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Abstract

Loss of chromosome Y (LOY) is a mosaic aneuploidy that can
be detected mainly in blood samples of male individuals.
Usually, LOY occurrence increases with chronological age in
healthy men. Moreover, recently LOY has been reported in
association with several diseases, such as cancer, where its
frequency is even higher. The Y chromosome is one of the
shortest chromosomes of the human karyotype, and itis cru-
cial for correct male development. This chromosome has
functions beyond the male reproductive system, and loss of
its genes or even LOY can have consequences for the male
body that are yet to be elucidated. Analyses of the Y chromo-
some are largely applied in forensic contexts such as pater-
nity testing, ancestry studies, and sexual assault cases,
among others. Thus, LOY can be a disadvantage, limiting
laboratory methods and result interpretation. However, as
an advantage, LOY detection could be used as a biological
age biomarker due to its association with the aging process.
The potential application of LOY as biomarker highlights the

necessity to clarify the molecular mechanism behind its oc-
currence and its possible applications in both health and fo-
rensic studies. © 2020 S. Karger AG, Basel

Loss of chromosome Y (LOY) is a hypodiploidy (2n-
1), and it is mainly described as a mosaic loss in blood
cells of male individuals. Hence, other events, such as mi-
crodeletions, are not considered as LOY [Dumanski et al.,
2017]. LOY is the most common non-physiological
postzygotic genetic alteration in human beings [Forsberg,
2017; Forsbergetal., 2017]. In fact, LOY is a normal aging
process since it is present in healthy individuals and its
percentage rises in the course of time [Guttenbach et al.,
1995]. Moreover, Forsberg et al. [2014] observed a mean
decrease of 5.5 years in the lifespan of men who presented
LOY in their blood cells. Studies have also demonstrated
an association between LOY and the development of dis-
eases such as Alzheimer disease, autoimmune diseases
(autoimmune thyroiditis and binary cirrhosis), schizo-
phrenia, cardiovascular events, and a wide number of
cancers, i.e., prostate cancer, acute myelogenous leukae-
mia, oesophageal carcinoma, gastric cancer, bladder can-
cer, renal cell carcinoma, and testicular germ cell tumour
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(TGCT) [Holmes et al., 1985; Castedo et al., 1992; Hunt-
er et al., 1993; Guttenbach et al., 1995; Sauter et al., 1995;
Brunelli et al., 2003; Gilgenkrantz, 2008; Klatte et al.,
2009; Persani et al., 2012; Lleo et al., 2013; Dumanski et
al., 2016; Noveski et al., 2016; Forsberg, 2017; Forsberg et
al., 2017; Haitjema et al., 2017; Hirata et al., 2018]. There-
fore, LOY can be seen as a biological age marker, and its
presence has potential to be used as a predictor biomark-
er of male age-related diseases [Dumanski et al., 2016].
On the other hand, the analysis of the Y chromosome is
commonly performed in forensic studies, and the appli-
cation of LOY analysis can provide both disadvantages
and advantages to this field. On the one hand, LOY may
interfere with forensic analysis of male samples because
the detection of the Y chromosome could be compro-
mised. Simultaneously, LOY can be of use in forensic cas-
es by adding information which can be brought to the law
court as well.

Structure of the Y Chromosome

The Y chromosome was first reported in 1905, when
Nettie Stevens deduced that sex was determined by the
presence or absence of a chromosome that she named “Y”
[Gilgenkrantz, 2008]. But only in 1990, Andrew Sinclair
and his team discovered the sex-determining region Y
(SRY) in this chromosome - a gene that triggers the male
phenotype during embryonic development [Sinclair et
al., 1990].

In 1985, two additional regions of the Y chromosome
were identified: the pseudoautosomal regions (PAR).
These regions are present on both the X and the Y chro-

Fig. 1. A full map of the Y chromosome with its 47 MSY protein-
coding genes, their location and tissue expression. X-homologous
genes are in blue, Y-specific genes are in black. SRY and TSPY are
in blue because of the existence of some similarity to SOX3 and
TSPX sequences on the X chromosome [Skaletsky et al., 2003; Lau
etal., 2019]. Underlined in different colours are 3 different classes
of genes: green, X-degenerate genes; red, ampliconic genes; and
purple, X-transposed genes. Over the years, MSY genes were add-
ed to the Y chromosome map, so the genes are numbered by su-
perscripts 1 to 8, corresponding to the years of the articles when
they were first added to the map: 1994, 1995, 1997, 2000, 2001,
2003, 2012, and 2015 respectively. The TSPY family genes include
TSPY1, 2, 3, 4, 8, and 10 [Kido and Lau, 2015]. The RBM family
comprises RBMYIB, Al, D, E, F, and ] genes. PRKY, GYG2PI,
CYorfl5A/B (also known as TXLNGY), and PRYP3/4 are not in-
cluded in the map because they are pseudogenes [Kido and Lau,
2015; Maan et al,, 2017]. USP9Y, DDX3Y, TMBS4Y, KDM5D,
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mosome but behave like autosomes and recombine dur-
ing meiosis [Mangs and Morris, 2007]. PARI is located at
the ends of the short arms (Xp and Yp) and PAR2 at the
ends of the long arms (Xq and Yq) [Cooke et al., 1985;
Freije et al., 1992]. Since the Y PARs have the highest ho-
mology with the PARs of the X, they are the only regions
of the Y chromosome undergoing crossing over in meio-
sis [Jobling and Tyler-Smith, 2000; Kumar and Sharma,
2017]. A third PAR (PAR3), approximately 2.3 Mb in
length, was identified in 2013; it shares more than 98%
sequence homology with Xq21.3 [Veerappa et al., 2013].
However, its functional significance is yet unknown,
since the Y chromosomal PAR3 was only identified in 2%
of the general population [Colaco and Modi, 2018].

The PARs represent only 5% of the Y chromosome.
The remaining portion (95%) does not recombine and is
called “non-recombinant region Y” (NRY) or “male-spe-
cific region of the Y chromosome” (MSY) [Lahn and
Page, 1997]. Until now, 47 MSY genes have been reported
(Fig. 1). Previous attempts of MSY gene classification
were based on the degree of homology with the X chro-
mosome or the pattern of expression (testis-specific or
ubiquitous) [Lahn and Page, 1997; Jobling and Tyler-
Smith, 2000]. Nowadays, the most accepted classification
divides MSY genes into 3 classes: X-transposed, X-degen-
erate, and ampliconic (Fig. 1) [Skaletsky et al., 2003]. The
X-transposed genes share 99% identity with the X chro-
mosome (Xq21) [Skaletsky et al., 2003]. The X-degener-
ate elements are composed of pseudogenes or single-copy
genes with 60-96% homology to X-linked genes [Ska-
letsky et al., 2003; Ginalski et al., 2004; Jangravi et al.,
2013; Kumar and Sharma, 2017]. The ampliconic class
genes are similar in length to the other MSY genes and

PRORY, and DAZ]I are also known as DFFRY, DBY, TB4Y, SMCY,
CYorf17, and SPGY, respectively [Johansson, 2015; Kido and Lau,
2015; Maan et al., 2017]. The heterochromatin regions, represent-
ed by white cuts in the schematic chromosome image, include the
centromere, the proximal (~400 kb interrupting the euchromatic
region on Yq11.22) and the distal Yq arm [Skaletsky et al., 2003].
Genes and expression patterns from PAR1 and PAR?2 regions are
not shown in this figure, and the recently discovered PAR3 is rep-
resented by the X-transposed genes on Ypl11.2 (TGIF2LY and
PCDHI11Y) [Veerappa et al., 2013]. * Includes testis, prostate, kid-
ney (cortex), adrenal gland, blood, spleen, liver, stomach, trans-
verse colon, terminal ileum, pancreas, oesophagus, coronary ar-
tery, heart (left ventricle and atrial appendage), lung, thyroid, brain
(cerebellum and cortex), skeleton muscle and adipose tissues.
b Also expressed in other tissue(s), but testis expression has higher
levels.

(For figure see next page.)
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include the TSPY repeats (~35 copies; this varies among
individuals), 3 inverted repeats (IR1, IR2, and IR3), 2 ar-
rays of no-long-open-reading-frame clusters (NORF; in-
cluding TTTY1, 2,6, 7,8, 18, 19, 21, and 22), and 8 palin-
dromes (corresponding to 25% of euchromatin) [Ska-
letsky et al., 2003].

The heterochromatin of the Y chromosome is approx-
imately 30 Mb in length, and it is highly abundant in Alu
and LINE repetitive sequences, elements that are trans-
posable in the genome [Lander et al., 2001; Skaletsky et
al., 2003]. These transposons make a characteristic signa-
ture on the chromosome that is passed from one genera-
tion to the other [Butler, 2012].

Y Chromosome Function and Disease Studies

In addition to its contribution to male gonad develop-
ment during embryogenesis, the Y chromosome is re-
sponsible for fertility maintenance and Y-linked pheno-
typic male traits [Affara et al., 1996; Jobling and Tyler-
Smith, 2000]. It may also contribute to other functions,
such as skeleton growth, tooth size, handedness, and ce-
rebral asymmetry [Crow, 2002; Ginalski et al., 2004; Singh
et al., 2011]. A study performed by Jangravi et al. [2013]
established that MSY proteins have roles in several bio-
logical processes including transcription, cell differentia-
tion, metabolic processes, tissue development, chromatin
modification, protein translation, sex differentiation, cell
adhesion, and cell proliferation, among others. For ex-
ample, TSPY has functions in the renewal of spermatogo-
nia. This gene is also speculated to be involved in meiotic
cycle regulation and is even considered to be a proto-on-
cogene [Lauetal.,2011; Lau et al., 2019]. Another impor-
tant Y-chromosomal gene is SRY, which was reported by
Yuan et al. [2001] to be able to interact with the androgen
receptor and negatively regulate its activity.

As expected, the Y chromosome has been the target of
several studies regarding Y-linked diseases. Male infertil-
ity is frequently associated with microdeletions in the
azoospermia factor locus of the Y chromosome, high-
lighting the importance of this chromosome in male sper-
matogenesis [Batiha et al., 2018]. Diseases concerning
sexual development include Y chromosome gonadal dys-
genesis (Y-GD) which is characterized by underdevelop-
ment of the testis [Berberoglu et al., 2018]. In Y-GD, 2
groups can be distinguished: 46,XY females (Swyer syn-
drome) and 45,X/46,XY mosaicism [Berberoglu et al.,
2018]. Additionally, Y-GD patients frequently present
gonadoblastoma, a benign tumour that has been pro-
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posed to have an associated locus near the centromere of
the Y chromosome [Lau etal., 2011; Knauer-Fischer et al.,
2015].

Furthermore, viral infections and cardiovascular dis-
eases such as hypertension, coronary artery disease,
myocardial infarction, and stroke have been associated
with the Y chromosome [Case and Teuscher, 2015; Jo-
hansson, 2015]. For instance, high blood pressure has
been linked to this chromosome in spontaneously hyper-
tensive rats (SHR) and stroke-prone spontaneously hy-
pertensive rats (SHRSP) [Ely and Turner, 1990; David-
son et al., 1995; Kren et al., 2001]. Ely and Turner [1990]
demonstrated for the first time the influence of the Y
chromosome in blood pressure regulation. These au-
thors transferred the Y chromosome of SHR to WKY
(normotensive) rats, which resulted in an increase of 12
mmHg in systolic blood pressure in the WKY rat. In SHR
rats, Sry is a gene complex, which includes 7 different Sry
copies, Sryl, Sry2, Sry3, Sry3A, Sry3B, Sry3B1, and Sry3C,
each producing a functional protein, and these proteins
are extremely similar to each other [Ely et al., 2011]. Al-
though in different tissues expression levels of the differ-
ent copies vary, all copies are expressed in the respective
tissues, and all are able to produce a SRY protein [Ely et
al., 2011]. For instance, SRY1 is capable of elevating
blood pressure by increasing sympathetic nervous sys-
tem activity in rats. SRY1 interacts with tyrosine hydrox-
ylase, rising its levels and norepinephrine’s levels as well,
which leads to a higher blood pressure [Milsted et al.,
2010]. On the other hand, the Sry3A gene, which is ex-
clusively located on the SHR Y chromosome, was intro-
duced in the WKY rat, and its protein increased renal
sodium reabsorption by 50% in Sry3A-overexpressing
WKY rats [Ely et al., 2011]. The authors suggested that
this effect may be explained by an increase in renal an-
giotensin IT (Ang-II) [Ely et al., 2011]. In fact, when Sry1,
Sry2, and Sry3 expression vectors were co-transfected
into cultured hamster cells, SRY3 was found to upregu-
late the activity of the angiotensin, renin, and ACE gene
promoters and to downregulate the activity of the ACE2
promoter [Milsted et al., 2010]. The proteins encoded by
these genes are part of the renin-angiotensin system
(RAS), and the main RAS products that regulate blood
pressure are Ang-II (raises blood pressure) and Ang-(1-
7) (decreases blood pressure) [Milsted et al., 2010]. The
upregulation of angiotensin, renin, and ACE genes (re-
sponsible for raising Ang-II levels) and the downregula-
tion of ACE2 genes (responsible for raising Ang-(1-7)
levels) increase blood pressure [Milsted et al., 2010].
Therefore, the Y chromosome has also been proposed to
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be a contributor to increased blood pressure in male ro-
dent models of hypertension [Milsted et al., 2010; Ely et
al., 2011; Prokop et al., 2016].

Since the Y chromosome is passed on exclusively by
paternal lineages, most studies explore different Y hap-
logroups which are defined by specific genetic variants
occurring in the MSY region of the Y chromosome. The
major Y haplogroups are A&B, CT,C,D, E,F, G, H, L, ],
K, L&T, K2, K2a, K2al, K2b1,NO & NO1, N, O, M&S, P,
Q, and R. Several studies have already evaluated the as-
sociation of different Y haplogroups with diseases. Y hap-
logroup I is the most reported example. Representing
one-fifth of the European population, this Y haplogroup
has been associated with a faster human immunodefi-
ciency virus (HIV) progression, a higher resistance to
highly active antiretroviral therapy (HAART) in HIV pa-
tients, and with coronary artery disease (CAD). Y hap-
logroup I subjects show differences in macrophage ex-
pression of inflammation and immune-related genes,
which may lead to altered immune responses and a pre-
disposition to CAD, rapid HIV progression and an in-
creased resistance to HAART [Charchar et al., 2012;
Maan et al., 2017]. Moreover, variants of Y haplogroup K
(southwest Asia) have been associated with a more than
2-fold increased risk of atherosclerotic plaque occurrence
in the carotid and femoral artery bifurcations, but an ex-
planation for this association remains to be elucidated
[Hiura et al., 2008]. Another synergic explanation for the
associations between the Y chromosome and disease is
the HindIII polymorphism in the Y chromosome [Char-
char etal., 2004]. This polymorphism has been associated
with cholesterol levels, namely higher LDL levels, mainly
in young men that had a father with myocardial infarc-
tion history [Charchar et al., 2004]. However, since these
findings were observed in younger subjects, these asso-
ciations must be confirmed by using functional studies
focusing on the Y chromosome’s influence on cholesterol
levels in adult men.

Additionally, the Y chromosome has also been studied
in association with cancer, namely prostate cancer (PC).
Paracchini et al. [2003] reported that, in the Japanese
population, Y haplogroup O3 was responsible for a high-
er predisposition to PC. Moreover, another study in the
Japanese population demonstrated an increased risk of
PC in Y haplogroup DE when compared with O2b and
O2b1 [Ewis et al., 2006]. According to the authors, these
findings can explain the low PC incidence rate in the Jap-
anese population. On the other hand, Plaseska Karanfil-
ska et al. [2009] observed an increased PC frequencyin Y
haplogroup R1a in comparison with the controls. The hy-
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pothesis that an altered SRY expression could interfere
with androgen receptor activity in PC was suggested as a
possible explanation for Y haplogroup associations with
this disease [Paracchini et al., 2003]. Other Y chromo-
some-related alterations in PC include loss of the Y chro-
mosome which is the most reported aberration in this
type of cancer [Johansson, 2015]. Indeed, in a study on
athymic nude mice, the tumorigenicity of the PC-3 cell
line, a human PC cell line lacking a Y chromosome, was
suppressed when an exogenous Y chromosome was add-
ed [Vijayakumar et al., 2005]. These findings also suggest
the existence of tumour suppressor genes on this sex
chromosome [Vijayakumar et al., 2005].

The fact that the Y chromosome has been studied in
association with different types of diseases proposes that
this chromosome may contribute to the lifespan differ-
ences observed between men and women [Forsberg,
2017; Forsberg et al., 2017].

Forensic Applications of the Y Chromosome

The Y chromosome is a paternal linage marker, and it
is extensively used in forensic sciences in different analy-
ses. The genetic information of this chromosome is used
for evidence analysis, paternity testing, anthropology in-
vestigations, human migration pattern studies, and ge-
nealogical research [Butler, 2012].

Forensic applications of the Y chromosome are main-
ly based on the analysis of genetic polymorphisms such
as short tandem repeats (STRs) and single nucleotide
polymorphisms (SNPs) [Kayser, 2017]. STRs are poly-
morphic individualizers that are dispersed all over the ge-
nome. They consist in the repeat of repeat units ranging
from 2 to 6 bp in length [El-Alfy and Abd El-Hafez, 2012].
On the other hand, SNPs are genetic variations of a single
nucleotide, and they occur on average in every 300 bp
throughout the genome [Sobrino et al., 2005]. Every sin-
gle person has a different combination of autosomal STRs
and SNPs that makes his/her own fingerprint, allowing
human differentiation and individualization [Kayser,
2017]. Y chromosome-specific polymorphisms, Y-STRs
and Y-SNPs, are already being included in forensic com-
mercial kits when autosomal polymorphisms are not suf-
ficient. Actually, 27 Y-STRs are already validated, allow-
ing paternal lineage characterization with a high degree
of reliability [Gopinath et al., 2016]. In addition to that,
the combination of different commercial kits and supple-
mentary multiplexes currently allows the amplification of
more than 40 Y-STR sequences [Roewer, 2019].
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In forensic science, utilization of the Y chromosome
brings several advantages. This chromosome is exclusive-
ly characteristic of males, and it is crucial to identify males
in forensic cases of DNA sample mixtures (female and
male DNA) [Prinz and Sansone, 2001]. Moreover, since
95% of this chromosome does not recombine, there is a
uniparental transmission of the Y chromosome, from fa-
ther to son, as a haplotype (entire chromosome block)
[Butler, 2012]. These characteristics allow the application
of the Y chromosome in forensic matters which is ex-
tremely useful.

Based on polymorphisms, 2 categories, biallelic and
multiallelic, arise when the Y chromosome is studied, de-
fining haplogroups and haplotypes, respectively [Butler,
2012]. Haplogroups can be defined using mainly Y-SNPs
and Alu elements that have lower mutations rates (~1078
to 107 per generation) than Y-STRs [Hammer, 1994].
Whereas haplotypes are mainly characterized based on
Y-STRs and minisatellites (variable number of tandem
repeats, VNTRs; 10-15 bp) that have higher mutation
rates than Y-SNPs [de Knijff, 2000]. These categories
have different applications: Y haplogroups are used to
study human migration and biogeographic ancestry, that
is, research about the origins of a person’s paternal ances-
tors [Phillips, 2015; Kayser, 2017]. In contrast, Y-haplo-
types are more similar to a “family fingerprint,” assisting
in paternity testing. For example, Y-STRs are extremely
useful when the father is missing or not available for au-
tosomal STR testing, and so, a male relative (like a grand-
father) can be tested instead [Butler, 2012]. If the Y hap-
lotypes match, it can be assumed that the child belongs to
the family of the missing father [Butler, 2012]. Neverthe-
less, it is important to notice that the non-recombination
on the majority of the Y chromosome also decreases the
discrimination power among related family individuals
[Butler, 2012]. So, Y haplotypes are not sufficient to dis-
tinguish between male individuals of the same family lin-
age. Therefore, as was mentioned before, Y-STRs are only
studied when autosomal STRs alone cannot answer law
court’s questions [Butler, 2012].

Besides polymorphisms, genes from the Y chromo-
some are used for sex typing of forensic samples [Butler
and Li, 2014]. Most commercial kits use the amelogenin
(AMEL) gene along with a wide number of autosomal
STRs for additional DNA profiling [Butler and Li, 2014].
The AMEL locus has 2 homologous genes located on
both the X (AMELX) and Y chromosome (AMELY)
which differ by 6 bp from each other [Mannucci et al.,
1994]. This difference allows the determination of a
sample’s chromosomal sex [Mannucci et al., 1994]. De-
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spite the worldwide use of AMEL fragments, several cas-
es of failure have been reported due to AMELY deletions
which have a frequency of 0.018-8.0%, depending on
the population [Butler and Li, 2014]. To overcome
AMELY detection failures, other genes, namely SRY and
TSPY are used [Tozzo et al., 2013; Butler and Li, 2014].
Moreover, due to the main involvement of SRY in go-
nadal genesis and TSPY’s association with spermatogen-
esis, these novel sex typing markers allow for a more ac-
curate chromosomal sex determination [Morikawa et
al., 2011]. The inclusion of these markers in commercial
forensic kits is crucial to avoid erroneous sex sample de-
termination due to deletion of AMELY.

Loss of Chromosome Y

LOY in leucocytes of aging men was first reported by
Jacobs et al. [1963]. Furthermore, in 1995, an in situ hy-
bridization study on healthy males, aged between 1 week
and 93 years, demonstrated an age-dependent loss of the
Y chromosome in donors older than 16 years [Gutten-
bach et al., 1995]. LOY classification does not include Y
nullisomy, since nullisomy is a result of nondisjunction
during meiosis and, thus, does not act as a mosaic event,
but affects all postzygotic cells [Forsberg, 2017; Forsberg
et al., 2017]. Other aberrations such as microdeletions,
observed, for example, in male infertility, are not consid-
ered LOY either [Dumanski et al., 2017].

The mechanism by which LOY occurs is yet to be elu-
cidated. It is not known whether the Y chromosome is lost
as a whole or if it is a gradual deletion process during the
lifespan. Recently, a sequencing coverage of 20 MSY -spe-
cific genes showed that LOY samples had attenuated am-
plification of all of the Y chromosome-specific loci [Ar-
seneault et al., 2017]. This evidence correlates with the
assumption that the loss of this chromosome occurs as a
whole. Based on data gathered until now, some hypoth-
eses of how LOY occurs in human cells can be formulat-
ed. The first one is based on LOY being a neutral event
happening due to environment triggers that lead to
missegregation in mitosis [Dumanski et al., 2015]. The
second hypothesis resides on aging itself: when telomeric
shortening increases chromosomal instability, it pro-
motes chromosomal degradation and, eventually, Y chro-
mosomal loss in elderly males [Guttenbach et al., 1995].
Anaphase shortening favouring accidental losses is the
third hypothesis; this is due to the tendency of Y-chromo-
somal replication to be performed in a late stage of S-
phase [Persani et al., 2012].
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The first study to report LOY associated with disease
was published in 1985 [Holmes et al., 1985]. In this study,
acute myeloid leukaemia patients exhibited Y chromo-
some hypoploidy in the bone marrow [Holmes et al.,
1985]. Since then, several reports demonstrated an poten-
tial association between LOY and the development of dis-
eases such as Alzheimer, cardiovascular events, autoim-
mune diseases, and a wide number of cancers [Holmes et
al., 1985; Castedo et al., 1992; Hunter et al., 1993; Gutten-
bach et al., 1995; Sauter et al., 1995; Brunelli et al., 2003;
Gilgenkrantz, 2008; Klatte et al., 2009; Persani et al., 2012;
Lleo et al., 2013; Dumanski et al., 2016; Noveski et al.,
2016; Forsberg, 2017; Forsbergetal., 2017; Haitjema et al.,
2017; Hirata et al., 2018]. Furthermore, Arseneault et al.
[2017] accessed a gene expression RNA-Seq dataset in
male samples of normal and clear cell renal cell carcino-
ma. The findings correlated with lower expression of 11
Y-chromosomal genes, including KDM5D, an epigenetic
modifier whose deficiency is involved in the progression
of clear cell renal cell carcinoma [Arseneault et al., 2017].
The fact that LOY chromosome content seems to provide
an advantage to cell proliferation may contribute to the
development of diseases [Forsberg, 2017; Forsberg et al.,
2017]. When LOY is present, it interacts with pathways
for apoptosis and cancer [Wright et al., 2017]. Indeed,
several genes that encode regulation factors of the 3 cell
cycle checkpoints were found to have LOY-associated ge-
netic variants [Wright et al., 2017]. These genetic variants
negatively affected error repairing and increased cell cycle
progression [Wright et al., 2017]. Other mechanisms that
could link LOY to increased risk of disease include in-
creased genome instability and possible negative effects
in leucocyte immune function [Loftfield et al., 2019].
However, functional studies centred in the immune sys-
tem are needed to verify if LOY can have an influence on
immune function.

LOY as a Biomarker

LOY has been suggested as a possible biomarker for
increased risk of disease and mortality in aging men
[Forsberg, 2017; Forsberg et al., 2017a; Loftfield et al.,
2018]. A biomarker is a molecule which can be easily
measured in the body and itself or its products can influ-
ence or predict the incidence or the outcome of a disease
[Strimbu and Tavel, 2010]. LOY has been studied in as-
sociation with different types of diseases since its percent-
age increases over time in healthy individuals, and it has
a significant increase when disease is present [Forsberg,
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2017; Forsberg et al., 2017; Loftfield et al., 2018]. Interest-
ingly, exposures to outdoor pollution and smoking also
have an influence on LOY and, since these factors in-
crease its frequency, they consequently increase the mor-
tality risk [Dumanski et al., 2015; Wong et al., 2018]. Ad-
ditionally, presence of LOY may alert the beginning of a
pathological process, such as colorectal cancer and PC, as
was reported by Noveski et al. [2016]. In another type of
cancer, familial TGCT, LOY was significantly increased
in those patients when compared with cancer-free indi-
viduals [Machiela et al., 2017]. In addition to that, healthy
individuals younger than 50 years old had low frequen-
cies of LOY in comparison to TGCT patients [Forsberg et
al., 2014]. This evidence suggests that LOY could be ap-
plied as a biomarker of carcinogenesis and cancer aggres-
siveness [Forsberg et al., 2014]. In a study performed in
patients with head and neck carcinoma, LOY was also
proposed to be a poor prognosis predictor, and LOY
could even increase therapy resistance in these patients
[Hollows et al., 2019]. On the other hand, there are differ-
ent percentages of LOY among different diseases, which
suggests that LOY frequency could guide towards a more
personalised diagnosis and/or treatment [Silva Veiga et
al., 2012; Dumanski et al., 2016, 2017; Arseneault et al.,
2017; Haitjema et al., 2017]. Recent reports have provided
new insights into LOY’s heritability hypothesis and which
type of blood cells are more affected by LOY-associated
variants [Dumanskietal.,2019; Teraoetal.,2019; Thomp-
son et al., 2019]. Dumanski et al. [2019] observed that
LOY frequency was considerably higher in myeloid lin-
eage cells than in lymphoid lineage cells, while Thompson
et al. [2019] found that haematopoietic stem progenitor
cells were most strongly affected by LOY-associated gene
variants. Genome-wide association studies performed by
Terao et al. [2019] demonstrated a polygenic architec-
ture and strong heritability enrichment in regions which
are near genes that are specifically expressed in multipo-
tent progenitor cells. Furthermore, the observations of
Thompson et al. [2019] suggest that genetic variants as-
sociated with LOY affect 3 different temporal modes in
the haematopoiesis tree: haematopoietic stem cells, mul-
tipotent progenitor cells, and common myeloid progeni-
tor cells [Thompson et al., 2019]. Therefore, LOY may be
reflecting the genomic instability occurring in other cells
and tissues [Thompson et al., 2019; Grassmann et al.,
2020]. Consequently, the use of LOY as a biomarker has
the potential to improve the prevention, detection, mon-
itorization, and prognosis of different diseases.

In addition to disease risk, LOY can also be of use in
the determination of an individual’s biological age. Bio-
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logical age is a reflexion of the aging state that evaluates
the health status, and a quantification based in numbers
cannot be given [Kang et al., 2018]. Actually, biological
age is more a predictor of lifespan than a predictor of the
chronological age (time that has passed since birth) [Jyl-
héivi et al,, 2017]. The frequency of LOY is age-related;
males under 50 years old have low LOY frequencies con-
trasting with the fast increase in the percentage of LOY by
the age of 80 and beyond [Loftfield et al., 2019]. A bio-
marker of biological age has the potential to improve the
evaluation of a person’s health status and lifespan [Kang
et al., 2018]. LOY as a biological age biomarker could be
applied in work damage evaluation. For instance, LOY
could be helpful to prove the negative effects of the expo-
sure to a certain work/professional factor that could re-
duce the employee’s lifespan. Nowadays, the use of bio-
logical age markers is becoming very useful for insurance
companies [Chang, 2009; Kang et al., 2018]. The client’s
lifespan is already used to decide what type of life insur-
ance and what prices are going to be applied to a specific
person [Chang, 2009; Kang et al., 2018]. This brings up
privacy issues, and there is a need to increase government
regulations that concern biological age use to assure that
human rights remain protected. The use of LOY, as a re-
source to access biological age, would benefit both health
care and forensic fields.

LOY could be of further use in forensic psychology,
in which Kimura et al. [2018] suggested an association
between LOY and the higher rate of completed suicide
that predominates in the male population. Their study
compared LOY found in post mortem (after death)
blood samples and brain samples of both controls and
suicide completers. The latter had abnormal LOY rates
beyond the normal age-dependent loss [Kimura et al.,
2018].

Considering the implications of LOY in forensics, they
are yet to be clarified. Y-STRs are used in paternity testing
and other forensic cases; if the Y chromosome is missing,
this could mean that less Y-STR or Y-SNP content is de-
tected. The fact that an Y-STR locus could be missing has
been described as Y-STR allelic dropout, this phenome-
non does not occur in high frequency but can alter the
signal strength of the analysis when present [Andersen et
al., 2013]. Therefore, forensic work can be compromised
by LOY by its interference with the accuracy of sample
analysis. There are no studies on LOY in relation to Y-
STR or Y-SNP allelic dropout. However, other aberra-
tions, such as microdeletions and their associations with
Y-STR allelic dropout are starting to be explored [Wang
etal., 2019].
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On the other hand, blood and buccal samples are the
most frequently used sources of information when a
new forensic case appears [Shewale and Liu, 2016].
Some authors have reported the presence of LOY in
buccal cells as well [Jacobs et al., 2012; Zhou et al., 2016;
Forsberg et al., 2019]. Since these 2 types of biological
samples are routinely used in forensic laboratories,
LOY could introduce biased results in routine proce-
dures. Usually, DNA is extracted from biological sam-
ples and Y-STRs are analysed by capillary electropho-
resis. If LOY affects the male individual’s buccal or
blood cells, it is possible that, during DNA analyses of
biological samples, the Y chromosome is missing. To
prove in court that this particular male individual was
in the crime scene then becomes more difficult. In cas-
es of sexual assault, where a man raped a woman, the
crucial evidence that distinguishes the mixture of sam-
ples and proves that a man was in the crime scene, is the
Y chromosome [Campos et al., 2014]. However, it is
important to notice that, in sexual assault, the evidence
that predominates in the victim’s clothes or vaginal
samples are sperm residuals, in which the Y chromo-
some is usually well identified. LOY occurs during mi-
tosis; since sperm cells arise from meiosis, it is not ex-
pected to find LOY in this type of cells. In fact, nulli-
somy of the Y chromosome could occur instead, since
this event occurs only during meiotic division. Giving
the importance of the Y chromosome in forensic case
solving, it is crucial to identify if LOY could be respon-
sible for the introduction of biased results during other
types of forensic sample analysis.

Different methods have been used to identify and
quantify LOY. At first, LOY was detected by karyotype
analysis methods [Jacobs et al., 1963; Holmes et al., 1985;
Castedo et al., 1992; Klatte et al., 2009]. Technology ad-
vancement brought in situ hybridization which became
the most common technique to identify LOY [Jacobs et
al., 1963; Hunter et al., 1993; Guttenbach et al., 1995; Sau-
ter et al.,, 1995; Kujawski et al., 2004; Al-Saleem et al.,
2005; Silva Veiga et al., 2012; Lleo et al., 2013]. Recently,
more sophisticated methods emerged to detect LOY in
biological samples. For instance, SNP-array data analysis
uses MSY-specific probes, which allow a continuous esti-
mation of LOY in a DNA sample [Forsberg et al., 2014,
2017; Dumanski et al., 2015, 2016; Zhou et al., 2016; Fors-
berg, 2017; Haitjema et al., 2017]. However, bad quality
SNP-array data can lead to bias in LOY estimation; thus,
accessing the SNP-array quality at the sample level is also
required [Dumanski et al., 2016]. Another method that
can be used to detect LOY is whole-genome sequencing
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(WGS) [Danielsson et al., 2020]. This method compares
the read depth on the Y chromosome in relation to the
full human genome. The copy number of the male sex
chromosome can be estimated by using read counts, re-
sulting in a median ploidy of the Y [Danielsson et al.,
2020].

Alternative to the expensiveness of the previously
mentioned methods, and the increased amount of data
that need to be interpreted in SNP-arrays and WGS, PCR-
based methods can be a better standardization option.
For example, several studies have used a Y/X ratio to de-
tect LOY [Noveski et al., 2016; Hirata et al., 2018; Kimura
etal., 2018]. Multiplex quantitative fluorescent-PCR am-
plifies the 2 AMEL fragments that are on both the X and
Y chromosomes. The products are quantified by capillary
electrophoresis, and the results are then compared with
mixed samples for the assessment of LOY [Noveski et al.,
2016; Hirata et al., 2018; Kimura et al., 2018]. The mixed
samples have different proportions of a normal XY male
and from an individual with Turner syndrome (45,X).
These proportions mimic different percentages of LOY,
and the analysed samples are compared with these pro-
portions to estimate LOY [Noveski et al., 2016; Hirata et
al., 2018; Kimura et al., 2018]. On the other hand, Dan-
ielsson et al. [2020] reported the use of droplet digital
PCR (ddPCR) to identify LOY. This method is also based
on AMELY/AMELX ratio, but differs in the resources
used to achieve this ratio. ddPCR is a TagMan-based
method used to relatively quantify the number of Y and
X chromosomes in a given sample [Danielsson et al.,
2020]. DNA is digested with HindIIl enzyme, diluted
with ionized water, and mixed with all the needed ele-
ments for PCR amplification. This mixture is introduced
in a droplet generator and analysed by a droplet reader in
which the Y/X ratio readings are collected [Danielsson et
al., 2020]. Nevertheless, it is important to consider that
there is alow frequency of AMELY deletion in men, rang-
ing from 0.018 to 8.0%, depending on the population
[Butler and Li, 2014]. Even though this deletion is not that
frequent, it may interfere with AMELY/AMELX ratio
readings and promote false positives for LOY. Thus, the
possible interference of AMELY deletion must be further
studied.

Another method that, to our knowledge, has not yet
been used to identify LOY is a relative quantification of
the presence of the Y chromosome using real-time PCR
(qPCR). gPCR is a specific, fast, sensible, and less ex-
pensive method [Schmittgen and Livak, 2008]. This
type of PCR is based on a quantitative endpoint, cycle
threshold (Ct), which is the moment when the equip-
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ment detects fluorescence, and in that moment the am-
plification of the targeted gene begins [Schmittgen and
Livak, 2008]. The Ct value is inversely related to the
amount of the amplification product; thus, the bigger
the Ct, the lower is the amount of amplicon in the reac-
tion [Schmittgen and Livak, 2008]. This method has the
potential to become a way of relatively measuring the
presence of LOY using a constitutive gene of the Y chro-
mosome, such as SRY, and another gene as an endoge-
nous control. This way, the Ct of both endogenous and
SRY gene could be measured and compared, the differ-
ence between them would allow the identification of
LOY in a short-time procedure.

Besides identification methods, there is a need to
quantify the percentage of cells that no longer have the Y
chromosome. Until now, 3 possible methods have been
suggested to estimate the percentage of LOY in a given
sample. Forsberg et al. [2014] first tried to translate SNP-
array data into percentage of LOY. Data were analysed
using median Log R ratio of SNP-probes in the MSY
(mLRR-Y), and depending on the analysed data, mLLR-Y
thresholds were created. For example, samples with
mLLR-Y readings below —0.139 and -0.40 were estimated
to have more than 18 and 35% cells affected by LOY, re-
spectively [Forsberg et al., 2014]. Although this was the
firstapproach, 2 further formulas were established. Grass-
mann et al. [2020] developed a formula based on previ-
ously reported chip genotyping data and karyotyping
data to estimate the percentage of LOY: percentage of
cells with LOY = 1.8 x (1-22mIRR-Y) "While Danielssonn
etal. [2020] developed a formula for LOY estimation that
strongly correlated with data retrieved from 3 different
methods (SNP-array, WGS, and ddPCR): percentage of
cells with LOY = 100 x (1-22mLRR-Y) ‘However, consider-
ing the different methods, different population character-
istics, and different biological fluid used for DNA analy-
sis, a standard method that can both identify and quan-
tify LOY is yet to be developed.

There is the speculation that LOY occurs as a loss of
the whole chromosome event. However, Heller et al.
[1996] showed that even if the Y chromosome was blast-
ed apart, parts (e.g., p or q arm) might be replicated and
passed on to daughter cells. Since the hypothesis of the Y
chromosome being lost as a whole is yet to be confirmed,
LOY quantification methods may only search for a part
of the chromosome that has not been lost. The findings
of Heller and collaborators may explain variations of
LOY that are found among different diseases and quanti-
fication methods.
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Conclusion and Future Perspectives

The potential applications of LOY as a biomarker must
be validated. Different percentages of LOY are observed
in different types of diseases [Silva Veiga et al., 2012; Du-
manski etal., 2016,2017; Arseneault et al., 2017; Haitjema
etal., 2017]. For instance, TGCT affects mainly individu-
als aged between 15 and 40 years, and a higher degree of
LOY can be detected in these cancer patients [Machiela
et al., 2017]. Since LOY is present at a lower degree in
healthy individuals mainly before 50 years old, the sub-
stantial increase of LOY in TGCT individuals could allow
this biomarker to help in TGCT early detection. Howev-
er, it is important to note that LOY associations with dis-
ease considerably vary among different studies. This
could be due to sample size effects, since most of the au-
thors cited in this review had small sample sizes [Holmes
et al., 1985; Castedo et al., 1992; Hunter et al., 1993; Gut-
tenbach et al., 1995; Sauter et al., 1995; Brunelli et al.,
2003; Klatte et al., 2009; Persani et al., 2012; Silva Veiga et
al., 2012; Lleo et al., 2013; Arseneault et al., 2017; Haitje-
ma et al., 2017; Machiela et al., 2017; Hirata et al., 2018].
Since larger samples are a better representation of the
general population, future studies should consider sam-
ple size as well as randomized selection as an important
factor to take further conclusions regarding LOY and the
way to improve current prediction algorithms. Also, the
characterization of LOY in each disease would improve
preventive measures in health care.

Establishing if LOY affects Y-SNP and Y-STR analyses
is crucial to understand if LOY can promote false-nega-
tives, other types of errors or missing evidence essential
to solve forensic cases. LOY can also be detected in buccal
mucosa and in post mortem samples. Since the analysis
was conducted in dead persons, more research on living
individuals must be developed to avoid sample degrada-
tion. In addition to that, since blood and buccal samples
are routinely used in forensic cases, the study of the influ-
ence of LOY on the forensic analyses of these samples
must be clarified. The further reinforcement of research
by testing samples with LOY with different Y-STR Kkits is
crucial to understand in which way this loss may impact
forensic case solving.

Despite the disadvantages that LOY may provide to
forensics, its association with aging could be an impor-
tant contribution to help establishing a sample’s biologi-
cal age. The use of LOY as a biological age biomarker has
applications in both health and forensics. Since LOY can
be helpful in the development of a health index, long-
term studies validating the use of this biomarker should
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demonstrate its potential in assisting in the evaluation of
one’s lifespan and health status. Moreover, the use of bio-
logical age to categorize which kind of life insurance a
person is going to get is a reality which is closer than we
think. The development and implementation of a tight
regulation on this subject in each country would benefit
the clients, preserving their human rights. On the other
hand, LOY could be of use to access the effects of work
environment factors in a worker’s lifespan. Since there
are environment factors which increase LOY percentage,
this biomarker of biological age would help workers prove
that their health has become worse due to their exposure
to a certain work factor.

Currently, there is no standard method for LOY detec-
tion and quantification, and literature lacks a compara-
tive study of the different methods mentioned in this re-
view. Since research on LOY has increased dramatically
over the last decade, the development of a single standard
method to access the percentage of LOY would help to
better understand LOY among different populations.
Even though there are already 2 possible algorithms to
estimate the percentage of LOY, the authors mention that
they present some limitations. These obstacles need to be
surpassed in order to achieve a standard method appro-
priate for any population. Therefore, standardization is
the next step which will allow comparison between stud-
ies, so more accurate conclusions can be accomplished in
future research.

Although most Y chromosome genes have been iden-
tified, their functions and interactions outside the male
reproductive system must be better understood. The
knowledge of their function will certainly help to under-
stand the current correlation of LOY to early deaths in
male individuals as well as with several diseases. For in-
stance, Y chromosome aneuploidy models could be de-
veloped using the CRISPR/Cas9 system. There is already
a study where this technology was used to successfully
eliminate an entire chromosome in cell cultures, embry-
0s, and in vivo [Zuo et al., 2017]. Further research based
on LOY models would help to elucidate the mechanism
by which LOY is associated with increased overall mor-
tality risk. Recently, a critical review on the origin and
consequences of the Y chromosome’s absence has gath-
ered all the available information concerning the bio-
logical origins and clinical consequences of LOY. Guo et
al. [2020] highlight which pathologies have been associ-
ated with LOY, and there is an evaluation of the causal
and consequence relationships that could connect this
genetic aberration to pathogenic conditions. Neverthe-
less, functional studies that access interactions of the Y
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with the expression of immune system genes and LOY-
associated variants in humans are needed to verify if
LOY can have a depriving impact on human biological

functions.

Efforts to answer questions about LOY are a step to-

wards its implementation as biomarker that can benefit

both health and forensic fields.
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