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Abstract. The development of new biomarkers for prediction and early detection of human diseases, as well as for
monitoring the response to therapy is one of the most relevant areas of modern human genetics and genomics. Until
recently, it was believed that the function of human Y chromosome genes was limited to determining sex and control-
ling spermatogenesis. Thanks to occurance of large databases of the genome-wide association study (GWAS), there
has been a transition to the use of large samples for analyzing genetic changes in both normal and pathological condi-
tions. This has made it possible to assess the association of mosaic aneuploidy of the Y chromosome in somatic cells
with a shorter lifespan in men compared to women. Based on data from the UK Biobank, an association was found
between mosaic loss of the Y chromosome (mLOY) in peripheral blood leukocytes and the age of men over 70, as
well as a number of oncological, cardiac, metabolic, neurodegenerative, and psychiatric diseases. As a result, mLOY in
peripheral blood cells has been considered a potential marker of biological age in men and as a marker of certain age-
related diseases. Currently, numerous associations have been identified between mLOY and genes based on GWAS
and transcriptomes in affected tissues. However, the exact cause of mLOY and the impact and consequences of this
phenomenon at the whole organism level have not been established. In particular, it is unclear whether aneuploidy of
the Y chromosome in blood cells may affect the development of pathologies that manifest in other organs, such as the
brain in Alzheimer’s disease, or whether it is a neutral biomarker of general genomic instability. This review examines
the main pathologies and genetic factors associated with mLOY, as well as the hypotheses regarding their interplay.
Special attention is given to recent studies on mLOY in brain cells in Alzheimer’s disease.
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AHHoTauuma. OgHO 13 Hanbonee akTyanbHbIX HaNpPaBNEHWI COBPEMEHHON FeHETUKM U FTEHOMUKU YenioBeka — pas-
paboTka HOBbIX BMIOMapKepPOB ANs MPOrHO3MPOBAHMWA Y PaHHEro BbifBIEHMA 3a60/1eBaHN YeNoBEKa, a Takxke Ans
MOHUTOPMHIa OTBeTa Ha Tepanuio. [lo HelaBHEro BpeMeHu CYMTanoch, YTo GyHKLMA reHoB Y-XPOMOCOMbI YenoBeKa
orpaHuyeHa onpeaeneHMem nona 1 KOHTposnem crnepmaToreHesa. bnarogapa co3gaHuio KpynHbix 6a3 faHHbIX, Nony-
YeHHbIX Ha OCHOBEe MeTofa nouncka accoumnaunii (GWAS), npoursowwen nepexof K UCMosib30BaHMI0 6OMbLLMX BbIGOPOK
Npu aHanmn3se reHeTUYeCcKnx N3IMeHeHUN B HOPME 1 NPU NaToNornAX, B TOM YMC/e CTalo BO3MOXHO OLeHUTb CBA3b
MO3anyHON aHeynIonaMm no Y-xpomMmocome B COMaTUYECKHX KieTKax ¢ 6oiee KOpoTKOW NMPOAOCIKUTENbHOCTBIO XKU3HM
Y MY>KUMH MO CPaBHEHNIO C »KeHLWmMHamun. Ha ocHoBe aaHHbIx BputaHckoro 6uobaHka (UK Biobank) 6bina o6Hapy»xeHa
accoumauma mexay mosanyHown notepent Y-xpomocombl (MLOY) B nenkouutax nepndepnyeckon Kposy ¢ BO3pacTom
MyUMH cTapLie 70 NeT, a TakKe C pAAOM OHKOJTIOTMYECKNMX, CepheyHblX, MeTabonmyeckunx, HelipogereHepaTUBHbIX 1
ncuxuyecknx 3abonesaHuii. B pesynstate mLOY B KneTkax nepudepryeckoin KpoBU CTana paccmaTprBaTtbcA B Ka-
yecTBe MOTEHLUMANbHOIO MapKepa GMONOrMYEcKoro Bo3pacta MyXXUVH U Kak MapKep OnpefeNieHHbIX BO3PaCTHbIX
6onesHel. Ha cerogHAWHNI feHb onpeaenieHo MHOXeCTBO accoumaumii mexgy mLOY 1 reHamu, BbISBNEHHBIMU Ha
OCHOBaHUM AaHHbIX GWAS 1 TpaHCKPUNTOMOB B MOPa)KeHHbIX TKaHAX, OAHAKO He YCTaHOBNEHbI HU TOYHAA NPUYNHA
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BO3HMKHOBeHMss MLOY, HU BIMSHWE 1 NOCNeLCTBMA 3TOro peHOMEHa Ha YpOBHE BCEro opraHvama. B yactHocTu, He-
AICHO, BNUAET NIN aHeynaonamnsa no Y-XpoMocoMe B KNeTKax KPOBU Ha Pa3BUTUE NATONOr 1A, MPOABNAIOLWMXCA B APYrX
opraHax, Hanpumep Ha Mo3r npwv 6onesHn AnbureiMmepa, Ny NpeacTaBnAeT cobor HelTpanbHbI Guomapkep obLuei
reHOMHOI HecTabunbHOCTU. B 0630pe paccMOTpeHbI OCHOBHbIE NATONOMN U FreHeTUYeCKe GaKTopbl, aCCOLUNPOBAH-
Hble ¢ mLOY, 1 runotesbl ux B3aumocsasn. Ocoboe BHMaHWe yaeneHo NocnefHM NCCNefOBaHNAM, MOCBALLEHHbIM

mLOY B KneTkax mo3ra npu 6onesHun Anburerimepa.

KntoueBble cnoBa: mo3anyHasa notepa Y-xpomocombl (MLOY); 6one3Hb Anburenmepa; GWAS; Bo3pacTHble 3abonesa-

HWS; OHKOMornyeckne 3abonesaHus.

Introduction

Y-chromosome aneuploidy in somatic cells that occurring with
age was first identified 60 years ago by karyotyping blood
cells (Jacobs et al., 1963) and was attributed to the common
age-related phenomenon of accumulation of post-zygotic
genetic aberrations of both sex chromosomes and autosomes,
unrelated to diseases (Pierre, Hoagland, 1972). Somewhat
later karyotyping of bone marrow cells from male patients
with acute myeloid leukemia, myelodysplastic syndrome
(MDS), myeloproliferative disorders (MPD), and healthy
donors was performed to evaluate the contribution of LOY to
the malignancy of the diseases (Pierre, Hoagland, 1972, Loss
of the Y chromosome..., 1992).

Although aneuploidy is characteristic of many types of
tumors, the incidence and level of mLOY both in patients with
hematological cancers and healthy donors depend on male
age and not on the malignancy of the disease and therefore
mLOY cannot be considered a marker of a malignant clone. As
a consequence, scientists did not classify mLOY to be a vital
factor for several decades, because women survive without
the Y chromosome.

More recently the hypothesis of the absence of a connection
between mLOY and diseases has been challenged in several
studies that used the fluorescent in situ hybridization (FISH)
method. It was established that the frequency of mLOY is
increased in various solid tumors (van Dekken et al., 1990;
Sandberg, 1992; Konig et al., 1994; Takahashi et al., 1994),
autoimmune thyroiditis, hematological cancers (Persani et
al., 2012), and primary biliary cirrhosis (Lleo et al., 2013).
In recent years, with the advent of next-generation sequenc-
ing methods and large GWAS databases, including the UK
Biobank, with detailed clinical descriptions of donors, it be-
came possible to accurately estimate the frequency of mLOY
through statistical analysis. It has been established that 40 %
of men over 70 years lack the Y chromosome in more than
5 % of peripheral immune blood cells, and that mLOY in pe-
ripheral blood is associated with an increased risk of all-cause
mortality (Thompson et al., 2019).

Over the past decade, stable associations were found be-
tween mLOY in the blood and various age-related diseases,
including hematological (Forsberg et al., 2014; Caceres et
al., 2020) and non-hematological types of cancer (Forsberg et
al.,2012,2014; Caceres et al., 2020), where the frequency of
mLOY varies from 15 to 80 % (Zhang et al., 2007; Bianchi,
2009; Silva Veiga et al., 2012; Duijf et al., 2013), macular
degeneration (Forsberg et al., 2014; Caceres et al., 2020; Duan
et al., 2022), cardiovascular diseases (Sano et al., 2022), and
neurodegenerative diseases (Dumanski et al., 2016; Vermeulen
et al., 2022). In addition, the impact of external factors such

as smoking and environmental pollution on mLOY levels in
blood cells was revealed (Dumanski et al., 2015; Qin et al.,
2019).

Based on these results, it was hypothesized that the
biological significance of the Y chromosome goes beyond
defining sex and ensuring normal spermatogenesis, and it
may contribute to pathological processes, whose molecular
mechanisms are yet to be studied. The majority of mLOY
studies in pathologies are related to cancer and Alzheimer’s
disease, which we will examine in more detail.

Pathologies associated with mLOY

LOY in solid tumor cells

mLOY has been detected by FISH in various types of stom-
ach cancer, where the frequency of mLOY varied 61-69 %
(Hunter et al., 1993; Beuzen et al., 2000), 33-36 % of cases
pancreatic cancer (Chia-Hsien Cheng et al., 2001; Kowalski et
al., 2007), and 23-34 % of cases of bladder cancer (Sauter et
al., 1995; Minner et al., 2010), and in 12.7 % of breast cancer
in men (Agahozo et al., 2020). LOY in various types of renal
cell carcinoma has been well studied using FISH, where the
frequency of LOY varies from 77 % in papillary renal cell
carcinoma to 39 % in the most common type — clear cell renal
cell carcinoma (Biischeck et al., 2021).

It has been suggested that aberrations of the Y chromosome
may be responsible for the higher incidence of clear cell renal
cell carcinoma in men compared to women. Indeed, in addition
to the previously known association of copy number variations
in autosomes and this disease, analysis of whole-genome data
and multiplex PCR have shown that LOY is detected in tumor
cells of more than 30 % of male patients (Arsencault et al.,
2017). Surprisingly, the frequency of LOY in prostate cancer
tumor samples was found to be very low. For example, in a
study involving of 2053 specimens from patients who under-
went prostatectomy, only 12 cases of Y chromosome aneu-
ploidy were detected (Stahl et al., 2012). This low frequency
of LOY may be explained by the fact that mLOY reflects the
overall chromosomal instability of tumor cells, which is lower
in prostate cancer compared to many other types of cancer (de
Matos et al., 2019).

Due to the prevalence of LOY in blood, it was expected
to detect an increased frequency of LOY in bone marrow
samples from patients with various hematological disorders.
In the study of 237 patient samples, including those with MDS,
MPN, acute myeloid leukemia, chronic myeloid leukemia,
multiple myeloma, and lymphoma, LOY was detected in only
10 % of cases (Zhang et al., 2007).
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Unfortunately, the prognostic potential of LOY in tumors
is not entirely clear. In head and neck cancer, LOY in tumor
cells may be an indicator of therapy resistance (Hollows
et al., 2019). In invasive urothelial carcinomas, LOY in
tumors was not associated with survival, increased risk of
recurrence, or increased risk of progression (Minner et al.,
2010). For example, in prostate cancer, no significant asso-
ciations were found between loss of the Y chromosome in
tumor cells and patient age, tumor stage, or risk of recur-
rence. However, it was significantly associated with a high
Gleason score, which is associated with a poor prognosis
(Stahl et al., 2012).

In summary, the absence of the Y chromosome is a common
event in tumors, but it significantly differs in frequency for
different types of cancer, and not enough data have yet been
accumulated to understand the reasons for these differences.
In other words, the presence and level of mLOY in tumors
cannot yet be considered as a marker of malignancy or im-
portant information for predicting treatment and recurrence.

mLOY in peripheral blood in hematological

and non-hematological cancers

A study of a large cohort from the Uppsala Longitudinal
Study of Adult Men (ULSAM) database showed that men
with mLOY in blood had an increased risk of cancer diag-
nosis and mortality from various non-hematological types of
cancer (Forsberg et al., 2014). An analysis including data for
all solid tumor cases submitted to the UK Biobank was also
conducted, with results confirming an association between
mLOY frequency and tumor presence (Loftfield et al., 2019).
The association of mLOY in blood with the risk of cancer in
other organs has been described in several independent studies
on a smaller cohort, for example, an increased frequency of
mLOY compared to age norms was shown for prostate cancer
and colorectal cancer (Noveski et al., 2016).

Loss of the Y chromosome in leukocytes can also act as
a marker of a tumor clone in hematological diseases. For
example, associations of mLOY with a worse prognosis in
leukemias such as AML (Holmes et al., 1985), chronic my-
eloid leukemia (Lippert et al., 2010), and chronic lymphocytic
leukemia (Chapiro et al., 2014). However, in the case of MDS
that has not progressed to AML, the presence of mLOY may
be a favorable factor for recovery (Garcia-Isidoro et al., 1997).
Another identified condition for a stable association with MDS
and the ability to predict its course is the presence of mLOY
in a very high proportion (more than 75 %) of blood cells
(Wiktor et al., 2000; Ouseph et al., 2021).

An attempt to narrow the search area to specific types of
cells in the case of MDS was undertaken in the work (Ganster
etal., 2015), where the ratio of the level of mLOY in CD34+
cells associated with MDS and mLOY in CD3+ cells not
associated with MDS was analyzed. The results showed that
the level of mLOY in both CD34+ and CD3+ cells were age-
dependent in men without hematological diseases, and in
the case of CD34+ cells, it was significantly higher in MDS
patients compared to elderly control men without hemato-
logical pathologies. These data indicate that the level of LOY
in the blood has an age-related basis, but is also associated
with MDS. In addition, the authors determined the threshold
level of LOY in CD34+ cells in peripheral blood to distinguish
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age-related changes from increased mLOY in MDS, which
was 21.5 %.

Interesting data on a Chinese cohort were obtained in a study
of mLOY in lung cancer, where it is a protective factor against
the development of lung cancer, but only in non-smoking
patients (Qin et al., 2019), which is the only report on a pos-
sible protective factor of mLOY, and is difficult to interpret.

Additionally, it is worth noting the results of data analy-
sis from the UK Biobank, contradicting the above, which
concluded that mLOY is primarily associated with age and
smoking, but not with common types of cancer (Zhou et al.,
2016). This conclusion was criticized, as the study used data
not only from leukocytes but also from buccal epithelial cells
(Forsberg et al., 2019). Later, it was shown that the addition
of buccal epithelial cell data to mLOY analysis negated the
result obtained for mLOY in leukocytes (Zhou et al., 2016).
Thus, despite some disagreements in the results of the studies,
it could be concluded that mLOY in human blood has signifi-
cant potential as one of the biomarkers of malignant diseases,
especially when the level of mosaicism is above 20 %.

Mechanism of mLOY geneses

The results of cytological studies suggest that the loss of the
Y chromosome in somatic cells occurs during cell division.
The most common theory is that mLOY is associated with
a mechanism involving the formation of micronuclei with
isolated Y chromosomes after improper chromosome seg-
regation during mitosis, followed by the destruction of the
micronucleus through autophagy, leading to the appearance
0f'45,X0 cells in older men (Guttenbach et al., 1994; Ly et al.,
2019; Guo et al., 2020). Age-related factors, such as telomere
shortening and centromere dysfunction, may increase chromo-
somal segregation errors. Compared to mosaic aneuploidy of
autosomes and the X chromosome, mLOY is a more frequent
event, presumably due to its overall high heterochromatinized
status and small size (Clark, 2014; Wright et al., 2017). In
addition, the human Y chromosome is enriched in repetitive
sequences, which may play a role in chromosome segregation
errors during mitosis (Jobling, Tyler-Smith, 2017).

It remains unclear at what stage of human leukocyte dif-
ferentiation the loss of the Y chromosome occurs and the
clone having a 45,X0 karyotype is formed. One hypothesis is
related to primary loss of the Y chromosome in hematopoietic
precursors. This process can be associated with clonal hema-
topoiesis of indeterminate potential (CHIP), which is defined
as the detection of somatic mutations in genes typically as-
sociated with myeloid neoplasms in individuals without signs
of hematologic malignancy. CHIP occurs due to aging of
hematopoietic stem cells that have accumulated mutations,
leading to proliferative advantage over their peers, and as a
result, to clonal expansion (Genovese et al., 2014; Jaiswal
etal., 2014).

CHIP is an age-related phenomenon, regularly observed in
healthy elderly individuals with a frequency of up to 10 % at
the age of 70, and CHIP is also associated with an increased
risk of hematologic malignancies and cardiovascular disease
(Genovese et al., 2014; Jaiswal et al., 2014, 2017). Whether
mLOY is one of the manifestations associated with CHIP has
been considered in the work of V. Ljungstrdm et al. (2022),
where the frequency of mutations and mLOY in monocytes of
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men aged 65-90 was analyzed. The results of the study indi-
cate a frequent coexistence of mLOY and CHIP in monocytes.
Another study also revealed the co-occurrence of LOY and
CHIP in bone marrow cells obtained from patients referred
for clinical bone marrow examination (Ouseph et al., 2021). It
should be noted that in the case of the monocyte study, cases
of LOY without CHIP, and vice versa, were also detected.
However, the sample size of both studies was very limited
(24 and 73 participants), and the obtained result requires
confirmation in further studies. It should also be taken into
account that CHIP is observed in 10 % of 70-year-old men,
and mLOY —in 40 %.

We should also note that mLOY stands out among aneu-
ploidies in leukocytes by a higher frequency of occurrence
in compared to other chromosomes, and may apparently be
a biomarker of overall chromosomal instability, which is
characteristic of general aging of the organism and many hu-
man diseases. However, the use of mLOY for diagnostic and
prognostic purposes is premature due to the lack of precise
mechanistic data on the nature of this phenomenon. It is also
yet to be determined whether the observed level of mLOY
depends on de novo events or high clonality, and how both
possible mechanisms are related to stages of different diseases.

Genetic factors of mLOY

The human Y chromosome, according to the latest version
(T2T-CHM13v2.0, hereafter T2T-Y) of the human genome
assembly is over 62 million base pairs long (Rhie et al., 2022).
The Y chromosome consists of three main regions: the ends of
the chromosome contain pseudoautosomal regions (PAR1 and
PAR2) that are homologous to the ends of the X chromosome,
and the remainder (about 95 %) is the male-specific region of
the Y chromosome (MSY), which does not undergo recom-
bination (Colaco, Modi, 2018), resulting in the accumulation
of repetitive sequences in the MSY.

According to the T2T-Y assembly, the Y chromosome
contains 693 annotated genes and 888 transcripts, of which
107 (493 transcripts) are protein-coding. In addition to all the
genes annotated in GRCh38-Y, the T2T-Y assembly contains
110 genes, of which 42 are predicted to be protein-coding.
Y genes constantly degrade, which may be due to the lack of
recombination on this chromosome. The presence of a large
number of repeats, in turn, contributes to chromosomal rear-
rangements and intrachromosomal recombination (Jobling,
Tyler-Smith, 2003; de Knijff, 2022). Unfortunately, with the
advent of the GWAS era, Y chromosome variants have not
been included in most GWAS due to the lack of recombination
and high repeat content (Xue, Tyler-Smith, 2017; Parker et
al., 2020), making the Y chromosome much less characterized
in molecular genetic terms than other human chromosomes.

To identify the molecular genetic factors underlying the oc-
currence of mLOY in a certain proportion of men, GWAS data
for autosomes are primarily used. The first genetic association
discovered with mLOY was linked to a single nucleotide
variation rs2887399 near the TCL 14 gene (Zhou et al., 2016).
The product of this gene, the TCL1A protein, is involved in
carcinogenesis, mainly through chromosomal rearrangements
(Laine et al., 2000). A strong association between rs2887399
and mLOY has been replicated in subsequent studies on other
cohorts (Wright et al., 2017; Thompson et al., 2019). In total,
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over 150 genetic variants in autosomes associated with mLOY
have been found (Thompson et al., 2019), including variants in
genes involved in the regulation of cell cycle (CCND2, CCND3,
CDKNIB, CDKNIC, CDK5RAPI1, ATM), chromatin structure
during mitosis (NCAPG2, SMC2), and kinetochore structure
and function (CENPN, CENPU, PMF1, ZWILCH, SPDLI).

Associations with cancer susceptibility genes, as well as
somatic tumor growth factors and anti-tumor therapy targets,
have also been identified. Such genes include those encoding
proteins involved in DNA damage response (SETD2, DDB2,
PARPI, ATM, TP53, and CHEK?2) and in apoptotic processes
(PMAIP1, SPOP, LTBR, SGMS1, TP53INP1, DAP, BCL-2
family genes). These associations were confirmed in Japanese
and European populations, collectively containing data for
over 750,000 men (Thompson et al., 2019), and these vari-
ants have later been successfully used to predict mLOY using
polygenic risk score estimates (Riaz et al., 2021).

The identified genetic variations in key cell cycle genes
provide evidence that cells without a Y chromosome may
avoid molecular processes that destroy aneuploid cells, re-
sulting in their proliferation and accumulation in the tissues.
Moreover, there are no genes on the Y chromosome associated
with somatic cell survival or mitosis, so its absence should
not be associated with limitation on cell division (Maan et al.,
2017). On the other hand, many of the most commonly observed
mutations associated with LOY are linked to general genomic
instability. Indeed, based on data from a large-scale cohort
GWAS, it has been shown that mosaicisms across autosomes
are more common in men with LOY (Zhou et al., 2016).

Most of the mLOY-related genetic variants are often lo-
cated near genes known as tumor growth encoding factors,
targets for cancer treatment, or those that contribute to cancer
susceptibility. This is one of the explanations for the associa-
tion between mLOY and non-hematological cancers and the
identified loci are associated not only with various types of
male-specific cancers (prostate cancer and germ cell tumors),
but also with gender-independent types of cancer (lung
cancer, colorectal cancer, glioma, and renal cell carcinoma),
as well as with an increased risk of developing specific non-
hematological types of cancer in women (breast, ovarian, and
endometrial cancer) (Thompson et al., 2019). Based on these
results, it can be concluded that mLOY reflects a certain com-
mon autosomally determined state of the organism.

In addition to elucidating the root cause of mLOY, the chal-
lenge of genetic research on this phenomenon is to identify
the consequences of mosaic absence of all genes on the sex
chromosome in leukocytes in an elderly man. One hypothesis
is that the loss of certain genes in connection with clonal
absence of the Y chromosome can be considered as a trigger
of molecular and biological processes that lead to age-related
pathologies. In particular, it can be assumed that the loss of
genes in the PAR1 and PAR2 regions may affect the level of
expression of these genes.

One example is the CD99 gene, located in the PARI re-
gion of the Y and X chromosomes, which is not subject to
X-inactivation in women (Sharp et al., 2011), which may
indicate the importance of its balanced expression. The
CD99 gene, most highly expressed in blood cells, encodes
the transmembrane glycoprotein CD99, playing an important
role in the functioning of the immune system and affects the
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key properties of leukocytes (Sohn et al., 2001; Schenkel et
al., 2002; Brémond et al., 2009; Pasello et al., 2018). Indeed,
CITESeq analysis uncovered a reduced surface expression
of CD99 in individual leukocytes lacking a Y chromosome,
which may be indicative of a link between LOY and immune
functions of leukocytes that is dependent on the homologous
regions of sex chromosomes (Mattisson et al., 2021).
Another Y chromosome gene that can directly affect the
development of malignant tumors is KDM6C, located in the
MSY region and encoding histone demethylase. KDM6C has
a functionally similar X-linked homolog, KDM6A, whose
deficiency is particularly associated with the progression of
clear cell renal cell carcinoma (Arseneault et al., 2017). Other
interesting Y chromosome genes functionally correspond-
ing to tumor suppressors are KDM5B and KDM5D (histone
demethylases), DDX3Y (RNA helicase), EIF1AY (translation
initiation factor), RPS4Y1 (ribosome subunit), ZF'Y (transcrip-
tion factor) (Dunford et al., 2017; Willis-Owen et al., 2021).

The development of omics technologies has also made it
possible to consider in more detail the potential additional
functions of Y chromosome genes. Thus, based on proteomic
studies, it was found that the DDX3Y gene, located in the
MSY region of the Y chromosome, can modulate neuronal
differentiation (Vakilian et al., 2015), and the Y chromosome
haplogroup may be a risk factor for prostate cancer (Cannon-
Albright et al., 2014). It has been discovered that SRY (the
MSY region that determines sex) may be an oncogenic factor
(Murakami et al., 2014), and furthermore, SRY is involved
in the molecular genetic pathway associated with pulmonary
arterial hypertension (Yan et al., 2018).

There are initial indications of a possible effect of mLOY on
autosomal gene expression. In particular, increased expression
of the known oncogene TCL /A4 was detected based on single
cell transcript sequencing (scRNAseq) data. The product of
this gene, the TCL1 protein, is a stimulator of cell proliferation
(Thompson et al., 2019). Tumors with mLOY show increased
expression of genes involved in resistance to both radiation
therapy and platinum-based chemotherapy drugs (Hollows
et al., 2019), which partly explains the association of mLOY
with treatment prognosis.

Thus, genetic studies suggest that mLOY is determined as
a highly polygenic phenomenon. Unfortunately, it is difficult
to trace from GWAS data whether single-nucleotide and
structural variations in the Y chromosome itself influence the
risk of mLOY. In particular, it will be relevant for population
studies to determine the relationship between Y chromosome
haplogroups and various mLOY indicators. Based on the
genetic factors identified through association analysis, it
can be concluded that mLOY is influenced by an increase
in the frequency of errors during mitosis and a disruption of
chromosomal balance recognition and apoptotic regulation.

mLOY in Alzheimer’s disease
Alzheimer’s disease is a progressive and irreversible neurode-
generative disorder of the central nervous system, responsible
for approximately 70 % of all dementia cases. Mutations in
the PSENI, PSEN2, and APP genes were found as the main
cause of familial AD (Sorbi et al., 1995; Masters et al., 2015).
Many variations in genes that are risk factors for spo-
radic AD are also known. Among these, the apolipopro-
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tein E4 (ApoE4) allele is the greatest genetic risk factor,
with homozygous ApoE4 carriers having a 14-fold increased
susceptibility to AD (Yamazaki et al., 2019). Although the
average lifespan of men is shorter than that of women, this
age-related fatal disease develops less frequently in men.
Therefore, the influence of the male sex chromosome on AD
pathogenesis was unexpected. However, the results of the
first case-control study of mLOY in AD patients using the
European Alzheimer’s Disease Initiative stage 1, ULSAM,
and the Prospective Study of the Vasculature in Uppsala
Seniors (PIVUS) database showed that mLOY is statistically
significantly 2.8 times more common in leukocytes of men
with AD compared to a control group without brain patholo-
gies (Dumanski et al., 2016). These results were based on
the analysis of high-quality sequencing data from 606 blood
DNA samples from AD patients and 1005 control samples of
all ages. To minimize the influence of age component on both
AD and mLOY (risk), separate confirmation of the association
between AD and mLOY was obtained for two sub-samples
with narrow age ranges: men aged 70—75 and 75-80 years
(Dumanski et al., 2016). The identified association persisted
even after taking into account the influence of other age-
related diseases (cardiovascular disease, diabetes), as well as
unhealthy habits (alcohol and smoking). Longitudinal studies,
in which participants were tested several times at an interval
of about 10 years, allowed the evaluation of mLOY as a risk
factor for AD. Thus, during the observation period of ULSAM
and PIVUS, 140 individual cases of AD were registered. The
results of the data analysis for these individuals, adjusted for
the age of the patient at the moment of blood sampling and
age-related diseases, showed that mLOY is a significant risk
factor for AD, increasing the likelihood of its diagnosis by
6.8-fold.

Since the ApoE4 haplotype is one of the most important
risk factors for the development of AD and currently the only
confirmed genetic factor that affects lifespan on multiple
independent samples (Nebel et al., 2011), its contribution is
increasingly being evaluated in studies related to age-related
diseases. It is known that the presence of the ApoE2/3/4 hap-
lotype can affect the phenotypic expression of other genetic
variants (Kuznetsova et al., 2022). In the case of mLOY, it
has been shown that, firstly, the ApoE2/3/4 haplotype does
not affect the level of mLOY in leukocytes (Dumanski et
al., 2016). Also, the assessment of the joint effect of ApoE4
and mLOY gave a negative result, from which the authors
concluded that the risk of developing AD from these factors
manifests independently.

However, some studies suggest that an integrative effect
of mLOY and genes related to the development of AD is
possible. Thus, the influence of the ApoE4 haplotype on the
presence of mLOY in dorsolateral prefrontal cortex cells was
revealed (Graham et al., 2019), and in a study using neurons
obtained from induced pluripotent stem cells from a patient
with familial AD with a mutation in the PSEN/ gene, it was
demonstrated that LOY enhances the toxic effects of AB42,
leading to impared neuron differentiation and premature cell
death (Mendivil-Perez et al., 2019). In addition, a statistically
significant correlation between mLOY and variation located
in proximity to the SPONI gene, which is associated with
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the severity of dementia, was demonstrated in the Japanese
population (Sherva et al., 2014; Terao et al., 2019).

An attempt to answer the key question of whether LOY is
a cause or consequence of age-related diseases has also been
undertaken for Alzheimer’s disease. Quantitative comparisons
of LOY frequency showed that the percentage of mLOY is
higher in leukocytes than in neurons (Graham et al., 2019),
and is also associated with age. Studies using cell lines have
shown that the absence of the Y chromosome is more com-
monly observed in fibroblasts than in neuron-like iPS cells.
However, considering that LOY may depend on the prolifera-
tive capacity of cells, microglia and oligodendrocyte precursor
cells may be more prone to LOY accumulation than terminally
differentiated neuronal cells.

Based on scRNAseq data and single-nucleus RNA sequenc-
ing by (Vermeulen et al., 2022), LOY enrichment was shown
in microglia, as opposed to neurons, astrocytes, and oligoden-
drocytes, in non-demented patients significantly higher mLOY
levels in observed microglia in case of Alzheimer’s disease.
Comparative analysis of microglia in different brain regions
revealed that in the somatosensory cortex of male AD patients
21 % of microglia classified as LOY compared to 1.81 % in
controls, while in the entorhinal cortex, the frequency of LOY
was 32.7 % in patients and 3.27 % in controls. According to
the authors, the elevated level of LOY in the entorhinal cortex
of AD patients is of particular interest because this part of the
brain is the first to be affected in AD (Gémez-Isla et al., 1996;
Kobro-Flatmoen et al., 2021).

Thus, based on several studies, it is becoming increasingly
evident that the frequency of mLOY is elevated in AD and
cancer, and is also a risk factor for these conditions (Forsberg
et al., 2014; Dumanski et al., 2016; Noveski et al., 2016).
A dual pathway of development for certain triggers leading to
either cancer or AD has been noted in several works (Behrens
etal.,2009; Lanni et al.,2021). Indeed, it has been shown that
mLOY in blood is a competing risk factor between the onset
of AD and solid cancers (Dumanski et al., 2016).

Summing up these results, it could be concluded that mLOY
in blood, being a male-specific risk factor for both AD and
cancer, may at least partially explain why men on average live
shorter lives than women.

Recent studies have provided the first insights into changes
in gene expression in brain cells associated with mLOY
(Graham et al., 2019). Analysis using a population sample
of differentially expressed genes in microglial cells with and
without the Y chromosome revealed 193 genes with dysregu-
lated expression upon Y chromosome loss, including genes
involved in aging, basic glioma biology, and inflammation
(Vermulen et al., 2022). Through the intersection of the list
of autosomal genes with dysregulated expression influenced
by mLOY in leukocytes and microglia, genes TMEM 1768,
S100Z, TMEM71, CD226, B2M, SCMH1, LITAF, and IL15,
predominantly related to immune response and inflammation,
were identified.

For genes located in the PARs of the sex chromosomes, a
correlation was found between mLOY and the expression of
CDY99, previously identified in leukocytes, supporting the hy-
pothesis of a possible disruption in immune system functioning
directly associated with Y chromosome loss. In addition to
the CD99 gene, dysregulation of the genes GTPBP6, IL3RA,
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SLC25A46, P2RYS, AKAP17A4, DHRSX, and CSF2RA, located
in the PAR1 region of the Y chromosome, was observed in
microglia. In particular, the CSF2RA gene, which is involved
in a molecular pathway associated with neurodegeneration, is
expressed only in microglia and macrophages associated with
the brain. As this study was conducted by a single research
group, these findings require confirmation in independent
studies.

The association of mLOY in brain cells with AD prompted
investigations into the link between this phenomenon and
psychiatric disorders. Data have been obtained indicating
either no association or weak association with schizophrenia
(Hirata et al., 2018), as well as strong association of mLOY
with suicidal tendencies, with blood mLOY levels being
almost three times higher in the latter case. Interestingly, no
changes in mLOY levels were detected in the dorsolateral
prefrontal cortex of postmortem brains of individuals who
died by suicide, but these data are limited in reliability due to
the small sample size (Kimura et al., 2018).

Conclusion

Numerous studies in large cohorts have shown that the LOY in
blood cells is a significant risk factor for mortality and various
diseases in men. From the accumulated data on associations
of mLOY with various pathologies, it becomes increasingly
likely that analysis of LOY may become a sensitive biomarker
for AD, solid tumors, hematological malignancies, and overall
genomic instability. However, it should be kept in mind that
no study has provided direct evidence on how mLOY arises,
how it affects cells, and what consequences it has. In terms
of a predictive potential perspective, it is necessary to under-
stand whether mLOY is a barometer reflecting the presence
of pathologies or, conversely, whether mLOY arises de novo
and participates in the pathogenesis. In this regard, there are
several questions that need to be answered, such as whether the
pathogenic effect of LOY manifests in untransformed blood
cells or in transformed clones in the case of hematological
malignancies.

Another question that needs to be resolved is how LOY in
normal blood cells can be linked to pathological processes in
other organs, leading to tumors in other organs or neurodege-
neration in the brain. Currently, the most attractive hypothesis
is the immune surveillance hypothesis, explaining the mecha-
nisms underlying associations between LOY in blood cells
and enhanced neoplastic cell proliferation in tumors in other
parts of the body or the development of Alzheimer’s disease.

Comparisons of data for mLOY in different populations are
limited by a small number of studies to date and differences
in methods. Most of the obtained data are ethnically limited
and may not be confirmed in poorly represented populations
in databases, such as African or Middle Eastern populations.
Based on two studies from the same research group, it can be
preliminarily concluded that the prevalence of mLOY in men
is higher in European populations than in African populations
(Loftfield et al., 2018, 2019). However, it should be noted that
such comparisons are currently limited.

Despite the many questions that are likely to be actively
addressed in connection with the popularity of this topic, it can
already be concluded that mLOY plays a role in determining
the health of elderly men.
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