-specific dis-
eases (male infertility and prostate cancer (PC), and the 
ones which primarily affect men such as cardiovascular 
diseases, inflammatory diseases, and various types of 
cancers has been reviewed (Fig. 2). 

Y chromosome in male infertility
Infertility affects an estimated 15% of couples worldwide 
and male factors are responsible for about 40% of infer-
tile cases [12]. It has been estimated that more than 2.5% 
of the male infertility cases occur due to chromosomal 

abnormalities, among which 1.14% are referred to as sex 
chromosomal abnormalities [13], such as the structural 
chromosomal abnormalities of the long arm of the Y 
chromosome (Yq) [14].

The role of the Y chromosome in male infertility has 
been extensively studied (for review, see refs [3, 15]). Cur-
rent knowledge of the function of MSY genes in spermat-
ogenesis is mainly based on the reported microdeletions 
in the Y chromosome of infertile men. The azoospermia 
factor (AZF) region which is located in Yq, harbors three 
subregions (AZFa, AZFb, and AZFc) (Fig. 1) involved in 
sperm development and function [1, 16]. Almost 25–55% 
of males with different testicular pathologies such as 
sperm maturation arrest, sertoli cell-only syndrome 
(SCOS), hypospermatogenesis, and 5–25% of males with 
severe oligozoospermia or azoospermia show microde-
letions in AZF regions [3]. In addition to AZF complete 
deletion, the association of partial AZFc deletion such 
as b1/b3, b2/b3, and gr/gr with male infertility has also 
been reported [3]. AZFc and AZFb deletions transpired 
in about 60% and 6–10% of azoospermic patients, respec-
tively, although these statistics can vary in distinct human 
populations. Recently, the association of AZFb deletions 
with variable testicular pathologies including meiotic 
arrest, cryptozoospermia, severe oligozoospermia, or oli-
goasthenoteratozoospermia has been comprehensively 
reviewed by Vogt et al. (see [17]).

Deletion in the DDX3Y and USP9Y genes located in 
the AZFa region is highly associated with the SCOS 
phenotype [18]. RNA-binding motif protein Y chromo-
some (RBMY) and PTPN13-like protein Y-linked (PRY) 
are the main players during spermatogenesis. RBMY is 
expressed in spermatogonia, spermatocytes, and round 
spermatids, indicating its important function as a testis-
specific splicing factor in germ cell development. Fur-
thermore, it has been reported that complete meiotic 
arrest is caused by deletions in RBMY and PRY genes 
[16]. PRY encodes a tyrosine phosphatase protein which 
is involved in the apoptosis process required to remove 
sperm cells carrying chromosomal abnormalities [16, 19]. 

Fig. 1 Schematic representation of human Y chromosome. The location of the azoospermia factor (AZF) regions (a–c) and harboring genes have 
been shown on Yq. The location of some other genes on Yp has also been indicated
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Alteration in the expression of HSFY, KDM5D/SMCY, 
CDY2, XKRY, EIF1AY, and RPS4Y2, which are located in 
the AZFb region, may lead to deteriorated spermatogen-
esis [16, 20, 21].

DAZ, CDY1, BPY2, and PRY are some genes located 
in AZFc which can be directly related to the incidence 
of oligozoospermia and azoospermia [22]. DAZ genes 
encode RNA-binding proteins which are crucial in all 
stages of spermatogenesis. DAZ expression induces the 
differentiation of pluripotent stem cells (PSC) toward pri-
mordial germ cell-like cells and promotes their matura-
tion [23, 24].

CDY1 consists of a chromodomain and a histone 
acetyltransferase catalytic domain, whose expression 

is required for histone-protamine replacement in late 
spermatid nuclei [25]. VCY2 is a highly positive charged 
protein that is highly expressed in spermatogonia, sper-
matocytes, and round spermatids. It interacts with ubiq-
uitin-protein ligase E3A, whose expression has been 
confirmed in ejaculated human spermatozoa, show-
ing their possible positive effect on the preservation of 
sperm fertility [26, 27]. Differentially expression of some 
genes on human Y-chromosome such as HSFY, BPY has 
been reported in maturation arrest (MA) patients com-
pared to  the normal group [28]. Ahmadi Rastegar et  al. 
introduced an isoform level signature of MSY genes to 
discriminate among MA, SCOS, and normal testicular 
tissues, which can be considered as a diagnostic marker 

Fig. 2 Overview of Y chromosome genes in different diseases. The map shows Y chromosome genes whose expression and/or function have been 
confirmed in different diseases. CNV, Copy number variation; M, mutation; , down‑regulation; , up‑regulation
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for the presence of mature sperm cells in candidate azoo-
spermia men for surgery [28].

In addition to deletion and partial deletions, copy num-
ber variations (CNV) of Y chromosome genes can also 
cause spermatogenesis failure and male infertility. A 
high-throughput ligation-dependent probe amplification 
(HLPA) assay was designed to analyze CNVs in the 115 
genomic loci covering the Y chromosome. The findings 
revealed that men with low sperm concentration (LSC) 
have lower copy numbers for heterochromatic sequences 
compared with the normal semen group [29]. Chen et al. 
for the first time, reported that ultra-low relative copy 
number (RCN) type and low RCN type in Yq12 are more 
related to male infertility [29]. In contrast, the relation 
between the additional copy numbers of TSPY and sper-
matogenic failure has also been observed [30].

Chromosomal microarray analysis (CMA) of Y-linked 
CNVs showed that both CNV size and the involvement 
of spermatogenesis-related genes determine the clinically 
relevant CNVs in infertile men [31]. Insufficient copy 
numbers of the RBMY gene can result in asthenozoo-
spermia [32]. CNVs of DAZ, CDY1, and BPY2 are corre-
lated with decreased total motile sperm count and lead 
to azoospermia and moderate/severe oligozoospermia 
phenotypes [31, 33]. However, screening and detection 
of mosaic loss of chromosome Y (mLOY) by semi‐quan-
titative multiplex polymerase chain reaction (PCR) and 
droplet digital PCR showed the infrequency of leukocyte 
mLOY in young men with spermatogenic failure [34].

Y chromosome in neurodevelopmental 
and neurodegenerative disorders
About 7  million people worldwide die each year from 
brain-related diseases. In addition to the high cost of 
treatment, neurological diseases strongly affect the pres-
ence of these patients in social activities and their quality 
of life. The human brain, as the most complex organ, is 
affected by sex differences in all anatomical, functional, 
and biochemical aspects [35]. Sexual dimorphism plays 
critical roles in various parameters such as brain area 
volume, cell number and cytoarchitecture, neural func-
tions, synaptic connectivity, perception, cognition, and 
memory at all stages of development [36, 37]. In sexually 
dimorphic non-gonadal tissues such as the brain, it has 
been shown that the development of neurons in the brain 
is influenced by a regulated combination of the secretion 
of sex hormones such as testosterone in men and estro-
gen in women and the function of X and Y chromosomes, 
which exert sex-specific effects on the development and 
differentiation of XX and XY neurons [38]. Furthermore, 
it has been found that the brain cells of men and women, 
independent of the secretion of sex hormones, follow dis-
tinct transcriptional patterns, which can be the cause of 

differences in the brain developmental pathways, brain 
function, and behaviors of males and females [39]. The 
BrainSpan atlas (www. brain span. org) showed the tran-
scriptional expression of several Y chromosome genes 
during various stages of male brain development (e.g. 
SRY, RPS4Y1, ZFY, PCDH11Y, TBL1Y, PRKY, USP9Y, 
DDX3Y, UTY/KDM6C, TMSB4Y, NLGN4Y, HSFY, 
TXLNGY, KDM5D and EIF1AY). Furthermore, Vakilian 
et  al. demonstrated that the expression of several MSY 
genes including RBMY1, EIF1AY, DDX3Y, HSFY1, BPY2, 
PCDH11Y, UTY , RPS4Y1, USP9Y, SRY, PRY, and ZFY 
was significantly overexpressed during neural cell differ-
entiation of NTERA-2, a human embryonal carcinoma 
cell line [40]. They also showed that DDX3Y knockdown 
inhibited neural cell differentiation of NTERA-2 through 
cell growth arrest at the G1/S phase and overexpression 
of pro-apoptotic proteins [40]. There is ample evidence 
that the prevalence, susceptibility, and progression to def-
icits in the dopamine system such as Parkinson’s disease 
(PD), attention-deficit hyperactivity disorder (ADHD), 
schizophrenia, and autism spectrum disorders (ASD), are 
higher in males than females [37].

Simunovic et al. performed a gene expression analysis 
on laser microdissected dopamine (DA) neurons from 
postmortem brains of sporadic PD male and female 
patients and showed that the major cellular pathways 
involved in PD pathogenesis such as oxidative phospho-
rylation, apoptosis, and synaptic transmission were more 
down-regulated in males compared to females. Results 
provided strong evidence on sex-specific dysregulation of 
gene expression in the pathogenesis of sporadic PD [41].

Dewing et al. showed the Y chromosome-linked, male-
determining gene SRY, which is dominantly expressed in 
dopamine-abundant regions of the adult brain, directly 
regulates male-specific brain function. It modulates 
dopamine biosynthesis and subsequently affects volun-
tary movement in the male rodents, so it may increase 
the risk of disorders such as ASD and PD in males [42]. 
Lee et al. showed that nigral Sry expression persistently 
increased in animal and cell culture PD models and led to 
a male-specific mechanism of DA cell death. Reduction 
of nigral Sry expression by antisense oligonucleotides 
induced male-specific protective effects through the inhi-
bition of DNA damage, mitochondrial degradation, and 
neuroinflammation in PD models [43]. These findings 
indicated that aside from the protective effects of female 
sex hormones, Sry up-regulation may also explain male 
bias in PD. In addition, it has been observed that muta-
tions in Y chromosome genes such as NLGN4Y may be 
involved in the development of inherited diseases such as 
ASD [8]. NLGN4Y is a male-specific cell adhesion mole-
cule belonging to the neuroligin (NLGN) family that plays 
a critical role in the formation of functional synapses 

http://www.brainspan.org
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and regulation of synaptic activity [44]. Thus, mutation 
or any failure in its translation or function of NLGN4Y 
can lead to the development of ASD. The NLGN4Y 
mutation in XY men, as well as the increased NLGN4Y 
expression in males with XYY have been reported to be 
directly associated with autism [45]. Bioinformatic analy-
ses on ChIP-seq/chip and gene expression datasets have 
shown that SRY/SOX3 target genes regulate sex-specific 
developmental processes such as neurodevelopment and 
potentially could contribute to sex-biased neurodevelop-
mental disorders. Furthermore, exclusive SRY or SOX3 
target genes were found to be more associated with the 
late gestational and postnatal periods. Analysis of co-
expressed networks of SOX3/SRY target genes provided 
new evidence for the regulatory role of SOX3 in both 
sexes while SRY exclusively contributes to ASD male pre-
disposition [46]. Loss of chromosome Y (LOY), a mosaic 
aneuploidy which mainly detected in circulating white 
blood cells, has been considered as one of the underly-
ing causes of aging-related diseases [47, 48]. Dumanski 
et al. applied SNP-array and whole-genome next-genera-
tion sequencing (WGS) to detect and validate the level of 
LOY mosaicism in three independent studies of different 
types including a case–control study and two prospective 
studies. Results indicated that men with LOY in blood 
cells are more susceptible to Alzheimer’s disease (AD) 
[47]. Defective immunosurveillance as a result of extreme 
down-regulation of chromosome Y (EDY) could be a 
possible explanation for the association between LOY in 
blood cells and disease processes in other tissues [48].

The association of the Y chromosome and other neuro-
logical disorders such as ADHD and schizophrenia have 
also been investigated in a few studies [49, 50]. Although 
there are pieces of evidence that indicate the role of 
PCDH11Y in the susceptibility to psychiatric disorders, 
they were not supported by the study of Durand et al. in 
which the frequency of two PCDH11Y variants (F885V 
and K980) in males with different psychiatric disorders 
such as schizophrenia and ADHD was studied and no 
significant differences were observed in comparison with 
control populations [51].

Y chromosome in cardiovascular diseases
Cardiovascular diseases (CVDs) are a group of condi-
tions affecting the heart and blood vessels and are the 
leading cause of death globally [52]. Studies have been 
shown gender-specific phenotypes in cardiac physiology 
and pathophysiology [52, 53]. Incidence, frequency, and 
severity of coronary artery disease (CAD), as the most 
common type of CVD, is higher in men than in women 
[52]. The reason for sexual dimorphism in the prevalence 
of CVD is not fully understood, however, there are strong 
shreds of evidence that sex-specific hormones might 

impact the cardiac homeostasis in females and males 
resulting in estradiol-related protection and testosterone-
associated vulnerability, respectively [53, 54]. In addition 
to the effective mechanisms of hormones and their recep-
tors, these sexual dimorphisms might also be induced by 
sex chromosomes [55]. Studies have shown that the dif-
ferences between the sequence, expression, and regula-
tory roles of sex chromosomal genes, independent of the 
gonad and its hormonal influence, result in cell autono-
mous sexual dimorphism [56, 57]. Comparison of the 
heart function between two mouse strains, C57BL/6J and 
C57BL/6J.YA/J (a chromosome-substituted C57BL/6J line 
in which the original MSY had been substituted for that 
from A/J mice) revealed that androgens alone are not suf-
ficient to exert male-specific phenotypes in certain car-
diac functions such as circadian rhythms and myocardial 
functional reserve. Genetic material from MSY was con-
sidered as a mandatory element to complete the func-
tions of androgens [58].

A positive correlation has been reported between men 
diagnosed with Y polysomy and the risk of circulatory 
system death [59]. Population-based studies showed the 
risk of CAD increases in carriers of haplogroup I1 com-
pared to other Y chromosome haplogroups, showing 
pleiotropic effects of the Y chromosome on suscepti-
bility to CAD [5, 10]. The risk of atherosclerotic plaque 
and femoral artery bifurcations also increases in haplo-
group k compared to other ones [60]. Genotyping of 11 
MSY markers in three cohorts including 3233 British 
men showed the association between haplogroup I and 
increased risk of CAD [61]. Transcriptome-wide analysis 
of macrophages derived from 134 patients with prema-
ture myocardial infarction and 121 normal controls led 
to identify 30 differentially expressed pathways between 
haplogroup I1 and carriers of other haplogroups which 
were majorly involved in immunity, confirming the 
important role of inflammation in the pathogenesis of 
CAD [61]. Bloomer et al. showed that the expression of 
UTY  and PRKY decreased in macrophages derived from 
men with haplogroup I lineage [62]. Down-regulation of 
UTY  in macrophages led to changes in the expression of 
59 CAD-related pathways [10]. These observations along 
with the animal model study indicate that inflammation 
can be considered as a missing link between the Y chro-
mosome and CAD [5, 63].

The association of MSY genes with the risk factors of 
CVD including hypertension, circulating total choles-
terol, LDL, and paternal history of cardiac diseases has 
been shown using gene single nucleotide polymorphisms 
[64–66]. Transcriptome analyses of heart tissues from 
healthy individuals and patients with non-ischemic car-
diomyopathy and new-onset heart failure showed the dif-
ferences in expression levels of sex chromosome genes. 
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Y-chromosome-related transcripts including USP9Y, 
DDX3Y, RPS4Y1, and EIF1AY were overexpressed in 
males while the expression of two X-linked genes XIST 
and ZFX increased in females with new-onset heart 
failure [67]. The onset of sex-biased protein expres-
sion and sex disparities in heart tissue was observed in 
the early stages of embryonic development, before the 
gonad formation [68]. By taking advantage of human 
PSC, Meyfour et  al. showed that Y chromosome genes 
are differentially expressed during cardiac development 
[6]. Among them, TBL1Y was overexpressed at the car-
diac mesoderm stage, an opposite expression pattern to 
what was observed for its X counterpart, TBL1X [6]. The 
association of functional null mutations of TBL1Y with 
non-syndromic coarctation of the aorta confirmed its 
important role in the pathophysiology of CVD [69]. The 
necessity of KDM5D expression has been reported dur-
ing the differentiation of human embryonic stem cells 
into cardiomyocytes. Down-regulation of KDM5D inter-
rupted the cardiac differentiation by inhibiting cell cycle 
progression [70].

UTY and UTX/KDM6A belong to a subfamily of JmjC 
domain-containing proteins that catalyze the demethyla-
tion of Nϵ-methylated histone 3 lysine 27 (H3K27), an 
important mark for transcriptional repression [71]. Wang 
et al. reported that UTX knockout (KO) male embryonic 
stem cells (ESC) showed severe defects in mesoderm dif-
ferentiation and induction of Brachyury [72]. Regarding 
the derivation of cardiomyocytes from mesoderm and 
the regulatory role of Brachyury in ESC differentiation 
into the mesoderm, the role of UTX in cardiac develop-
ment can be concluded [72]. They also indicated that 
UTY  can partially compensate UTX deficiency because 
male UTX KO mouse embryos expressed normal lev-
els of UTY and survived until birth, while female UTX 
KO mice showed defects in embryonic cardiac develop-
ment and Brachyury expression which led to embryonic 
lethality [72]. Lee et al. also confirmed the expression of 
UTY  and UTX in developing mouse embryos [73]. Car-
diac differentiation of UTX-null ESC revealed that UTX 
was necessary to activate the cardiac-specific gene pro-
gram and expression of UTY  was dependent on UTX. 
However, unlike male ESC, the expression of UTY was 
detected in UTX-null UTXΔ/y male embryos, indicating 
the independent expression of UTY  from UTX in male 
mouse embryos. This study also supported the compen-
satory role of UTY for its X homolog [73].

Several studies showed that mutations in the BCL6 
corepressor (BCOR) gene located on the X chromosome 
could be responsible for different diseases such as Lenz 
microphthalmia syndrome and oculofaciocardioden-
tal (OFCD) in which cardiac defect is one of the main 
predominate phenotypes [74, 75]. Zhu et  al. reported 

a 7-month-old boy with Lenz microphthalmia/OFCD 
syndrome that had multiple defects such as glaucoma, 
cerebral white matter hypoplasia, and congenital heart 
defect. Genetic analysis showed a novel missense muta-
tion (c.G1619A; p.R540Q) in BCOR [76]. Overexpression 
of BCORP1 has been reported during cardiac differentia-
tion of ESC into cardiomyocytes [6] thus like its X coun-
terpart, BCOR may contribute to congenital anomalies.

Y chromosome in autoimmune and infectious 
diseases
Y chromosome has been introduced as a regulatory ele-
ment of immune cell transcriptome that is involved in 
susceptibility to autoimmune and infectious diseases 
[55, 77]. LOY analysis using SNP-arrays in sorted- and 
single-cells leukocytes showed that LOY in  CD4+ T cells, 
granulocytes, and NK cells can be associated with differ-
ent diseases such as AD and cancer. Furthermore, RNA-
sequencing (RNA-Seq) of leukocytes demonstrated the 
LOY-associated transcriptional effect (LATE) on autoso-
mal genes. LATE genes were majorly involved in immune 
functions, explaining how LOY in immune cells increases 
the risk for diseases [78].

Using chromosome Y-substituted mouse strains, it was 
shown that variation in copy number of Sly and Rbmy 
on the Y chromosome plays a potential role in suscepti-
bility to and severity of autoimmune diseases including 
experimental allergic encephalomyelitis and myocarditis 
[77]. Gene expression analysis of circulating naïve  CD4+ 
T cells from 37 patients with the clinically isolated syn-
drome (CIS), an early form of multiple sclerosis [79] and 
overlapping with data set obtained from  CD4+ T cells of 
chromosome Y-substituted mouse strains led to iden-
tifying 440 genes common between mouse and human 
which were involved in central dogma, providing further 
evidence of a profound effect Y chromosome on suscepti-
bility to autoimmune disease [77].

The role of UTY  and its X homolog UTX has been 
determined in the production of proinflammatory 
cytokines. Kruidenier et al. introduced a small molecule 
catalytic site inhibitor that could selectively target the 
function of H3K27-specific JMJ subfamily and reduce the 
expression of inflammatory cytokines in LPS-induced 
macrophages [80]. Dysregulation of UTY  is a character-
istic of Y chromosome haplogroup l [62]. UTY  encodes a 
histocompatibility antigen that plays a crucial role in the 
rejection of male stem cell transplantation [81].

Sex differences in susceptibility to infectious diseases 
have also been considered as a major challenge in deal-
ing with these types of diseases ignored [82]. Although 
the influence of the sex hormones on the immune sys-
tem is undeniable, the influence of sex chromosomes 
on susceptibility to infectious disease cannot be ignored 
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[83]. Krementsov et al. showed that genetic variation in 
chromosome Y affects the survival following murine 
influenza A virus (IAV) infection. They showed that spe-
cific Y chromosome variants increase susceptibility to 
IAV in males and reinforce activation of proinflamma-
tory IL-17-producing γδ T cells in lung tissue [83]. The 
association between Y chromosome variants and survival 
following infection with Coxsackievirus B3 virus (CVB3) 
has also been reported [84].

The AIDS progression and related death as well 
as resistance to highly active antiretroviral therapy 
(HAART) are faster in HIV-infected men with Y hap-
logroup I than other Y haplogroups [85]. A plethora of 
epidemiological studies has  indicated sex disparities in 
COVID-19 vulnerability. The prevalence of infection 
and death is higher in men compared to women [86]. 
Delanghe et  al. reported a marked correlation between 
COVID-19 prevalence and mortality with R1b-S116 hap-
lotype frequency in the European population [87]. The 
correlation of the ancestry marker R1b1b2 with both 
infection and mortality of SARS-CoV-2 needs to be more 
investigated [88]. These results could be related to the 
regulatory role of Y chromosome genes in viral infec-
tions, and immune and inflammatory responses [5].

Y chromosome and cancer
The impact of sex differences on the risks, incidence, 
and progression of various cancers has been reported in 
numerous studies [89, 90]. Cook and colleagues showed 
the male preference of cancer mortality in different can-
cer types [91]. Aberrant expression of Y chromosome 
genes may explain some mechanisms responsible for 
such sex differences in susceptibility and incidence of 
cancers [92]. Tricarico and colleagues emphasized a role 
for the differential activity of X- and Y-linked tumor-
suppressor genes in males and females. Enzymatic and 
non-enzymatic activities of these epigenetic modulators 
profoundly change the expression of target genes [89].

Liver cancer
Liver cancer is the fourth leading cause of global cancer 
death and the cause of over 700,000 death annually. Pri-
mary liver cancer is classified into different types; hepa-
tocellular carcinoma (HCC, almost 85% of the cases), 
intrahepatic cholangiocarcinoma (ICC, 10–15% of cases), 
and also some other rare cases [93]. Etiologically HCC is 
correlated with a variety of factors like aflatoxin, smok-
ing, heavy alcohol consumption, and especially Hepatitis 
B virus (HBV) infection [94]. It has been shown that sex-
ual dimorphism is a risk factor for this disease and male 
cirrhotic patients are more susceptible to develop HCC 
than female patients [95]. HCC incidence in men is about 
3–6 times more than in women [96], therefore, sex is a 

key factor for prognosis, aggressiveness, and treatment 
of this type of liver cancer. Although sex hormones like 
androgens and estrogens have been studied as a potential 
factor involved in hepatocyte development and enhanc-
ers of HCC proliferation, the exact molecular mechanism 
of this cancer is not fully understood. There is no reason-
able evidence on the hormone response of HCC cells, 
and androgen and estrogen therapy did not indicate a 
beneficial effect on patients’ survival [97]. Furthermore, 
there is some evidence about the effect of the androgen 
receptor (AR) on the progression of hepatocarcinogen-
esis in patients carrying HBV and HCV [98]. The liver is 
an organ with sexual dimorphism in immune response, 
mitochondrial function, membrane lipid composition, 
and gene expression (99). Park et  al. investigated the 
detailed genomic alterations in 5 Korean HCC cell lines 
using comparative genomic hybridization (CGH). Results 
showed significant loss of DNA copy number of cancer-
related genes on the Y chromosome such as TSPY, XKRY, 
PRY in comparison with normal samples [100].

Aberrant expression of TSPY, RBMY, SRY, VCY, and 
the other Y chromosome genes has been reported to be 
involved in hepatocellular carcinogenesis [92, 101–104]. 
Kido and colleagues showed that TGF2LY and VCY 
were up-regulated in about 30% of HCC patients, while 
DDX3Y, ZFY, and DAZ1 were down-regulated in about 
70% of patients [92].

Dual functional roles of the Y-linked RBMY have been 
reported in hepatocarcinogenesis in different studies 
[101, 103, 105–107]. Tsuei et al. showed the expression of 
one to four different transcripts of RBMY including wild 
type and variants with N-terminal RRM deletion, C-ter-
minal SRGY (serine–arginine–glycine–tyrosine) boxes 
deletion, or deletion of both domains in males with HCC 
and hepatoblastoma. Given that RBMY is a male germ 
cell-specific RNA-binding protein and it is not expressed 
in non-tumor liver counterparts, cirrhotic liver, and the 
other cancers, RBMY could be introduced as a new male-
specific oncogene for liver cancer [103].

Western blot and immunohistochemistry (IHC) anal-
yses of animal and human tissues showed that the Ser/
Thr phosphorylated RBMY was only expressed in the 
cytoplasm of human and rodent fetal hepatocytes while 
its expression was inactivated in mature cells. However, 
cytoplasmic expression of RBMY was also observed 
in hepatic cancer stem cells and significantly associ-
ated with a poor prognosis and decreased survival rate 
in HCC patients. Mechanistically, cytoplasmic expres-
sion of RBMY leads to inactivation of glycogen synthase 
kinase 3β, translocation of β-catenin to the nucleus, and 
abnormal activation of the Wnt/β-catenin signaling path-
way, thus facilitating the proliferation and cell cycle pro-
gression in HCC cells [106]. Down-regulation of RBMY 
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reduced the transformation and anti-apoptotic abil-
ity of HepG2 cells, while expression of RBMY induced 
hepatocarcinogenesis in transgenic mice. In fact, RBMY 
increased AR activity and induced carcinogenic effects 
in hepatoma cell lines and human HCC tissues through 
down-regulation of AR inhibitory variant AR45. There-
fore, regulation of AR activity can be considered as 
another mechanism of RBMY involvement in hepatocar-
cinogenesis [105].

Data mining of IHC analyses of HCC specimens also 
confirmed the oncogenic properties of RBMY in HCC, 
however, overexpression of RBMY in an HCC cell line 
HuH-7 and a hepatoblastoma cell line HepG2 showed an 
inhibitory effect on cell proliferation. Overexpression of 
RBMY in HuH-7 cell line led to down-regulation of the 
RAS/RAF/MAP and PIP3/AKT signaling pathways and 
abolished HCC development in a mouse liver cancer 
model. Altogether, Kido et al. concluded that the expres-
sion levels and spatiotemporal patterns of RBMY define 
the tumor-suppressing or oncogenic roles of RBMY dur-
ing oncogenic processes. It seems that RBMY functions 
as a male-specific tumor suppressor at early stages of 
HCC development and can suppress cell proliferation 
and pro-oncogenic pathways. However, after surviving 
and adapting tumor cells in proliferative mode, RBMY 
acts as a proto-oncogene and induces its chronic effects 
to promote HCC progression [107].

The association of TSPY as a proto-oncogene and 
inhibitor of anti-oncogenic genes has been reported with 
a  poor prognosis of HCC in men [102]. TSPY gene is 
located within the gonadoblastoma locus on the Y chro-
mosome (GBY) with over 30 tandemly repeats, which 
increases the risk of gonadoblastoma development in XY 
patients with disorders of sexual development [108–111]. 
Expression of this gene is frequently observed in some 
somatic cancers such as liver cancer [92, 112]. Its over-
expression resulted in increased cell proliferation and 
tumor growth in HCC cases through the suppression 
of anti-oncogenic genes [111, 113]. It has been reported 
that cell-cycle regulators and cell division factors like 
BUB1, CDC25B, CDC45, CENPA, PRC1, PRIM1, RRM2, 
SPC24, and growth factor receptors like ADGRD1 and 
HMMR are up-regulated by the TSPY gene [102]. Shi-
rakawa and colleagues showed the co-expression of TSPY 
and Glypican-3 (GPC3) as a sensitive and specific bio-
marker of HCC [114]. Kido and colleagues identified a 
TSPY co-expression network (TCN) which activated in 
30% of males with HCC [101]. Ectopic activation of TSPY 
and/or inactivation of its X homolog (TSPX) as a tumor 
suppressor could explain sexual dimorphisms in HCC 
[112].

There is also some evidence on the oncogenicity of the 
SRY and the formation of cancer stem cells in male HCC 

[115]. In an in vivo study, down-regulation of Sry resulted 
in lower malignancy, invasiveness, and tumorigenesis of 
rHCC cells via the inhibition of Sgf29. Sgf29 is a subunit 
of the SAGA (Spt–Ada–Gcn5 acetyltransferase) complex 
that is required to bind tri-methylated lysine-4 of histone 
H3 (H3K4me3). Studies have been revealed that SRY is 
the upstream regulator of this gene and up-regulation 
of Sgf29 induces tumorigenicity and metastasis through 
the c-Myc-mediated malignant transformation [116, 
117]. Furthermore, data mining of RNA-Seq data of 27 
male tumor/non-tumor paired samples from The Cancer 
Genome Atlas (TCGA) showed that DAZ1 and BPY2 are 
frequently down-regulated in HCC patients [92].

Prostate cancer
Prostate cancer (PC) is a genetically heterogeneous dis-
ease and genetic factors play crucial roles in the develop-
ment of this cancer [118]. It is the second most common 
cancer and the fifth leading cause of malignancy in 
men worldwide [119]. It is also the cause of over 3% of 
death caused by cancer among men [120]. Changes in 
the Y chromosome genes are likely to be involved in the 
development and progression of PC. Genomic insta-
bility of Y chromosome specific repeated DNA family 
(DYZ1) has been observed in individuals with PC and it 
can be used as a marker [121]. Although Y losses occur 
at high rates in most cancer types, LOY is a rare event 
in PC [122]. Loss of SRY, ZFY, BPY1, KDM5D, RBMY, 
BPY2, and other MSY genes has been observed in high 
grades and advanced stages of this disease [123, 124]. 
Array-based CGH on prostate tumors and PC cell lines 
showed that loss of TSPY gene copies is associated with 
an increased risk of PC [125]. Furthermore, specific 
loci on the Y chromosome can be associated with PC. 
Some loci increase the incidence of PC and some oth-
ers decrease it [126–129]. In a study conducted by Nar-
gessi et  al., four Y-linked short tandem repeats (STRs), 
including DYS388, DYS435, DYS437, and DYS439 were 
genotyped in Malaysian males with PC and healthy con-
trols using a Genetic Analysis System. Results revealed 
that allele 12 of DYS388, allele 14 of DYS439, or haplo-
type CAAA are associated with susceptibility to develop 
PC, and Y-lineages with allele 10 of DYS388 or haplotype 
AABC are more resistant to the disease. Therefore, these 
DYS loci as well as haplotypes could be used as a screen-
ing method to predict PC susceptibility among Malaysian 
males [126]. Furthermore, six aberrant DNA methylation 
sites on the Y chromosome were found in PC tissues, of 
which cg05163709 site methylation was significantly cor-
related with PC and was presented as a potential diagnos-
tic biomarker with high specificity and sensitivity [129].

Reverse transcription-PCR (RT-PCR) analysis of Y 
chromosome genes in a panel of samples diagnosed with 
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low/high grade prostate adenocarcinoma and benign 
prostatic hyperplasia (BPH), as well as PC cell lines 
showed the differential expression patterns of Y chromo-
some genes such as SRY, PRY, TSPY, RBMYIH, SMCY, 
ZFY and EIF1AY in PC [130, 131]. These results indi-
cated that Y chromosome genes might be either involved 
in or influenced by oncogenic processes governing PC 
development and progression. Co-expression networks 
were reconstructed using an available microarray data-
set on normal and different stages of PC tissues, which 
was deposited with the NCBI Gene Expression Omni-
bus (GEO), to investigate the role of Y chromosome 
genes in PC biology. Network analysis led to identify 18 
PC-related pathways in which 22 Y chromosome genes 
were enriched. CYORF15B, DAZ4, and PRY2 were up-
regulated while RBMY1J, USP9Y, DDX3Y, and KDM5D 
showed an opposite expression pattern and decreased 
during PC progression [132].

TSPY, a Y chromosome-linked oncogene, is frequently 
activated in PC and its expression is correlated with the 
poor prognosis of PC [133, 134]. It can shorten the G2/M 
stage and accelerate cell proliferation [135]. Other stud-
ies showed that AR binds to the TSPY promoter and 
enhances its transcription through the regulation of DNA 
methylation in PC cells [133]. TSPY and its X-located 
homolog (TSPX) competitively bind to the AR and play 
opposing roles in the transactivation functions of AR and 
AR-Variants which can explain the pathogenesis of male-
specific PC as well as sexual dimorphisms in the health 
and diseases of men [111].

KDM5D, a male-specific histone demethylase has been 
introduced as a tumor suppressor gene in different stud-
ies [136–139]. The knockdown of two different isoforms 
of KDM5D using the short interfering RNA (siRNA) 
approach confirmed its tumor suppressor role in a PC 
cell line [136].

Fluorescence in  situ hybridization (FISH) analy-
sis showed that the deletions on Y chromosome could 
explain the cause of decreased KDM5D expression in PC 
cells. Furthermore, KDM5D knockdown led to aggres-
sive PC by altering the expression of target genes such as 
cell cycle regulators. ChIP-sequencing and motif analy-
ses of KDM5D-binding sites confirmed that KDM5D 
as a chromatin modifier binds to promoter regions with 
co-enrichment of the motifs of critical transcription fac-
tors such as the E2F family and MYBL2 that regulate the 
cell cycle [139]. Furthermore, KDM5D levels were highly 
reduced in metastatic prostate tumors compared with 
normal tissues and primary prostate tumors. KDM5D 
suppresses invasion-associated genes including MMP1, 
MMP2, MMP3, MMP7, and Slug in PC cells in vivo and 
in  vitro through H3K4 demethylation [140]. Komura 
et  al. showed the crucial role of AR signaling in the 

sensitivity of PC cell lines, LNCaP and LAPC4, to doc-
etaxel. Docetaxel is prescribed as an important treatment 
option for patients with metastatic castration-resistant 
PC. RNA-Seq followed by functional analyses revealed 
that KDM5D can be considered as a potential mediator 
of docetaxel sensitivity in the presence of dihydrotes-
tosterone (DHT). Mechanistically KDM5D binds to AR 
and controls its transcriptional activity by demethylat-
ing H3K4me3 active transcriptional marks [138]. They 
showed that serine/threonine protein kinase ATR inhibi-
tors could be a new therapeutic approach in aggressive 
prostate tumors deficient in KDM5D [139].

LNCaP and LAPC4 long noncoding RNAs (lncRNAs) 
have been shown to get involved in critical physiological 
and pathological processes, such as PC [141]. In a recent 
study, it has been shown that lncRNA TTTY15 located 
in the AZFa region of the Y chromosome, is significantly 
up-regulated in PC tissues compared to normal ones 
[142]. Moreover, knockout of Y-chromosomal lncRNA 
TTTY15 using CRISPR/Cas9 technologies resulted in the 
inhibition of prostate cell growth and migration in vitro 
and in vivo, introducing lncRNA TTTY15 as a therapeu-
tic target for PC [142].

Germ cell tumors
Testicular germ cell tumor (TGCT) is the most common 
malignancy in men ages 15 to 35 [143].

Understanding the etiology and pathogenesis of TGCTs 
has received considerable attention due to their  rising 
rate [144]. TGCTs have two distinct subtypes including 
seminomatous and non-seminomatous groups which 
are characterized by different molecular and histological 
patterns [145]. The involvement of genetic factors on the 
Y chromosome in the development of TGCTs has been 
investigated in various studies [146, 147]. Y microdele-
tion gr/gr has been introduced as a rare, low-penetrance 
allele that confers susceptibility to TGCT. Results from 
the largest European study showed that the gr/gr deletion 
increases the risk of TGCT independently from altered 
spermatogenesis [146]. gr/gr deletion is accompanied 
by loss of DAZ, BPY2, and CDY1 genes, indicating the 
suppressor roles of these genes in TGCT development 
[148]. Quantitative PCR (qPCR) by 15 probes spanning 
the Y chromosome on blood- and buccal-derived DNA 
samples from two case–control studies including the 
Familial Testicular Cancer Study (FTC) and the Service-
men’s Testicular Tumor Environmental and Endocrine 
Determinants Study (STEED) revealed the possible 
association between mLOY and familial TGCT. How-
ever, there was not a significant difference in target to 
reference (T/R) ratio between TGCT cases and controls 
for the STEED samples. ZFY, AMELY, USP9Y, DDX3Y, 
TMSB4Y, NLGN4Y, CYorf15A, CYorf15B, and EIF1AY 
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were markers that showed a significant T/R ratio in FTC 
samples [149].

Gonadoblastoma is the precursor of invasive TGCTs 
in dysgenetic gonads. GBY known as an oncogenic locus 
appears to be involved in TGCT development. IHC 
results showed that TSPY is ectopically and abundantly 
expressed not only in gonadoblastoma tissues, but also 
in TGCTs, including the premalignant precursor (car-
cinoma in  situ), seminoma, and non-seminomas [150]. 
Several studies reported aberrant expression of TSPY 
as the putative gene of GBY, in gonadoblastomas and 
TGCTs [113, 150, 151]. Protein and gene expression anal-
yses in TGCT tissues compared to normal samples indi-
cated that TSPY co-expressed with proliferative markers 
such as Ki-67, cyclin B1, and germ cell tumor markers 
such as PLAP, OCT4, and c-KIT [150]. Overexpression 
of TSPY in Hela and NIH3T3 cells as well as in vivo anal-
yses showed that TSPY could enhance cell proliferation 
and tumorigenesis. Mechanistically, the shortening of the 
 G2/M transition in overexpressed TSPY cells was associ-
ated with an early degradation of the mitotic cyclin B1. 
Degradation of cyclin B1 is required to exit mitosis [113]. 
Promoter assay and functional domain analyses showed 
that TSPY is co-localized with AR in the promoters of the 
endogenous androgen-responsive genes and exacerbates 
AR functions. Considering the role of AR in cancer pro-
gression, the oncogenic role of TSPY can be concluded 
[111].

Other cancers
Although mLOY has been reported as the most frequent 
somatic variant in different cancers in males, its pheno-
typic consequences are complex and ambiguous [152]. 
In a population-based study, Qin et al. proposed a “two-
sides” model for the role of LOY in lung cancer in which 
genetically defined mLOY decreased the risk of lung can-
cer and predicted a better prognosis while aberrant LOY 
caused by environmental factors like smoking exerted an 
effect on lung carcinogenesis [153].

Transcriptome analysis of tumor and matched unaf-
fected pulmonary tissues from patients with non-small-
cell lung cancer (NSCLC) led to identify sex-specific 
co-expression networks. Results showed that partial 
losses of the Y chromosome, particularly KDM5D defi-
ciency at the heart of the co-expression network 
increases the risk of death in NSCLC male patients, 
thus may contribute to sexual dimorphism in lung can-
cer [154]. Analysis of sequencing read coverage of 20 
MSY genes and RNA-seq data obtained from normal 
and tumor tissues also showed that the expression of epi-
genetic modifiers KDM5D and/or KDM6C is reduced 
due to LOY in clear cell renal cell carcinoma (ccRCC) 
[155]. The mechanism of action of KDM5D as a tumor 

suppressor gene has been investigated in gastric can-
cer (GC) [156]. IHC staining of GC and normal tissues 
showed the decreased expression of KDM5D in GC. 
Down-regulation of KDM5D accelerated the migration 
and invasion of GC cells by activating epithelial–mes-
enchymal transition (EMT). Mechanistically, decreased 
expression of KDM5D induces the expression of cullin 
4A (CUL4A), which in turn leads to the overexpression 
of ZEB1 (EMT inducer) and down-regulation of p21 and 
p53 [156]. It seems that upstream oncogenic factors such 
as ETS variant 4 (ETV4) and mirR-4661-5p decrease the 
expression of KDM5D, which subsequently results in the 
activation of downstream oncogenes such as Methionyl‐
tRNA synthetase 2 (Mars2) in GC [157, 158].

DNA analyses of the peripheral blood sample from 
male patients with PC and colorectal cancer (CC), and 
healthy controls showed that LOY is a more significant 
predictor of cancer presence than age [159, 160]. In addi-
tion, Agahozo et  al. performed ICH and FISH analyses 
using an X and Y probe to evaluate the prevalence of LOY 
in male breast cancer (BC). They introduced LOY as an 
early indicator of male breast carcinogenesis, particularly 
in estrogen-receptor (ER) and progesterone receptor (PR) 
negative tumors [161]. Westra et al. assessed the risk of 
Barrett’s esophagus (BE) and esophageal adenocarcinoma 
(EAC) development among six Y-chromosomal haplo-
groups including DE, F (xJ, xK), K (xP), J, P (xR1a), and 
R1a in a white male population. F haplogroup was found 
to predispose BE patients to cancer development while 
R1a and K haplogroups were determined as protective 
factors against BE development [162]. The correlation of 
LOY with poor prognosis of EAC was also demonstrated 
by using Y chromosome specific fluorescence in-situ 
probes [163]. In addition to the above-mentioned stud-
ies, a significantly higher frequency of LOY has been 
reported in blood cells of patients with colorectal, head 
and neck, bladder, leukemia, and pancreatic cancers 
compared to healthy individuals [160, 164–167].

The role of Y chromosome-linked noncoding RNAs 
in cancer progression and suppression is also remark-
able. Low TTTY15 expression resulted in down-reg-
ulation of TBX4 and a worse prognosis of NSCLC 
patients [168]. Brownmiller and colleagues also showed 
the role of Y chromosome lncRNAs in the radia-
tion response of male NSCLC cells [169]. A Y-linked 
lncRNA, LINC00278 that encodes a Yin Yang 1 (YY1)-
binding micropeptide (YY1BM), is down-regulated 
in male esophageal squamous cell carcinoma (ESCC). 
YY1BM, which functions as a tumor suppressor, binds 
to multifunctional transcription factor YY1 and blocks 
its interaction to AR, thus decreasing the expression 
of Eukaryotic Elongation Factor 2 Kinase (eEF2K) 
and inducing apoptosis in ESCC. Cigarette smoking 
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negatively affects m6A modification of LINC00278 and 
YY1BM translation and leads to male ESCC progres-
sion [170].

Conclusion
Although most sex differences in occurrence and prev-
alence of diseases have been associated with the func-
tion of sex hormones, molecular studies have assigned 
a hormone-independent role to the differential expres-
sion of genes, especially those located on sex chromo-
somes. Y chromosome genes independently and/or in 
conjunction with sex hormones, beyond their X-linked 
collective tasks determine the male-specific character-
istics. In this review, we highlighted major recent find-
ings on the contribution of Y chromosome genes to 
disease susceptibility to various human diseases and 
showed that how LOY and translation/function failure 
of Y chromosome genes can affect the pathogenesis of 
male-specific diseases.

Despite the vast investigation, little knowledge exists 
on the molecular mechanisms involved in these sex dis-
parities. This might have been originated from the bio-
logical limitations and/or experimental issues such as low 
expression of MSY genes in rare organs or cell types, high 
similarity with their X counterparts, hormone effects 
on intracellular processes, and the absence of mixed-sex 
experimental groups in cellular, animal, and human stud-
ies. In the human Y chromosome proteome project, as a 
part of the Chromosome-Centric Human Proteome Pro-
ject (C-HPP), the function of MSY proteins was explored 
in organ development by taking advantage of PSCs, 
which are capable of differentiation into all cell types of 
the human body [171]. We believe that hormone-free sys-
tems like PSC and their derivatives as well as organoids, 
which are in vitro generated copies of human organs, can 
facilitate the mechanistic studies to explore the role of 
Y chromosome genes in health and disease and provide 
novel insights into gender disparity and sex-specific ther-
apeutic strategies for diseases.
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