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Abstract

Y chromosome (ChrY), the male-specific sex chromosome, has been considered as a genetic wasteland. Aging-related mosaic
loss of ChrY (LOY) has been known for more than half a century, but it was constantly considered as a neutral karyotype
related to normal aging. These views have been challenged with genome-wide association studies identifying mosaic LOY
in human somatic cells is the most commonly acquired mutation in male’s genome and is associated with a wide spectrum
of human diseases including cancer, Alzheimer’s disease, and cardiovascular disease. These previously undescribed clini-
cal significances deeply modify our perception on ChrY and open up a range of new questions. Here, we review the latest
advances in our knowledge of the biological origins and clinical consequences of mosaic LOY. We highlight the associa-
tion of mosaic LOY to pathogenic conditions and evaluate the cause-and-consequence relationships between mosaic LOY
and pathogenesis. The known risk factors of mosaic LOY including age, genetic variants, ChrY structural aberrations and
environmental stressors are discussed. In light of evidence from pioneering and more recent studies, we propose the micro-
nucleation hypothesis and centromere-dysfunction and telomere-attrition models to explain how mosaic LOY occurs and
why ChrY is prone to lose. We believe it is importantly and timely to extend mosaic LOY research from epidemiological
associations to mechanistic studies. In this regard, we outline important gaps and assess several future directions from a
biological and clinical perspective. An improved understanding of mosaic LOY will open new pathways to modify and
increase healthy aging in males.

Introduction (~ 1500 genes) but~ 78 of its protein-coding genes (Bachtrog
2013). Such was the massive genetic decay assigned to ChrY
that some geneticists described it as a “genetic wasteland”.
This once was a widely accepted view, which results in the
genetic characterization of human ChrY has lagging behind
the rest of the chromosomes. Genetic and theoretical studies
based on a linear rate of decay have suggested that the func-
tional genes of ChrY would be lost in human spermatozoa
within 15 million years (Aitken and Marshall Graves 2002).
Although there is an ongoing controversy about this (Black-
mon and Demuth 2015), loss of ChrY (LOY) in somatic
cells of aging men has been observed for more than 50 years
(Jacobs et al. 1963; Pierre and Hoagland 1972).

The mosaic LOY, which refers to the occurrence of
LOY in a subset of cells, has long been deemed a physi-
ological age-related phenomenon. However, a large num-
ber of recent studies have found associations between
mosaic LOY in leukocytes and an increased risk for mor-

Human Y chromosome (ChrY) is the sex-determining chro-
mosome found only in males. ChrY is known to undergo
genetic degeneration: over the last 300 million years, the
ancestral autosome that evolved to the human ChrY lost all
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tality as well as various diseases [reviewed in (Forsberg
2017)]. Such association has challenged the classical view
that ChrY is merely restricted to sex determination and
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spermatogenesis, indicating ChrY is involved in a wide
variety of biological processes that have not been fully
explored.

In this review, we first present a brief summary of
human ChrY and its emerging roles in men’s development
and physiology, and follow this with a description of the
known risk factors for mosaic LOY. We then discuss the
association of mosaic LOY to pathogenic conditions and
address whether mosaic LOY is a cause or consequence
of these pathogenic settings. Based on the results of pio-
neering and more recent studies, we propose the micronu-
cleation model to explain why and how ChrY is prone to
loss. Finally, we assess future directions for mosaic LOY
studies from a biological and clinical perspective.

The ChrY: when a chromosome makes
the specificity

Human ChrY differs markedly from the rest of the chro-
mosomes in size, structure, content, stability and inherit-
ance. The uniparental inheritance leads ChrY to be consti-
tutively haploid, a condition allowing male-specific portion
of ChrY (MSY) to escape the genetic recombination during
meiotic crossover (Jobling and Tyler-Smith 2017). Escaping
the reshuffling effects allow the accumulation of repeated
sequences (comprising one-half of ChrY), which in turn
promote frequent chromosomal rearrangements and a high
degree of structural variation via intra-chromosomal recom-
bination (Jobling and Tyler-Smith 2003) (Fig. 1). Largely
escapes from meiotic recombination with X chromosome
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Fig.1 Structure of human Y chromosome (ChrY). (A) In humans,
biological sex is defined by the sex chromosomes, typically XX for
females and XY for males. The X chromosome (ChrX) and ChrY are
thought to have once been identical pairs that were free to recom-
bine. Over the course of evolution, only the pseudoautosomal regions
(PAR1 and PAR?2) of the ChrY pair and recombine with ChrY dur-
ing meiosis. The non-recombining region, known as male-specific
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region of the ChrY (MSY), comprises 95% of the ChrY’s length.
The ChrY is heterochromatic and gene-poor, with only ~78 protein-
coding genes being located. Yp is the short arm of the ChrY and it
is composed of euchromatin. The long arm, Yq, is composed of
both euchromatin and the genetically inactive heterochromatin. The
euchromatin of Yq contains the Azoospermia factors (AZFa, AZFb
and AZFc) gene families that are essential for sperm production
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(ChrX) renders natural selection inefficient on ChrY, result-
ing in the accumulation of detrimental mutations and, in
long term, the chromosome-wide degeneration (Repping
et al. 2006; Helgason et al. 2015). These features set ChrY
apart from the rest of the chromosomes and drive its unique
evolution within and between populations, which lead to
the emergence of ethnically distinct lineages or haplogroups
(Jobling and Tyler-Smith 2003, 2017; Bachtrog 2013). Fur-
thermore, the lack of recombination prevents ChrY from
classical genetic and linkage-mapping studies, and the
repeat- and amplicon-rich natures have excluded it from
most genome-wide association studies (GWAS) (Xue and
Tyler-Smith 2017). Thus, the molecular and genetic charac-
terizations of human ChrY have significantly lagged behind
the rest of our chromosomes.

Currently, it is known that the total number of annotated
genes present on human ChrY is 568, of which only ~78 of
them are encoding proteins (Maan et al. 2017). Most protein-
coding genes are unique to testis determination and sper-
matogenesis. About 109 genes produce non-coding RNA,
but their regulatory potential are largely unknown (Maan
et al. 2017). The rest of ChrY are repetitive sequences, non-
coding regions and pseudogenes (Bachtrog 2013; Maan et al.
2017). Although mammalian ChrY genes decay very rapidly,
the survived genes have been stably retained and have broad
roles in regulating transcription, translation and protein sta-
bility among others (Bellott et al. 2014). In addition, LOY in
blood is found to associate with aggregate changes in gene
expression, implying ChrY possesses the potential biological
functions that needs to be further dissected (Graham et al.
2019).

The ChrY proteome project has found DDX3Y, a MSY
gene, may modulate neuronal differentiation (Vakilian et al.
2015) and estimated the contributions of MSY genes to the
heart and kidney development (Meyfour et al. 2017a, b). A
growing body of evidence supports the associations between
ChrY and several polygenic diseases such as prostate can-
cer (PC), hypertension and cardiovascular diseases (CVDs)
(Maan et al. 2017). Particularly, the ChrY haplogroups
contribute to the different PC incidence between American
and Asian populations (Cannon-Albright et al. 2014). The
MSY-located long non-coding RNAs (IncRNAs) TTTY15 is
found to promote PC progression (Xiao et al. 2018) and Inc-
KDM5D-4 is implicated to key processes of fatty liver and
cellular inflammation associated with atherosclerosis and
cardiovascular diseases (Molina et al. 2017). The SRY (sex-
determining region of the ChrY), as well as several other
MSY genes, possess key roles on the state conversion of
human pluripotent stem cells (Taleahmad et al. 2019). The
SRY possesses oncogenic potential (Murakami et al. 2014)
and the abnormal upregulation of SRY may be a potential
pathogenic mechanism of Parkinson’s disease (Lee et al.
2019). Moreover, the SRY positively regulates the BMPR2

whose reduction plays crucial roles in pulmonary arterial
hypertension (Yan et al. 2018).

Overall, accumulating evidence indicates human ChrY
is not only circumscribed to impart male characteristics,
but also it serves as a major regulator of gene expression,
through which it exerts appreciable impact on cellular phe-
notypes and disease.

Mosaic LOY: what is it and what causes it?

It was once thought that the cells of a person would share a
same genome. However, this supposition has been modified
by the acknowledgement that the genomes of every postzy-
gotic somatic cell in the organism are under a constant threat
of mutations from both endogenous and external insults. The
stochastic nature of mutagenesis implies that most muta-
tions have neutral or deleterious consequences. Occasion-
ally, mutations provide a selective advantage; cells harboring
these mutations then undergo positive selection and even-
tually achieve a stable, detectable and distinct subpopu-
lation characterized by an altered form of the genome, a
phenomenon known as somatic mosaicism (Biesecker and
Spinner 2013). Large epidemiologic studies have reported
that mosaic mutations are prevalent in normal somatic cells
from healthy humans, ranging in size from point mutations
to gain or loss of entire chromosomes (a condition known as
aneuploidy) (Biesecker and Spinner 2013).

For in vivo and free-living human cells, sex chromosome
mosaicism is more common than autosomal mosaicism, of
which the most frequently observed is mosaic LOY (Xu
et al. 2017; Thompson et al. 2019). Although, mosaic LOY
in normal hematopoietic cells among elderly males has been
known for nearly half a century (Jacobs et al. 1963), it has
long been deemed a physiological age-related phenomenon
because none of the ChrY-located genes are essential for cell
viability and females can survive healthily without ChrY.
Mosaic LOY is therefore, grossly neglected by most geneti-
cists for a long time. A large number of studies during the
last decade have shown that individuals with mosaic LOY
in blood were suffering from an increased risk of disease
and death (Table 1). These findings have led to a revival of
interest in studying the biological causes and clinical con-
sequences of mosaic LOY. Prior to engaging in a discus-
sion of the pathogenic association of mosaic LOY, it may
be informative to first gain a better understanding of what
factors cause mosaic LOY.

Age is by far the single greatest risk factor of mosaic
LOY. Early cytogenetic analyses showed that in male
lymphocytes, mosaic LOY is very low up to age 15 years
(0.05%) but continuously increased to a frequency of 1.34%
in men with the age of 76-80 years (Guttenbach et al. 1995).
Large population-based GWAS showed that mosaic LOY in
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Table 1 A timeline of key discoveries in the quest to identity the biological causes and clinical consequences of the mosaic LOY in human blood

samples

References

Methodology

Main findings and conclusions Diseases linked

Jacobs et al. (1963)

Pierre and Hoagland (1972)

UKCCG (1992)

Persani et al. (2012)

Lleo et al. (2013)

Forsberg et al. (2014)

Ganster et al. (2015)

Dumanski et al. (2015)

Noveski et al. (2016)

Dumanski et al. (2016)

Zhou et al. (2016)

Machiela et al. (2017)

Haitjema et al. (2017)

Karyotyping

Karyotyping

Karyotyping

FISH

FISH

SNP-array

FISH

SNP-array

RT-qPCR

SNP-array and WGS

gqPCR and SNP-assay

RT-qPCR

RT-qPCR and SNP-assay

Sex difference in age-dependent loss of —
sex chromosomes

Age-dependent mosaic LOY in human —
blood; Mosaic LOY is a feature of
normal hematological bone marrow in
elderly males

LOY is unable to predict malignancy -
and should not be considered as a
biomarker of the malignant clone

Mosaic LOY rate increases significantly Autoimmune thyroiditis
in autoimmune thyroiditis compared
to healthy controls; Age-dependent
mosaic LOY is more prominent in
autoimmune thyroiditis as compared
to unaffected controls
Mosaic LOY rate is higher in patients Primary biliary cirrhosis
of primary biliary cirrhosis compared
to healthy controls
Mosaic LOY in blood is associated with Non-hematological cancers
increased risk of non-hematological
cancers; Mosaic LOY in blood is a
molecular determinant of all-cause
mortality, causing a median survival
time reduced by 5.5 years

Mosaic LOY in peripheral blood cells is Myelodysplastic syndromes
clonal in myelodysplastic syndromes
in an age-related predisposition
Smoking is associated with mosaic -
LOY in blood and has a transient and
dose-dependent mutagenic effect on
LOY status

A strong link between cancer pres-
ence and mosaic LOY in peripheral
blood of men affected with colon and
prostate cancer

Colon and prostate cancer

Mosaic LOY in blood is associated with Alzheimer’s disease and cancer
risks of both Alzheimer’s disease and
cancer, suggesting a role of LOY in
blood on disease processes in other
tissues

A common locus maps to TCLIA is -
the greatest genetic susceptibility
to mosaic LOY; Mosaic LOY is not
consistently associated with overall or
specific cancer risk nor with cancer
survival after diagnosis; Mosaic LOY
is associated with current smoking,
but the association weakens with
years after cessation

Mosaic LOY is associated with familial Familial testicular germ cell tumor
testicular germ cell tumor risk

Mosaic LOY in blood is independently ~ Cardiovascular events
associated with secondary major
cardiovascular events in a severely
atherosclerotic population
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Table 1 (continued)

References

Methodology

Main findings and conclusions

Diseases linked

Wright et al. (2017)

Zink et al. (2017)

Kimura et al. (2018)

Hirata et al. (2018)

Wong et al. (2018)

Loftfield et al. (2018)

Forsberg et al. (2019)

Grassman et al. (2019a)

Loftfield et al. (2019)

Qin et al. (2019)

Tang et al. (2019)

Graham et al. (2019)

SNP-array and WGS

WGS

RT-qPCR

RT-qPCR

SNP-array

SNP-array

SNP-array

SNP-array

SNP-array

SNP-array

FISH

SNP-array and WGS

19 genomic loci are identified to be
associated with mosaic LOY; Genetic
architecture between mosaic LOY and
cancer susceptibility is shared; Smok-
ing is a causal effect of mosaic LOY

Mosaic LOY showed a highly
significant association with clonal
hematopoiesis; Mosaic LOY and
clonal hematopoiesis have a shared
age-related distribution, suggesting
mosaic LOY and clonal hematopoie-
sis are related phenomena

LOY may not only occur in blood, but
also in dorsolateral prefrontal cortex;
LOY in blood, but not in brain is asso-
ciated with suicide completion

Schizophrenia may not have a remark-
able effect on blood mosaic LOY;
however, mosaic LOY may be associ-
ated with disease course in patients
with schizophrenia

Outdoor air pollution (PM,,) may
increase mosaic LOY in leukocyte

Mosaic LOY is associated with several
health-related factors (i.e., alcohol,
body mass index, smoking, diabetes
and stroke) as well as with ethnicity;
Mosaic LOY was not associated with
the prevalence of cancer

Up to 57% of males at 93 years of age
have detectable mosaic LOY in>10%
of blood cells

Mosaic LOY in blood is significantly
associated with risk for age-related
macular degeneration

Mosaic LOY is moderately associated
with all solid tumor incidence

In a Chinese cohort, a “two-sides”
model of mosaic LOY was found:
“natural” mosaic LOY reduces the
risk and ensures a better prognosis
of lung cancer, but this effect can be
abolished by smoking-induced mosaic
LOY

A prominent mosaic LOY occurs in
aging males with abdominal aortic
aneurysms

Mosaic LOY occurs more frequently in
the blood than in the brain; Mosaic
LOY is associated with aggregate
changes in gene expression; Mosaic
LOY is associated with a faster rate
of cognitive decline; Mosaic LOY
is modestly associated with ApoE4
allele, a genetic risk factor for spo-
radic Alzheimer’s disease

Cancers

Schizophrenia

Diabetes and heart attack or stroke

Macular degeneration

Solid tumors

Abdominal aortic aneurysms

Alzheimer’s disease and cognitive
decline
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Table 1 (continued)

References Methodology Main findings and conclusions Diseases linked

Thompson et al. (2019) SNP-array and WGS 156 autosomal genetic determinants of ~ Non-hematological cancers
LOY are identified; Genetic suscep-
tibility to LOY is associated with
non-hematological health outcomes in
both men and women; The expression
of multiple autosomal genes is dys-
regulated (i.e., upregulated expression
of TCLIA) in leukocytes with mosaic
LOY

Danielsson et al. (2019) ddPCR ddPCR is a newly estimated method -
for standardization of LOY data
generated by SNP-array; ddPCR
could be applied to further investi-
gate associations between LOY and
various diseases and other phenotypic
outcomes; The frequency of LOY
changes profoundly within men over
time (constantly low, substantially
increased; decreased after an initial
increase), likely as a result of aberrant
clonal expansions

Gonzélez et al. (2019) SNP-assay The expression of the entire chromo- -
some Y is extremely down-regulated
in kidney and bladder tumors with
mosaic LOY; Mosaic LOY in blood is
associated with deregulation of DNA
replication, repair and recombination
pathways

Dumanski et al. (2019) SNP-array and WGS and ddPCR  Alzheimer’s disease and prostate cancer -
patients display more LOY in natural
killer cells and CD4" T-lymphocytes,
respectively; The transcription of
autosomal genes important for normal
immunity is de-regulated by LOY

Terao et al. (2019a) SNP-array 50 independent genetic markers in Lung cancer
46 loci are found to associate with
mosaic LOY in a Japanese cohort;
A strong genetic overlap in associa-
tion with mosaic LOY between the
European and Japanese populations.
Multipotent progenitor and hemat-
opoietic stem cells are likely the
primary cell types undergoing clonal
expansion after LOY

Liu et al. (2019) SNP-array Increased levels of polycyclic aro- -
matic hydrocarbons exposure were
associated with more severe mLOY;
Polycyclic aromatic hydrocarbons,
age, smoking pack-years, and TCLIA
variant (rs1122138) showed joint
effects on mosaic LOY

LOY loss of Y chromosome, SNP single nucleotide polymorphisms, WGS whole genome sequencing, ddPCR droplet digital PCR, RT-gPCR
real-time quantitative PCR, FISH fluorescence in situ hybridization

blood samples is < 2% for men under 60 years of age, reach- ~ Age-related increase of mosaic LOY is also observed in buc-
ing 15-40% in 70-85 years old males (Forsberg et al. 2014; cal mucosa cells (Zhou et al. 2016; Forsberg et al. 2019) and
Dumanski et al. 2015; Zhou et al. 2016; Zink et al. 2017) dorsolateral prefrontal cortex (Kimura et al. 2018). These
and 57% of males at 93 years of age (Forsberg et al. 2019). data suggest that mosaic LOY trends towards inevitability
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with aging and increases exponentially with age (Loftfield
et al. 2018). In other words, every male will eventually
develop mosaic LOY if they live long enough.

Although age is the greatest risk factor of mosaic LOY,
it cannot provide any insight into the molecular basis of this
biological phenomenon. Thus, the identification of genetic
variation influencing mosaic LOY is an important step in
understanding the risk of mosaic LOY. The TCLIA is the
first susceptibility variation for mosaic LOY (Zhou et al.
2016). Subsequently, 18 additional associated genomic loci
implicated in cell cycle regulation, genomic instability (GIN)
and cancer susceptibility have been identified to be associ-
ated with mosaic LOY (Wright et al. 2017). More recently,
137 novel autosomal genetic determinants of mosaic LOY
have been identified (Thompson et al. 2019) and 31 novel
mosaic LOY-associated genetic loci have been reported in a
Japanese cohort (Terao et al. 2019a). Some of these loci that
implicated in the regulation of cell cycle, genome integrity
and cell death are shown in Table 2. Interestingly, although
there is a strong genetic overlap in association with mosaic
LOY across populations/ethnicities (Terao et al. 2019a), the
extent of mosaic LOY varies across populations/ethnicities.
Mosaic LOY in men of African ancestry is less compared
to men of European ancestry (Loftfield et al. 2018, 2019).
In line with this, some tested variants for mosaic LOY show
higher frequencies in European populations than African
populations (Table 2). Overall, these findings suggest mosaic
that LOY is a highly polygenic trait. However, we do not
know whether these susceptible loci contribute to de novo
LOY or they just permit the clonal expansion of LOY cells.
Additionally, we do not know whether genetic loci in sex
chromosomes would be associated with the risk of mosaic
LOY since they are typically excluded from GWAS. Clari-
fication of these causal variants in initiating and/or modu-
lating mosaic LOY is an important field for future studies.

The structural aberrations of ChrY have also found to
induce LOY. The long arm of ChrY contains many ampli-
conic and palindromic sequences, making it predisposed
to intra-chromosomal recombination. Since these regions
harbor most majorities of the ChrY-located protein-coding
genes, intra-chromosomal recombination provides a route
for gene conversion (Colaco and Modi 2018). Gene con-
version allows functional copies of a given gene within the
palindrome to correct a mutant copy, but makes ChrY sus-
ceptible to copy number variation (Shi et al. 2018) and intra-
chromosomal deletions (Trombetta and Cruciani 2017).
ChrY microdeletion has been found to be associated with
mosaic LOY in both lymphocytes and sperms (Siffroi et al.
2000; Patsalis et al. 2005). Moreover, if ChrY recombina-
tion occurs between sister chromatids, it can give rise to
isodicentric ChrY (idicY) (Lange et al. 2009). The inher-
ent instability of idicY causes its loss during chromosome
segregation, such that patients with idicY frequently exhibit

46,X,idicY/45,X0 karyotype (Lange et al. 2009; Miyado
et al. 2018). Other ChrY anomalies (including rings and
derivates) also have been reported in mosaic form (Hsu
1994), indicating ChrY structural aberrations could trigger
mosaic LOY. Since no reliable estimates of ChrY structural
anomalies frequency in blood exists, to what extent do these
aberrations contribute to mosaic LOY remains elusive. How-
ever, given the age-dependent increase of large-scale struc-
tural mosaicism in human autosomes (Jacobs et al. 2012;
Laurie et al. 2012; Machiela et al. 2015; Loh et al. 2018;
Terao et al. 2019b), we could predict that ongoing struc-
tural mosaicism would occur in ChrY as well. In addition,
whether ChrY haplogroups contribute to the different rates
of mosaic LOY across populations/ethnicities (Loftfield
et al. 2018, 2019) remains to be addressed.

Recent findings indicate that mosaic LOY would be
induced by both external and internal environmental stress-
ors. Many independent cohorts observed a strong association
between smoking and mosaic LOY and current smokers had
a significantly higher degree of mosaic LOY compared with
non-smokers and former smokers (Dumanski et al. 2015;
Zhou et al. 2016; Loftfield et al. 2018, 2019; Wong et al.
2018). Through the Mendelian randomization analysis,
itcases, be extruded, which has been established that smok-
ing may well represent an important causal contribution in
the mosaic LOY (Wright et al. 2017). Recently, Liu et al.
(2019) found that exposing to polycyclic aromatic hydrocar-
bons (PAHs) is associated with mosaic LOY in a Chinese
cohort. Similarly, increased exposure to outdoor air pollu-
tion may lead to leukocyte mosaic LOY even if the pollutant
levels are below the regulatory limit (Wong et al. 2018).
The widely used insecticides (chlorpyrifos, imidacloprid,
and a-cypermethrin) can also induce LOY in the ex vivo
lymphocytes at the doses relevant for real exposure scenario
(MuZini¢ et al. 2019). In addition, heavy drinkers display
a significantly higher mosaic LOY rate than that of never
drinkers and obese men display a significantly higher mosaic
LOY frequency than that of normal weight (Loftfield et al.
2018, 2019). It is interesting to see whether mosaic LOY
may mediate the link between environmental stressors and
its related adverse health outcomes. However, the data on
the association of mosaic LOY with alcohol, pollution and
obesity are less mature, and further studies are needed to
confirm and replicate these findings.

Opverall, aging, genetic variants, ChrY structural aberrations
and environmental stressors are known risk factors for LOY,
indicating that the rise of mosaic LOY is multi-factory. The
diverse mechanisms underlying mosaic LOY are not neces-
sarily incompatible with each other. Indeed, Liu et al. dem-
onstrated that age, genetic variant of TCLIA (rs1122138) and
environmental stressors (PAHs and smoking) exhibit obvious
joint effects on mosaic LOY (Liu et al. 2019). Thus, we antici-
pate that the cumulative effect of these risk factors is likely to
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be behind the profound inter-individual variation in mosaic
LOY (Danielsson et al. 2019). Assessing the relative contri-
bution of these factors to mosaic LOY is essential to properly
predict and modify individuals’ risk of mosaic LOY and to
identify targets to modify mosaic LOY-associated pathogen-
esis (see below).

Mosaic LOY and the diseases susceptibility:
viewing the ChrY in a new light

A growing body of recent studies, using various advanced
methods, demonstrates that mosaic LOY in blood is asso-
ciated with the susceptibility to multiple diseases, includ-
ing four most common aging-related diseases: cancer,
Alzheimer’s disease (AD), CVDs, and diabetes (Table 1).

A landmark study has shown that elderly men with
mosaic LOY in blood have higher risks for non-hematopoi-
etic cancer diagnosis and mortality (Forsberg et al. 2014).
The association between mosaic LOY in blood and increased
risk for cancer in other organs has been described in sev-
eral independent studies (Ganster et al. 2015; Noveski et al.
2016; Zhou et al. 2016; Machiela et al. 2017; Loftfield et al.
2019; Terao et al. 2019a). However, mosaic LOY in leuko-
cytes is not associated with prevalent cancer in a large cohort
of men from UK biobank (Loftfield et al. 2018); Mosaic
LOY is not associated with risk nor survival of lung can-
cer as well (Zhou et al.2016); Interestingly, natural mosaic
LOY in leukocytes may reduce the risk and ensures a bet-
ter prognosis of lung cancer in a Chinese cohort (Qin et al.
2019). Overall, these data support that mosaic LOY is asso-
ciated with the incidence of solid cancers, although such
association is more complicated in some cancer subtypes
(e.g., lung cancer). Thus, it is highly possible that mosaic
LOY in blood could become a predictive biomarker of male
carcinogenesis.

AD is a progressive and irreversible neurodegenera-
tive disorder of the central nervous system and accounts
for~70% of all dementia cases. AD can be divided into
early-onset familial AD (< 65 years; comprising < 5% of all
AD cases) and late-onset sporadic AD (> 65 years; compris-
ing>95% of all AD cases) (Masters et al. 2015). Mutations
in PSENI, PSEN2 and APP are the most cause of familial
AD (Masters et al. 2015). Numerous genes have been identi-
fied as important risk factors for sporadic AD. Among them
the apolipoprotein E4 (ApoE4) allele is the greatest genetic
risk factor, with ApoE4 homozygotes which are 14 times
more likely to develop AD than non-carriers and subjects
heterozygous for ApoE4 have a three-fold increased risk
(Yamazaki et al. 2019). Interestingly, mosaic LOY in blood,
a fundamentally different genetic variant from ApoE4, has
a 6.8-fold greater risk for sporadic AD diagnosis (Duman-
ski et al. 2016). Similarly, mosaic LOY in the dorsolateral

prefrontal cortex is modestly associated with sporadic AD
risk and cognitive pathologies (Graham et al. 2019).

In addition, recent studies have reported that mosaic
LOY in blood is associated with diagnosis of many other
age-related diseases, such as CVDs (Haitjema et al. 2017;
Loftfield et al. 2018), diabetes (Loftfield et al. 2018) and
age-related macular degeneration (Grassmann et al. 2019a).
Importantly, the disease spectrum associated with mosaic
LOY has begun to expand beyond age-related diseases.
For example, mosaic LOY in blood is associated with the
occurrence of autoimmune diseases such as autoimmune
thyroiditis (Persani et al. 2012) and primary biliary cirrho-
sis (Lleo et al. 2013). Mosaic LOY in blood is associated
with the course of illness in schizophrenia, despite it is not
remarkably associated with the occurrence of schizophre-
nia (Hirata et al. 2018). Mosaic LOY in blood rather than
in dorsolateral prefrontal cortex is found to be associated
with suicide completion, suggesting ChrY may participate
in the pathophysiology of suicide and provides an explana-
tion to the observation that men have a much higher suicide
rate than women (Kimura et al. 2018). It is of note that the
studies reported the association between mosaic LOY and
clinical outcomes including diabetes, autoimmune diseases,
schizophrenia and suicide are limited and such associations
should be replicated in other cohorts.

In summary, human ChrY may have a magnified effect on
men beyond sex determination despite the small number of
genes it harbors in human genome. The clinical significances
of mosaic LOY provide a starting point for a new generation
of studies into the emerging roles of ChrY in male health and
disease. Also, such association rapidly changes our under-
standing of mosaic mutation in normal human tissues and
promotes some to speculate the use of mosaic LOY as a
clinical biomarker for assessing the risks of aging-related
diseases.

In what ways does mosaic LOY influence
male health?

To explain how mosaic LOY in blood cells can be associ-
ated with disease processes in other organs, Forsberg (2017)
speculated that the normal immune function of leukocytes is
compromised by LOY. The “immunosurveillance” hypoth-
esis of mosaic LOY (Forsberg 2017) seems to be highly
attractive because the immune cells reside in nearly all tis-
sues and mutations that alter their function could have a
variety of phenotypic consequences (Fig. 2a). Indeed, low
immune activation or defective immunosurveillance is criti-
cal for accelerating the course of many diseases (Senovilla
et al. 2013). Despite of this, evidence supporting the “immu-
nosurveillance” hypothesis is rare. Very recently, Duman-
ski et al. (2019) showed that AD and PC patients display a
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Fig.2 Potential models for explaining the observed associations of
mosaic loss of Y chromosome (LOY) in leukocytes and disease sus-
ceptibility. a The “immunosurveillance” hypothesis of mosaic LOY
(Forsberg 2017). This hypothesis describes that the mosaic LOY in
immune cells would result in immunosurveillance impairment (ISI).
Because the immune cells reside in nearly all tissues and mosaic
LOY that alter their function could have a variety of phenotypic con-
sequences including the etiology of cancers, Alzheimer’s disease
(AD), cardiovascular diseases (CVDs) and diabetes. b The “common

higher rate of mosaic LOY in natural killer cells and CD4*
T-lymphocytes respectively and many immune-related genes
are differentially expressed in LOY natural killer cells and
monocytes. These findings provide direct evidence to sup-
port the “immunosurveillance” hypothesis, as well as impli-
cate a ChrY-dependent mechanism for sex differences in
immunity (Klein and Flanagan 2016).

However, genes deregulated in mosaic LOY versus non-
mosaic LOY cells are not observed in any enrichment of
immune-related ontology in head and neck squamous-cell
carcinoma (Hollows et al. 2019). These different results
suggest that LOY may alter the expression of immune-
related genes in a cell-type specific manner and indicate
LOY may contribute to cancer development in some other
ways. Mosaic LOY is frequently observed in tumor cells
and is more frequent in advanced tumors than low-grade
tumors (Bianchi 2009). When human ChrY is incorpo-
rated into LOY human PC cell line PC-3, tumor suppres-
sion is observed in nearly all the athymic nude mice studied
(Vijayakumar et al. 2005). These findings suggest ChrY per
se has a tumor-suppressor role. Considering this, it is sur-
prising that no apparent driver tumor-suppressor gene has
been found in ChrY. Functional studies have verified sev-
eral tumor suppressor-like genes in ChrY. For example, the
TMSB4Y normally functions through interaction with p-actin

@ Springer

soil” hypothesis (Thompson et al. 2019). This hypothesis argues the
genetic susceptibility to mosaic LOY represents the “common soil”
of the susceptibility to other disease. Because this common genetic
architecture is associated with genomic instability (GIN), GIN is
highlighted as a biological mechanism underpinning diseases such as
cancers, AD, CVDs and diabetes. This hypothesis is not necessarily
incompatible with the “immunosurveillance” hypothesis. LOY in leu-
kocytes may also have a direct role in disease of other tissues through
ISI

to regulate cell morphology and cell proliferation (Wong
et al. 2015); Overexpression of KDM5D, which encodes a
lysine-specific histone H3 demethylase, reduces viability of
renal cancer cells (Arseneault et al. 2017), while knockdown
of KDM5D increases the growth rate and reduces apopto-
sis of PC cells (Jangravi et al. 2015); IncRNA TTTY15 is
found to inhibit non-small cell lung cancer proliferation and
metastasis via promoting the expression of TBX4, whose
knockdown increases lung cancer cell migration and inva-
sion (Lai et al. 2019).

The mild tumor-suppressor effects of ChrY genes suggest
that the overall tumor-suppressor activity of ChrY depends
on the combined effects of ChrY genes and many other auto-
somal- or ChrX-linked genes. Indeed, LOY has been found
to activate oncogenes located in autosomes. For example,
single-cell RNA sequencing reveals that LOY leukocytes
upregulate the expression of TCLIA, a known oncogene
maps at 14q32.13 whose product (TCL1) mediates intracel-
lular signaling and stimulates cell proliferation and survival
(Thompson et al. 2019). LOY tumors overexpress genes
involved in redox process, including those implicated in
resistance to both radiotherapy and cisplatin-based chemo-
therapeutics (Hollows et al. 2019). All of these evidence
lead to the speculation that concomitant loss of multiple
genes due to LOY can create phenotypes that are difficult
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to predict by analyzing individual genes and the impact of
LOY on tumor development would be fundamentally differ-
ent from loss of individual ChrY-located tumor-suppressor
genes. In this sense, LOY should be considered and studied
as a distinct somatic mutation.

While we are still debating whether impaired immuno-
surveillance or dysfunctional tumor suppressor network
is the actual player underpins the mosaic LOY-associated
cancer risk; a recent study has put an additional level of
complexity to this question. Thompson et al. (2019) dem-
onstrated that most of the mosaic LOY-associated genetic
variants are frequently located near genes that contribute
to cancer susceptibility and encode the drivers of tumor
growth and targets of cancer therapies. Thus, these vari-
ants increase the susceptibility of males to non-hema-
tological cancers, including both male-specific (PC and
testicular germ cell tumor) and non-sex-specific (lung can-
cer, colorectal cancer, glioma and renal cell carcinoma,)
(Thompson et al. 2019). The most unexpected finding of
this study was that these mosaic LOY-related genetic loci
are also associated with increased risk of female-specific
non-hematological cancers (breast, ovarian and endome-
trial cancers) in women. These findings indicate that LOY
does not play direct roles in increasing the cancer risk in
males.

Alternatively, mosaic LOY may also be the consequence
of carcinogenesis. For example, LOY in cancer cells may
be solely attributed to its tiny size, as cancer cells preferen-
tially lose small chromosomes (Duijf et al. 2013). In addi-
tion, mosaic LOY in blood fails to connect with the risk
of hematological cancers in many large cohorts (Forsberg
et al. 2014; Zhou et al. 2016; Loftfield et al. 2019; Terao
et al. 2019a). This result is surprising, not only because the
detected mosaic LOY occurs in hematological system, but
also mosaic LOY occurs more frequently in hematological
cancers than solid cancers in males (Bianchi 2009). Con-
sidering this, it remains to see whether mosaic LOY is a
consequence associated with the development of hemato-
logical cancers. Meanwhile, mosaic LOY may be an epiphe-
nomenon associates with cancers. For example, Tetrao et al.
(2019) found that mosaic LOY was significantly associated
with mortality from lung cancer in a Japanese cohort. How-
ever, this association mostly attributes to tobacco smoking
because the significance is lost when smoking individuals
are extracted, indicating mosaic LOY may just be an epiphe-
nomenon in the process of smoking-associated lung cancer
risk. In addition, mosaic LOY displays a highly significant
association with clonal hematopoiesis, a novel driver for
cancers (Zink et al. 2017).

Mosaic LOY in blood is associated with a remarkably
increased risk for many nonmalignant diseases of aging like
AD (Dumanski et al. 2016), but the underlying causality of
this association remains elusive. A recent study shows that

the induced pluripotent stem cells (iPSC)-derived nerve-
like cells from fibroblasts carrying PSENI E280A mutation
that is predisposed to familial AD, display LOY (Mendivil-
Perez et al. 2019). Interestingly, one susceptibility varia-
tion for mosaic LOY maps in HM13 (Wright et al. 2017),
which encodes an integral membrane protein with sequence
motif characteristic of PSEN1/2 though its function remains
unclear. Mosaic LOY is modestly associated with the ApoE4
genotype (Graham et al. 2019). Additionally, mosaic LOY
in a Japanese cohort is significant with a genetic variation
nearby the SPONI (Terao et al. 2019a), a gene that was pre-
viously reported to be associated with the dementia severity
(Jahanshad et al. 2013). These results indicate that LOY may
be induced by mutations of familial and sporadic AD genes.

Similarly, several mosaic LOY risk variants have also
implicated in the susceptibility to other aging-related dis-
eases. For example, KCNQ] variants were found to be sig-
nificantly associated with mosaic LOY in the Japanese and
UK populations (Terao et al. 2019a). Interestingly, vari-
ants of this gene have shown to be strongly associated with
susceptibility to type 2 diabetes in East Asian and Euro-
pean populations (Unoki et al. 2008; Yasuda et al. 2008).
Recently, Thompson et al. (2019) highlighted that another
6 mosaic LOY loci (TP53INP1, SUGP1, CCND?2, EIF2S2,
PTHIR and BCL2L11) overlapped with previously reported
risk variants for type 2 diabetes (Xue et al. 2018). In addi-
tion, ANGPTL?2 is a mosaic LOY risk gene (Terao et al.
2019a) whose product has been found to be associated with
an increased risk of CVDs in diabetic patients (Gellen et al.
2016) and accelerate heart failure by perturbing cardiac
function and energy metabolism in cardiac pathologies (Tian
et al. 2016).

Based on all of these observations, Thompson et al.
(2019) proposed the “common soil” hypothesis, which
argues the genetic susceptibility to mosaic LOY represents
the “common soil” of the susceptibility to other diseases
like non-hematological cancers and diabetes (Fig. 2b).
Since genetic susceptibility to mosaic LOY are associated
with GIN (Wright et al. 2017; Thompson et al. 2019), the
“common soil” hypothesis predicts that GIN may play key
roles in the pathogenesis of these diseases. This hypothesis
is not necessarily incompatible with the “immunosurveil-
lance” hypothesis and other models. LOY in leukocytes may
also have a direct role in disease of other tissues through
impaired immunosurveillance and LOY in cancer cells pro-
mote cancer progression via dysfunctional tumor suppressor
network. Thus, further functional studies are warranted to
characterize how and in what ways may mosaic LOY influ-
ence male health.

Cancers, AD, CVDs and diabetes are four aging-related
diseases that are also prevalent in females with XX sex
chromosomes. The prevalence and susceptibility to can-
cers (Dorak and Karpuzoglu 2012), CVDs (Kander et al.

@ Springer



434

Human Genetics (2020) 139:421-446

2017), and diabetes (Kautzky-Willer et al. 2016) are indeed
higher in men than in women. In contrast, AD dispropor-
tionally affects women more than men in both prevalence
and severity (Ferretti et al. 2018). Given that mosaic LOY
increases the risk of cancers, CVDs, and diabetes in males,
it is interesting to ask whether mosaic LOY contributes to
the sex difference of these diseases. The possible mecha-
nisms underlying these differences are complex and whether
mosaic LOY is involved remains entirely unknown. Based
on the “immunosurveillance” hypothesis, it seems plausible
that mosaic LOY would be underlying in these differences
because immunosurveillance impairment resulting from
mosaic LOY only occurs in men, rather than in women.
However, mosaic LOY may not contribute to the arising of
these differences if we consider the “common soil” hypoth-
esis. This is because the genetic variants for mosaic LOY
present in the genomes of both men and women, and they
induce mosaic LOY in male genome while inducing instabil-
ity in female genome. Therefore, although mosaic LOY in
blood may explain why men have shorter lives than women
(Forsberg 2017), it is premature to think whether mosaic
LOY would contribute to sex difference in the etiology of
cancers, CVDs, and diabetes. More data need to be collected
before we can address this question.

How and why ChrY prone to loss:
a hypothesized micronucleation model

Although the risk genetic variants for mosaic LOY have been
widely deciphered, the molecular mechanisms that might be
responsible for the development of mosaic LOY are entirely
unknown. Considering that most of mosaic LOY-associated
variants are cell cycle genes (Zhou et al. 2016; Wright et al.
2017; Grassmann et al. 2019b; Terao et al. 2019a; Thompson
et al. 2019) (Table 2), it has been proposed that the develop-
ment of mosaic LOY is most likely to have a mitotic origin.

During cell division, chromosomes are duplicated and
then segregated evenly to each daughter cell. Chromosome
segregation is driven by the centromeres and mitotic spin-
dles. Kinetochore, the protein complex assembled at each
centromere, serves as the attachment site for spindle micro-
tubules. The incorrectly attached kinetochores activate the
spindle assembly checkpoint (SAC) to delay anaphase onset.
Defective SAC signaling leads to premature chromosome
segregation with mis-attached chromosomes, resulting in
chromosome lagging at ana-telophase. If the lagging chro-
mosomes are sufficiently far from the rest of the chroma-
tin mass at mitotic exit, they form into isolated micronu-
clei [reviewed in (Guo et al. 2019¢)]. The centromeres of
micronuclei-enclosed chromosomes become damaged and
are unable to support a functional kinetochore (Vazquez-
Diez et al. 2016). Micronuclei therefore fail to be aligned at
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the metaphase plate and keep their micronuclei state during
the following one or more cell cycles (Soto et al. 2018; He
et al. 2019). This confers enough times for the micronucle-
ated chromosomes to be degraded by autophagy or extruded
out of the cell [reviewed in (Guo et al. 2019¢)]. Based on
the results of pioneering studies that ChrY is preferentially
micronucleated and in an age-dependent way (Nath et al.
1995; Catalan et al. 1998), we propose the micronucleation
hypothesis of LOY (Fig. 3) although the actual processes of
LOY are undoubtedly more complex than this model. Impor-
tantly, ChrY micronucleation has shown to induce chromo-
thripsis-like rearrangement in ChrY and structural variations
in whole genome (Ly et al. 2017, 2019). Our micronuclea-
tion model thus, may provide novel insights into why mosaic
LOY is associated with the occurrence of large autosomal
mosaic events (Zhou et al. 2016). Our micronucleation
model can also predict that the ChrY retained in somatic
cells of aging persons would harbor high levels of complex
rearrangement due to micronuclei-induced chromothripsis.

A question of vital importance is how LOY can arise so
frequently, or in other words, why human ChrY is micro-
nucleated so frequently. Although all the current known
risk genes for mosaic LOY do not locate on ChrY, we think
the most possible factors that make the ChrY prone to be
micronucleated lies in the ChrY per se. One prime candi-
date factor is the unique feature of ChrY centromere. Nor-
mal human centromeres are enriched with ~171-bp tandem
repeats (a-satellite array) that contains a 17-bp consensus
motif for CENP-B binding (CENP-B box). CENP-B binding
is critical for centromere to identity and function, since it
stabilizes CENP-A and CENP-C, a key nucleator of kine-
tochore assembly (Barra and Fachinetti 2018). Thus, CENP-
B box seems to be essential for ensuring segregation fidelity.
Indeed, a recent study showing that the rate of chromosome
missegregation is negatively correlated with the CENP-B
box amount within chromosomes (Dumont et al. 2019).
However, human ChrY is completely devoid of CENP-B
box and contains the shortest a-satellite array of all chro-
mosomes (Barra and Fachinetti 2018). These features result
in reduced ChrY-centromere stretch, delayed congression
of ChrY, and increased ChrY merotelic attachment, which
eventually lead ChrY to be missegregated and micronucle-
ated (Fachinetti et al. 2015). Consistent with this, ChrY-
centromere inactivation induces 70% of micronuclei contain-
ing ChrY and 20% of cells display LOY in human DLD-1
cells (Ly et al. 2017). Expressing the fused CENP-B with
CRISPR/Cas9 on the ChrY centromere could partially but
significantly rescue the micronucleation-prone phenotype of
ChrY (Dumont et al. 2019).

In addition, centromere dysfunction can induce chro-
mosome nondisjunction, a well-known mechanism of ane-
uploidy (Vig 1984). This process can hypothetically pro-
duce ChrY nullisomic and disomic daughter cells. However,
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The centromere of ChrY is intrinsically defective and the telomere of
ChrY is thought to be quickly attrited in an age-related way. These
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non-disjunctioned during mitosis and be incorporated into isolated
micronuclei after mitotic exit. Thus, the karyotypes of the daugh-
ter nuclei could be either 45,X0 and/or 46,XY and the micronuclei
would harbor one or two ChrY. The non-micronucleated 45,X0 cells
generated immediately after mitosis (shown bolded) would be held
in check in young cells but may provide selective advantages to old

mosaic gain of ChrY (GOY) is highly lower than mosaic
LOY in blood cells (Zhou et al. 2016) and cancer cells
(Bianchi 2009). Therefore, non-disjunctioned sister ChrY
are more likely to be incorporated into micronuclei instead
of being included into one daughter nucleus. Consistent with
this, 32.4% of micronuclei in DLD-1 cells entrapped two
ChrY after ChrY-centromere inactivation (Ly et al. 2017).
Fluorescence in situ hybridization (FISH) analysis showed
that 26% of ChrY* micronuclei had two signals in males
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cells. In ChrY-micronucleated 46,XY cells, the micronuclei prone to
rupture and trigger the chromothripsis-like rearrangement in ChrY,
which usually induces large-scale structural mosaicism in remainder
genome. After this, the micronuclei can be degraded by autophagy or,
in some cases, be extruded, which results in 45,X0 cells with large-
scale structural mosaicism (This cell type is shown underlined to dis-
tinguish it from 45,X0 cell). Compared to 45,X0 cells, 45,X0 cells
are held in check more tightly in young cells but provide much more
selective advantages to old cells due to the high-degree of karyotype
diversity

above 50 years of age and only 5% of ChrY* micronuclei had
two signals in males under 30 years of age, indicating the
age-dependent micronucleation of non-disjunctioned ChrY
(Catalan et al. 1998). In light of the centromere-dysfunction
model, it’s interesting to evaluate whether ChrY-centromere
dysfunction (such as breakage, loss and rearrangement) is
age-dependent. Recently, the complete assembly and charac-
terization of human ChrY-centromere (Jain et al. 2018) may
help to figure out this question.
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Although the centromere-dysfunction model is attractive,
other possibilities exist. Human chromosomes terminate in
variable numbers of TTAGGG nucleotide repeats termed as
telomere. Since telomere shortening is age dependent and
the chromosomes with short telomeres are more frequently
incorporated in micronuclei than chromosomes of normal tel-
omere length (Pampalona et al. 2010), we postulate that the
telomere shortening in ChrY may be fast than other chromo-
somes. Telomere-attrition model is supported by several lines
of evidence. First, human cells have large inter-chromosomal
variations in telomere length, indicating that chromosome-
specific factors regulating the length of individual telomeres
(Lansdorp et al. 1996; Martens et al. 1998). Second, given
that homologous recombination provides a pathway for tel-
omere protection and acquisition in human cells (Dunham
et al. 2000; Tacconi and Tarsounas 2015), ChrY may be par-
ticularly susceptible to telomere shortening because of the
inability of the haploid ChrY to deploy homologous recom-
bination. Third, a variant maps to TERT, which encodes tel-
omerase to stabilize telomere by adding TTAGGG repeats to
the telomeric ends, has found to be a common susceptibility
locus for mosaic LOY (Terao et al. 2019a; Thompson et al.
2019). Fourth, inactivated ChrX in female blood is more sus-
ceptible to age-related telomere shortening (Surrallés et al.
1999), micronucleation (Hando et al. 1997), and mosaic loss
(Machiela et al. 2016). The telomere-attrition model of LOY
is thus highly plausible, but merits further investigation.

Overall, our micronucleation model of LOY argues that
certain structural features of ChrY which are intrinsic for
ChrY (e.g., devoid of CENP-B box in centromere) and/or
acquired during aging (e.g., a higher rate of telomere attri-
tion) make the ChrY prone to be missegregated into micro-
nuclei, which ultimately mediates the LOY in the following
mitosis. In addition, we think the risk genes of mosaic LOY
may coordinate with these structural alterations to increase
the rate of LOY. More work is needed to advance our under-
standing of the molecular pathways that may underpin LOY.

Cellular and molecular processes contribute
to the landscape of mosaic LOY

Importantly, in what ways age-dependent mosaic LOY can
rise is poorly understood. Given that mosaic LOY is strongly
associated with clonal hematopoiesis (Zink et al. 2017), it
seems that mosaic LOY may be driven by aging-related
alterations in the hematopoietic stem cells (HSCs) niche, as
the process of clonal hematopoiesis. Indeed, through herit-
ability enrichment analysis of specifically expressed mosaic
LOY risk genes in several cell types in a Japanese cohort;
Terao et al. recently demonstrated that the development of
mosaic LOY is likely the result of clonal expansion of multi-
potent progenitor cells and HSCs after LOY (Terao et al.
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2019a). More specifically, they used the heritability enrich-
ment analysis in a total of 220 HSC subtypes and found
CD34"* is primarily involved in the development of mosaic
LOY (Terao et al. 2019a). Moreover, they found that the
binding site of transcription factor FLI1 is the most signifi-
cant region that overlaps with regions positively enriched
in mosaic heritability. Since FLI1 drives the HSCs to pro-
duce platelets rather than red blood cells, Terao et al. also
showed that individuals have a higher frequency of mosaic
LOY have higher platelet counts but lower red blood cell
(Terao et al. 2019a). Data from Dumanski et al (2019) and
Thompson et al. (2019) also support this model. Despite
these exciting findings, we cannot exclude the possibility
that a subset of mosaic LOY event may be driven simply
by progressive acquisition of LOY during the division of
terminally differentiated cells and ensuing clonal selection
that lead to increased detectability at older ages. This may
partially explain the observation that the increase of mosaic
LOY over time displays a non-linear model in a subset of
studied men (Danielsson et al. 2019).

Another important unanswered question is why mosaic
LOY rate keeps relatively low in young males and increases
exponentially in aged males? Like clonal hematopoiesis, the
successful estimation of a LOY cell clone needs both the ini-
tial generation and subsequent survival of the LOY cells. In
line with this, mosaic LOY is associated with genes involved
in cell cycle and apoptosis signaling (Grassmann et al. 2019b;
Thompson et al. 2019) (Table 2). On one hand, we think the
LOY may occur more frequently in aged cells. Based on our
telomere-attrition model, we could predict that the occurrence
of LOY is lower in young cells whose telomeres are long
enough to confer telomeric function while being higher in
aged cells whose telomeres become critically short. In addi-
tion, given that several genomic variations are found to be
highly associated with mosaic LOY (Table 2), LOY is par-
ticularly sensitive to these somatic mutations. Therefore, very
large somatic mutations accumulating with aging (Lodato
et al. 2018) may contribute to the high occurrence of LOY
in aged males. To obtain more evidence for supporting that
the occurrence of LOY is more frequent in aged cells, further
studies are necessary to validate the idea that the function
of ChrY centromere and telomere undergo an age-depend-
ent decay and the increased rate of stochastic acquisition of
somatic mutations in mosaic LOY-associated genes in HSCs.

On the other hand, we think the LOY cells may have a
higher possibility to survive in aging males as compared
to young males. In primary mammalian cells, aneuploidy
suppresses cell proliferation under standard culture con-
dition, but confers selective advantages under suboptimal
conditions (Williams et al. 2008; Rutledge et al. 2016), a
phenomenon that is termed as aneuploidy paradox (Shel-
tzer and Amon 2011). Since aging is associated with sev-
eral stressed cellular microenvironments (L6pez-Otin et al.
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2013), we could consider young body as a cumulation of
optimal conditions and aging body as a cumulation of sub-
optimal conditions. According to the aneuploidy paradox
model, the optimal conditions in young males are disad-
vantageous for LOY cells, making them to be almost com-
pletely eliminated from the cycling population. However,
the frequency of aneuploidy in healthy persons has found
to increase with age (Farkas et al. 2016), suggesting the
suboptimal conditions in aging males provide advanta-
geous for the expansion of aneuploid cells. Thus, although
LOY is incompatible with the viability of young cells, we
predict that it would confer selective survival advantages
in aged cells. We think LOY cells, as compared to their
non-LOY counterparts, may display mitotic advantage and
apoptotic resistance in stressed (aging) conditions. This
view is supported by the observation that mosaic LOY is
associated with genes in cell cycle and apoptosis signal-
ing (Grassmann et al. 2019b; Thompson et al. 2019). So
what underlies the growth advantage from LOY? Since
the occurrence of mosaic LOY is typically associated
with large autosomal mosaic events (Zhou et al. 2016) and
clonal hematopoiesis (Zink et al. 2017), such as karyotypic
heterogeneity increases the chance that some LOY cells
within population to explore adaptive karyotypes to sub-
optimal environments. Eventually, the genetic drift may
result in the clonal expansion of LOY cells and lead to
LOY cells colonizing the majority of the blood cells by
older age. This model is summarized in Fig. 4.

It is note here that the LOY may have a mild effect
on the balance of gene products required for cell prolif-
eration because ChrY is gene-poor. Alternatively, loss of
many other gene-rich autosomes decreases the expression
of each of many genes on these chromosome, thereby
disrupting the homeostasis of gene products required for
normal cell growth and cycling. These may explain why
loss of ChrY, but not other chromosomes, can be clonally
expanded in aging males. Interestingly, mosaic GOY can
also be detected in blood cells of aging males, but in a
significantly lower frequency than mosaic LOY (0.96%
vs 7.03% in all tested men) (Zhou et al. 2016; Danielsson
et al. 2019), suggesting GOY is disadvantageous for cell
proliferation and survival. Considering that most cancers
exhibit the gains of chromosome (Weaver and Cleveland
2008) but not ChrY (Bianchi 2009), why GOY is incom-
patible with the cell viability and selected out in cancer
cells remain open questions. Since single-chromosome
gains can function as a tumor promoter or suppressor
dependent on which chromosome is involved (Sheltzer
etal. 2017; Vasudevan et al. 2019), it seems that GOY may
act as a tumor suppressor by activating and/or strengthen-
ing a strong tumor suppressor network.

In aggregate, the development of mosaic LOY cell may
be the result of clonal expansion of LOY-positive HSCs. The

estimation of a mosaic LOY cell clone not only needs the
initial missegregation of ChrY, but also requires the cellular
environments that support the proliferation, survival, and
clonal expansion of LOY cells. These environments seem
rare in young cells but highly prevalent in old cells, explain-
ing why mosaic LOY increases exponentially in aged males.

The biological and clinical studies of mosaic
LOY: what’s next?

The past few years have seen substantial developments in
research into the mosaic LOY. As is often the cases, research
allows us to reveal a little more of the unknown, but raises
even more questions. We issue the following five major
research paths that, in our view, are promising for future
mosaic LOY studies. We hope that some of the questions
discussed are of interest to others and will contribute to
ongoing research efforts in this new area of ChrY.

Estimating the extent of mosaic LOY in other human
tissues and other mammals

As we have shown, mosaic LOY has been found in non-
blood cells and tissues, such as brain and buccal mucosa.
Recently, Terao et al. (2019a, b) estimated a causal effect
of mosaic LOY on the increased aspartate transaminase
(an index of liver damage), implying mosaic LOY may
also occur in the liver and mediates the susceptibility to
liver damage. The mosaic LOY occurs more frequently
in blood than in brain (Graham et al. 2019) and is not
equally distributed between different subsets of leukocytes
in patients with AD or PC (Dumanski et al. 2019), reflect-
ing a non-stochastic inter-tissue and intra-tissue accumu-
lation of LOY. Larger comparative studies are needed to
accurately estimate the actual distribution of mosaic LOY
in tissues with high (i.e., the lung) and very low (i.e., the
heart) cancer rates. The long-term goal should be to gen-
erate a genetic atlas of mosaic LOY in tissues of healthy
individuals, sampled across the age spectrum and from
distinct ancestries. In addition, whether aging-associated
mosaic LOY occurs in other mammals, and if so, compar-
ing the situation in humans with other mammals would
allow us to rationalize why human ChrY is prone to loss
in light of evolution.

Evaluating strategies protecting against LOY
and buffering its detrimental consequences
In a large part of the studied men, mosaic LOY levels are

relatively low during the entire study period (48 years) (Dan-
ielsson et al. 2019). Given that ChrY is highly prone to lose,
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Fig.4 Cellular and molecular processes contribute to the land-
scape of mosaic LOY. The development of mosaic LOY is likely the
result of clonal expansion of hematopoietic stem cells (HSCs) after
LOY. We propose that the baseline of LOY in young HSCs is very
low because the telomere and centromere is stable and the mutation
rate is low. However, the LOY rate increases exponentially in aged
HSCs due to the age-dependent ChrY-telomere attrition, ChrY-cen-
tromere dysfunction and accumulation of somatic mutations. On the
other hand, the LOY-positive HSCs have different fates in young and
aged males. Since aging is associated with several stressed cellular
microenvironments, we can consider young body as a cumulation of
optimal conditions and aging body as a cumulation of suboptimal

determining whether surveillance mechanisms exist to pre-
vent LOY will be of significant interest since it may provide
valuable insights into the protective mechanisms against can-
cer. Particularly worthy of consideration is the identification
of an age-related hypermethylation signature in human ChrY
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condition. The optimal conditions in young males are disadvanta-
geous for LOY-positive HSCs, making them to be almost completely
eliminated from the cycling population. In contrast, the LOY-positive
HSCs may display mitotic advantage and apoptotic resistance in sub-
optimal (aging) conditions, as compared to their non-LOY counter-
parts. Since the occurrence of LOY is typically associated with large
autosomal mosaic events, such karyotypic heterogeneity increases the
chance that some LOY-positive HSCs within population to explore
adaptive karyotypes to suboptimal environments. Eventually, the
genetic drift may result in the clonal expansion of LOY-positive
HSCs. Such positive selection is very strong in aged males, leading
to LOY cells colonizing the majority of the blood cells by older age

and this ChrY-specific methylation pattern is associated with
reduced risk of death (Lund et al. 2019). This finding raises
the question of whether ChrY hypermethylation is a candi-
date surveillance mechanism against LOY. Moreover, not all
mosaic LOY males would develop cancer in 20 years after
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sampling (Forsberg et al. 2014; Dumanski et al. 2016), indi-
cating second-site mutations and/or environmental factors
(e.g., nutrition) may participate in enabling resistance to (or
buffer against) disease associated with mosaic LOY in these
persons. Thus, it is critical to filter through disease-resistant
mosaic LOY individuals to validate their genomic status and
environmental factors and ultimately obtain potential fac-
tors that enable resistance. Identifying such factors raises an
intriguing translational opportunity to develop interventions
to eliminate LOY clones from healthy tissues.

Developing LOY cell models

One of the most challenging aspect of LOY research is to
extend from epidemiological associations to mechanis-
tic studies on multiple levels of analysis. The exact con-
sequences of LOY have remained unaddressed, partially
because of the lack of suitable genetic models. Recently,
researchers have developed CRISPR/Cas9 methodologies
(Adikusuma et al. 2017; Zuo et al. 2017) and an induc-
ible CENP-A replacement strategy (Ly et al. 2017, 2019)
to induce ChrY depletion. These LOY cell models may be
used to (1) screen the direct and indirect mechanisms by
which the ChrY interacts with autosomes using a multi-
omics approach (e.g., genomics, transcriptomics and pro-
teomics). This will help to ascertain the extent to which
LOY affect genes and how LOY influence the cells’ physi-
ological properties; (2) access how LOY contributes to
genomic remodeling. In free-living human cells, gain of
an extra activate ChrX and subsequent one haploid com-
plement of autosomes was found to accompany the LOY
(Xu et al. 2017). The finding that LOY is associated with
deregulation of DNA replication, repair, and recombina-
tion pathways may provide an explanation for LOY-related
genomic remodeling (Gonzalez et al. 2019). Intriguingly,
the loss of deubiquitinating enzyme USP9X, the ChrX-
linked homologue of USP9Y, reduces the effectiveness of
the SAC and elevates chromosomal instability (Skowyra
et al. 2018). Since USPI9Y (see NCBI, NP_004645.2) shows
91.59% amino acid sequence identity to USP9X (see NCBI,
NP_001034680.2) ,and they possess a similar function in
protein deubiquitination (Bellott et al. 2014), we specu-
late that loss of USP9Y after LOY weakens the SAC and
contribute to genomic remodeling; (3) explore whether
LOY alone could induce oncogenic transformation, and if
so, what are the underlying molecular pathways; or if not,
which other mutations are needed; (4) address whether LOY
in iPSC-derived neuron-like cells induces AD-like phe-
notypes, such as increased amyloid-f production and tau
phosphorylation; (5) evaluate whether LOY cells provide
proliferative advantages or apoptosis resistance to various
environmental stress conditions. If so, LOY may not only be

a result of segregation error, but also a driver of adaptation
to stressful environments.

Developing ChrY-tagged cell models

LOY is routinely studied by several strategies after cell har-
vest (Table 1). Live imaging can be used to noninvasively
determine the kinetics and spatio-temporal extent of LOY
in individual cells and cell clones. Several living-cell imag-
ing systems have developed to monitor ChrX (Masui et al.
2011) and specific autosomes (Xia et al. 2018). We can take
advantages of these systems to develop ChrY-tagged cell
models that could carry out living imaging to assess mitotic
behavior of ChrY. Mutations of mosaic LOY susceptibil-
ity genes (Table 2) could be introduced into these models
via genome editing to explore which genetic variants are
actually genetic predisposition loci for LOY and which are
these mediate LOY tolerance. Such models would also be
excellent for studying (1) the exposure to what environmen-
tal factors can induce LOY. Interestingly, it seems this cell
model has the potential to serve as a sensitive system for
genotoxic studies; (2) whether the environmental stressors
interact with susceptibility genes to induce mosaic LOY;
(3) the rate at which LOY spontaneously occurs, whether
the occurrence rate in old cells is higher than that in young
cells, in which ways such changes occur, whether the micro-
nucleation model of LOY (Fig. 3) holds true; (4) whether
the micronutrients (e.g., folate supplementation) (Guo et al.
2017, 2019a) and phytochemicals (such as geraniin, resvera-
trol, and epigallocatechin-3-gallate) (Guo and Wang 2016;
Guo et al. 2018a, b; Ni et al. 2018; Guo et al. 2019b) that are
able to reduce micronuclei and strengthen SAC can prevent
the spontaneous and/or induced LOY.

Applying tumor organoid technologies for LOY
studies

Organoids are tissue-like structures derived from stem cells
growing in substrata and they recapitulate many structural
and functional aspects of their in vivo counterpart organs
(Tuveson and Clevers 2019). Considering the differences
between human and rodents ChrY (Bellott et al. 2014), we
could culture patient-derived LOY iPSCs or genetically-
engineered LOY tumor stem cells into organoids which
mimic the original cancer tissue. Since organoids are ame-
nable to live-cell imaging, we could examine the rates and
types of mitotic errors in LOY organoids. By performing
periodic single-cell DNA or RNA sequencing, we could
also track the change of intra-tumoral heterogeneity induced
by LOY. In addition, we can monitor the fate of LOY cells
exposing to numerous chemotherapeutic agents, thereby
evaluating their responses to therapy.

@ Springer



440

Human Genetics (2020) 139:421-446

Fig.5 Diagram of the causes
and consequences of mosaic
loss of Y chromosome (LOY).
The intrinsic and extrinsic
factors, such as aging, genetic
background, ChrY structural
aberrations and environmental
stressors, could induce mosaic
LOY. These risk factors may
compromise centromere func-
tion or accelerate telomere
attrition in ChrY. In addition,
the centromere of human ChrY,
but not other human chromo-
somes, is intrinsically deficient
for CENP-B box. Besides,

the telomere of ChrY may be
attrited more quickly than this
of other chromosomes. All these
factors make the ChrY to be
more instable than other chro-
mosomes during mitosis and,
therefore, prone to be incor-
porated into isolated micro-
nuclei after mitotic exit. The
micronucleated ChrY tend to
be lost because the micronuclei
will be degraded or extruded.
The process of ChrY micronu-
cleation would cause ChrY to
undergo chromothripsis, as well
as induce large-scale structural
mosaicism in autosomes and
ChrX. ChrY is a key regulator
of gene expression in males,
LOY will result in global altera-
tion in gene expression. These
molecular processes would lead
to distinct fitness outcomes to
LOY cells. The LOY is thought
to be neutral to cell’s fitness or
can decrease or increase cell’s
fitness dependent on the age of
the affected individuals. The
clinical phenotypes of mosaic
LOY are highly variable: When
mosaic LOY occurs in sperm
cells, it results in male infertil-
ity; when mosaic LOY occurs
in somatic cells, it increases the
risks of several chronic diseases,
such as solid cancers, Alzhei-
mer’s disease (AD), cardio-
vascular diseases (CVDs) and
diabetes. Meanwhile, mosaic
LOY in aging men is associ-
ated with all-caused mortality.
The “mLOY” on the tombstone
refers to “mosaic loss of Y
chromosome”, which was firstly
reported by the year of 1963
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Conclusions

Despite its tiny size, ChrY is one of the most storied human
chromosomes. The isolationist behavior of ChrY not only
results in its decay at the level of species, but also turns
it prone to be lost at the level of individual cells. Mosaic
LOY is the most frequently occurred somatic mutation in
aging men and is associated with an increased risk for vari-
ous diseases. In this sense, mosaic LOY is increasingly rec-
ognized as a male-specific risk factor for multiple diseases
and, therefore, the interest of mosaic LOY in personalized
risk management is likely to increase in the coming years.
The goal of this review is to prompt discussion and more
intensive study of current findings toward a new area of
ChrY research. We summarize the current understanding of
the biological causes and clinical consequences of mosaic
LOY (Fig. 5) and try to answer four questions at the heart
of mosaic LOY: how ChrY is lost? Why ChrY is prone to
loss? What factors determine the occurrence and prevalence
of mosaic LOY? In what ways does mosaic LOY influ-
ence male health? In addition, we outline important gaps
in mosaic LOY studies and assess several future directions
from a biological and clinical perspective. Precisely answer-
ing these questions would undoubtedly yield many fascinat-
ing insights to help us more completely understand ChrY’s
role in male health and disease and may help slow down
the LOY-linked disease pathogenesis and develop strategies
aiming to achieve healthy aging in males.
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