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RESUMO 

 

 

A perda do cromossoma Y (Loss of chromosome Y: LOY) é uma aneuploidia que 

ocorre em mosaico, cuja percentagem aumenta durante a vida útil do indivíduo. O 

cromossoma Y é um cromossoma sexual e 95% deste não recombina, sendo herdado 

em bloco de pai para filho, representando assim, a linhagem paterna. O estudo do 

cromossoma Y tem aplicabilidade na resolução de casos forenses, de que são exemplos 

a realização de testes de paternidade, identificação genética de restos cadavéricos, 

investigações de agressão/abuso sexual, entre outras. Para além disso, a presença de 

LOY no sangue está associada com uma diminuição, em média, de 5,5 anos na 

esperança média de vida no homem. Assim, a LOY tem sido estudada em associação 

com o processo de envelhecimento e com doenças associadas à idade, de que são 

exemplos o cancro e as doenças cardiovasculares.   

O objetivo deste estudo foi analisar o potencial da deteção da quantidade relativa de 

DNA do gene Sex-determining region Y (SRY) como biomarcador da presença de LOY 

associada ao envelhecimento de homens na população portuguesa e analisar a sua 

influência no desenvolvimento de doenças associadas à idade. Deste modo, foi utilizada 

uma técnica de PCR quantitativo em tempo real para quantificar a quantidade relativa de 

DNA do SRY, em indivíduos saudáveis e indivíduos com diagnóstico de cancro da 

próstata (prostate cancer: PC) e acidente vascular cerebral (AVC). 

Neste estudo, na população saudável, não foi encontrada correlação entre a 

quantidade relativa de DNA do SRY com a idade cronológica, nem como associação com 

hábitos tabágicos e IMC. Contudo, foi observada uma menor quantidade relativa de DNA 

de SRY nos indivíduos com PC comparativamente aos indivíduos saudáveis. Sendo que, 

foi entre os doentes com PC e com menor quantidade relativa de DNA de SRY que se 

verificou maior ocorrência de formas avançadas da doença. Relativamente aos indivíduos 

diagnosticados com AVC, não se observaram diferenças estatisticamente significativas 

na quantidade relativa de DNA de SRY, quando comparados aos indivíduos saudáveis. 

O presente estudo demonstra o potencial do uso da quantidade relativa de DNA de 

SRY como biomarcador molecular da ocorrência de LOY a partir de amostras de sangue 

periférico, apresentando potencial de ser analisado como biomarcador de 

desenvolvimento de PC. Adicionalmente, os resultados sugerem que a diminuição da 

quantidade relativa de DNA de SRY possa refletir o processo de envelhecimento, 

podendo futuramente ser usado como biomarcador de idade biológica. 
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ABSTRACT 

 

Loss of chromosome Y (LOY), a sex chromosome, is a mosaic hypoploidy that 

increases during the lifespan. 95% of this chromosome does not recombine and, 

consequently, is inherited from father to son as a haplotype. The study of Y chromosome 

polymorphisms helps solving forensic cases involving paternity testing, human remains 

genetic identification, sexual assault investigations, among others. Moreover, men that 

present occurrence of LOY in their blood cells have, on average, a lifespan decrease of 

5.5 years. Thus, LOY has recently started to be studied in association with the aging 

process and age-related diseases such as cancer and cardiovascular diseases.  

The aim of this study was to analyse the potential of SRY DNA relative quantity as a 

biomarker of LOY occurrence during the lifespan of Portuguese men and to explore its 

potential as a biomarker of both the aging process and age-related diseases. Therefore, 

this study used a qPCR analysis of the SRY DNA relative quantity as a relative measure 

of the occurrence of LOY in the blood cells of healthy individuals and in individuals 

diagnosed with prostate cancer (PC) or stroke. This method allowed the exploitation of 

SRY DNA relative quantity associations with biological aging and age-related diseases. 

In the present study, in healthy individuals, a correlation between SRY DNA relative 

quantity and chronological age was not observed and SRY DNA relative quantity 

associations with smoking habits and BMI classes were not found. However, we observed 

lower SRY DNA relative quantities in individuals diagnosed with PC in comparison to 

healthy individuals. Moreover, the PC patient’s subgroup with the lowest SRY DNA 

relative quantity showed a higher percentage of individuals with advanced disease. 

Regarding patients diagnosed with stroke, this study did not reveal any statistically 

significant difference regarding their SRY DNA relative quantity when comparing with the 

SRY DNA relative quantity of healthy individuals.   

This study demonstrated the potential of SRY DNA relative quantity as a molecular 

biomarker of LOY occurrence in peripheral blood samples, which, in addition, has the 

potential to be analysed as biomarker of PC development. Moreover, these results 

suggest that the decrease on SRY DNA relative quantity may reflect the aging process, 

thus, having the potential to be used as a biomarker of biological age in future. 
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1 – INTRODUCTION 

  

1.1 - Loss of chromosome Y (LOY) 

 

Loss of chromosome Y (LOY) is a hypoploidy event and it is described as a mosaic 

loss (1). LOY occurs during cell division and its association with age has been reported 

more than 50 years ago, when Jacobs and collaborators stated that LOY was increasing 

in healthy men over 65 years old (2). Later, in 1995, this loss was detected in healthy 

males with ages ranging from 1 week to 93 years old (3). However, a correlation between 

LOY and age was only observed in males after 16 years old (3). LOY is different from 

other events that are observed in male infertility, such as microdeletions (1). For instance, 

Y nullisomy cannot be defined as LOY, because a nullisomic event (2n-2) is a result of 

non-disjunction during meiosis (4). Thus, Y nullisomy does not act as a mosaic event, 

rather it affects all post-zygotic cells (4).  

Healthy patients can have detectable levels of LOY in their blood cells and its 

percentage rises throughout their lifespan (5). Men that present LOY in their blood cells 

have a lifespan decrease of 5.5 years when compared with men without LOY (5). This 

evidence shows the potential of LOY as a biomarker of biological age (4, 6).  

LOY, as well as gene deletions and epigenetic modifications in the Y chromosome  

may alter this chromosome functions (7). Consequently, these alterations, along with 

other factors, may contribute to the development of diseases in men (7). In Portugal, data 

from 2017 shows that, regarding life expectancy, men live on average less 5.6 years than 

women (8). Apart from the difference in life expectancy, there are gender differences in 

risk, incidence and progression of human diseases (9). In fact, LOY has been observed in 

cells of cancer patients and in cancer cell lines of several tumoral models, such as 

prostate carcinoma, bladder cancer, pancreatic cancer, oesophageal carcinoma, gastric 

cancer, head and neck carcinoma, renal cell carcinoma and testicular germ cell tumour 

(10-23). Moreover, there are also reports of LOY being associated with cardiovascular 

events (24-27).  

Nevertheless, the mechanism by which the Y chromosome is lost during lifespan is not 

yet well understood (28). One possible mechanism of LOY is based on environmental 

triggers, such as smoking, that can lead to missegregation during mitosis (29). This 

missegregation causes aneuploidy, leading some daughter cells to become hypoploid and 

others to become hyperploid (30). Other possibility resides on telomeric shortening, which 
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increases chromosomal instability, promoting chromosomal degradation and its eventual 

loss in elderly males (3, 28).   

 

 

1.2 - The Y chromosome and its loss implications 

 

The Y chromosome was firstly discovered in 1905, by Nettie Stevens (31). Later, in 

1923, Theophilus S. Painter identified the human Y chromosome during observations of 

meiotic divisions in spermatogonia (31, 32). Finally, in 1959, a Sex-Determining Region Y 

(SRY) was discovered: a gene encoding for a protein that triggers the development of the 

male gonadal organs during embryonic development (33, 34).  

The Y chromosome is one of the shortest chromosomes of the human genome, 

presenting approximately 60 Mega base pairs (Mb) of length (35). The Male-Specific 

region of the Y chromosome (MSY), also known as non-recombinant region Y (NRY) 

represents 95% of its length (35). The MSY can be subdivided into two main parts: the 

euchromatin (40% of its length) and the heterochromatin (60% of its length) (36). 

Additionally, the Y heterochromatin is full of satellite Deoxyribonucleic acid (DNA) repeats 

and is highly abundant in Alu and Line repetitive elements which are distributed 

throughout the entire chromosome (37). There is no meiotic recombination in the MSY 

and the repeats that exist throughout the chromosome are important assets to maintain 

chromosomal integrity (36).  

Additionally, the pseudoautosomal regions (PARs) account for the remaining 5% of the 

Y chromosome and are also present on the X chromosome (38-40). There are three Y 

Chromosome PARs (Y-PARs): Y-PAR1, on short chromosomal arm (Yp) which is 2.6 Mb 

long; Y-PAR2, on long chromosomal arm (Yq) which is 320 kilo base pairs (kb) long; Y-

PAR3, which is located near Y-PAR1 and has approximately 2.3 Mb length. Y-PAR1 and 

Y-PAR2 are located near telomeric regions of the Y chromosome and Y-PARs are the 

only sections of this chromosome that undergo crossing over during meiosis (41, 42). Y-

PAR1 has a recombination rate 17-fold greater than the genome-wide average, whereas 

Y-PAR2 displays a lower frequency of paring and recombination with X-PAR2 (43, 44). Y-

PAR3 was only introduced in 2013 and it shares more than 98% sequence homology with 

Xq 21.3, but its functional significance is not totally understood, since it was only identified 

in 2% of the general population (45).  
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Genes in the human Y chromosome can be organized according to two criteria: their 

origin or their expression among different tissues (33). Regarding their origin, these genes 

can be split into three different classes: X-transposed, X-degenerate and ampliconic (33). 

The X-transposed genes are originated from X-Y transpositions that have happened 3.5 

million years ago and they share more than 98% identity to X chromosome (Xq21) (33). 

The X-degenerate segments represent sequences of ancient autosomal chromosomes 

that have evolved towards both sex chromosomes (33, 35, 42, 46). This class includes 

pseudogenes or single-copy genes with 60 to 96% of homology to X-linked genes (33, 35, 

42, 46). Finally, the ampliconic class genes are similar in length to the other MSY genes. 

This class includes testis-specific protein Y-linked (TSPY) gene repeats (~35 copies – 

varies among individuals), three inverted repeats (IR1, IR2 and IR3), two arrays of no long 

open reading frame (NORF) clusters (Testis transcript Y (TTTY) 1, TTTY2, TTTY6, 

TTTY7, TTTY8, TTTY18, TTTY19, TTTY21 and TTTY22) and eight palindromes 

(corresponding to 25% of the euchromatin) (33). Until now, 47 MSY protein-coding genes 

have been identified and are shown in Figure 1 and Table 1. 

Figure 1. Map of the Y chromosome. The colours used are merely representative to make loci distinguishable. 

On top of the map, Y chromosome’s genes are presented in their respective location order. Below the 

diagram, loci are shown.  
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According to gene expression in different tissues, Y chromosome genes can be divided 

in testis-specific/predominant and ubiquitously expressed. Table 1 shows the Y 

chromosome genes and the respective human tissues where they are expressed (9, 33, 

34, 41, 47).  

Table 1. MSY’s genes/families, respective coding proteins and tissue expression in humans. 

Loci (35) Gene/ Family (33, 47-50) Coding proteins (35, 47) Tissue expressiond (9, 33, 35, 47, 51) 

Yp 11.31 SRYa Sex-determining region Y  Testis, foetal Sertoli cells, adult 

germinative cells, Adrenal Gland, 

Oesophagus, Kidney, Brain and 

Adipose 

Yp 11.31 RPS4Ya (40S) ribosomal protein S4, Y-linked 1 Ubiquitously expressedb 

Yp 11.31 ZFYa Zinc finger protein, Y-linked Ubiquitously expressedb 

Yp 11.2 TGIF2LYa TGF-Induced Factor 2-like, Y-linked Testis  

Yp 11.2 PCDH11Ya Protocadherin-11, Y-linked  b except Blood, Liver, Pancreas, Heart 

(Left ventricle) and skeletal muscle 

Yp 11.2 TSPY2a  Testis-specific protein, Y-linked 2 Testis 

Yp 11.2 AMELYa Amelogenin, Y-linked  Testis, Pancreas, Thyroid and Teeth 

Yp 11.2 TBL1Ya Transducin β Like 1, Y-linked Prostate, Kidney (cortex), Pancreas, 

Oesophagus, Thyroid and Adipose 

Yp 11.2 TSPY4a Testis-specific protein, Y-linked 4 Presumed to be expressed on Testis 

Yp 11.2 TSPY8a Testis-specific protein, Y-linked 8 Presumed to be expressed on Testis 

Yp 11.2 TSPY3a Testis-specific protein, Y-linked 3 Presumed to be expressed on Testis 

Yp 11.2 TSPY1a Testis-specific protein, Y-linked 1 Presumed to be expressed on Testis 

Yp 11.2 TSPY10a Testis-specific protein, Y-linked 10 Presumed to be expressed on Testis 

Yq 11.21 USP9Ya (=DFFRY) Ubiquitin Specific Peptidase 9, Y-linked Ubiquitously expressedb 

Yq 11.21 DDX3Y (=DBY) DEAD-Box Helicase 3, Y-linked Ubiquitously expressedb 

Yq 11.221 UTYa Ubiquitously Transcribed Tetratricopeptide 

Repeat Containing, Y-linked  

Ubiquitously expressedb 

Yq 11.221 TMSB4Ya (=TB4Y) Thymosin β-4, Y-linked Ubiquitously expressedb 

Yq 11.221 VCY1Ba Variable Charge 1B, Y-linked Testis 

Yq 11.221 VCY1a Variable Charge 1, Y-linked Testis 

Yq 11.221 NLGN4Ya Neuroligin 4, Y-linked Ubiquitously expressedb 

Yq 11.222 XKRY Testis-specific XK-related protein, Y-linked Testis specific 

Yq 11.222 CDY2B Chromodomain, Y-linked 2B Testis 

Yq 11.222 CDY2A Chromodomain, Y-linked 2A Testis specific 

Yq 11.222 XKRY2 Testis-specific XK-related protein, Y-linked 2 Testis specific 

Yq 11.222 HSFY1 Heat shock transcription factor, Y-linked 1 Testis, Prostate, Adrenal Gland, 

Coronary Artery, Thyroid, Brain 

(Cortex and Cerebellum) 
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Table 1. MSY’s genes/families, respective coding proteins and tissue expression in humans. (cont.) 

Loci (35) Gene/ Family (33, 47-50) Coding proteins (35, 47) Tissue expressiond (9, 33, 35, 47, 51) 

Yq 11.222 HSFY2 Heat shock transcription factor, Y-linked 2 Testis specific 

Yq 11.222 KDM5D (=SMCY) Lysine-specific demethylase 5D Ubiquitously expressedb 

Yq 11.223 EIF1AYa Eukaryotic translation initiation factor 1A, Y-

linked 

Ubiquitously expressedb 

Yq 11.223 RPS4Y2a (40S) Ribosomal protein S4, Y isoform 2 Ubiquitous expression 

Yq 11.223 PRORY Proline-Rich Protein, Y-linked  Testis  

Yq 11.223 RBMY1Ba RNA-binding motif protein, Y chromosome, 

family 1 member B 

Testis 

Yq 11.223 RBMY1A1a RNA-binding motif protein, Y chromosome, 

family 1 member A1 

Testis specific 

Yq 11.223 RBMY1Da RNA-binding motif protein, Y chromosome, 

family 1 member D 

Testis specific 

Yq 11.223 RBMY1Ea RNA-binding motif protein, Y chromosome, 

family 1 member E 

Testis specific 

Yq 11.223 PRY2 PTPN13-like protein, Y-linked 2 Testis, Heart, Lung, White blood cells 

Yq 11.223 RBMY1Fa RNA-binding motif protein, Y chromosome, 

family 1 member F 

Testis specific 

Yq 11.223 RBMY1J RNA-binding motif protein, Y chromosome, 

family 1 member J 

Testis specific 

Yq 11.223 PRY PTPN13-like protein, Y-linked Testis  

Yq 11.223 BPY2 Basic charge protein, Y-linked, 2 Testis  

Yq 11.223 DAZ1 Deleted in azoospermia 1 Testis, Stomach and Liver 

Yq 11.223 DAZ2 (=SPGY) Deleted in azoospermia 2 Predominantly in Testisc 

Yq 11.223 CDY1Ba Chromodomain, Y-linked 1B Testis specific 

Yq 11.223 BPY2B Basic charge protein, Y-linked, 2B Testis specific 

Yq 11.23 DAZ3 Deleted in azoospermia protein 3 Predominantly in Testisc 

Yq 11.23 DAZ4 Deleted in azoospermia protein 4 Predominantly in Testisc 

Yq 11.23 BPY2C Basic charge protein, Y-linked, 2C Testis specific 

Yq 11.23 CDY1Aa Chromodomain, Y-linked 1A Testis specific 

In green, orange and purple are represented the X-degenerate, ampliconic and X-transposed genes, respectively. Y-PAR1 

and Y-PAR2 are part of the Y chromosome but are not represented. Only the Y-PAR3’s genes are represented (in purple).  

a X-homologue genes are in blue and the Y-specific are in black. b includes the testis, prostate, kidney (cortex), adrenal 

gland, blood, spleen, liver, stomach, transverse colon, terminal ileum, pancreas, oesophagus, coronary artery, heart (left 

ventricle and atrial appendage), lung, thyroid, brain (cerebellum and cortex), skeleton muscle and adipose tissues. c Other 

tissue(s) also express(es) it, but testis expression has higher levels. d there is a different intensity of expression between 

genes and among the same gene; there are different expressions between tissues as well.  
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The Y chromosome is crucial for the development of the male phenotype during 

embryonic development (52). SRY is a single-copy gene located on the p arm of the Y 

chromosome and encodes a transcription factor which has the ability to trigger the 

differentiation of gonadal tissue into male gonads (53). SRY gene is only composed of 

exons and its protein has an high mobility group box (HMG-box) which binds to DNA and 

gives this protein its transcription factor activity (51).  

In general, the Y chromosome contributes to stature, tooth size and spermatogenesis 

processes (36). For example, Short Stature Homeobox-containing (SHOX) gene of the Y 

chromosome is a transcription factor which participates in stature-related processes (40). 

The depletion of this gene leads to less transcriptional activation of growth-related genes 

and, consequently, to shorter individuals (54). Another Y chromosome gene, Amelogenin 

Y-linked (AMELY), has an homologue gene in the X chromosome (AMELX) and both are 

involved in biomineralization during tooth enamel development (55). Regarding 

spermatogenesis, there are three Azoospermia Factor (AZF) regions on the Y 

chromosome, AZFa, AZFb and AZFc, that are important to assure male fertility, since 

deletions occurring on these regions, cause spermatogenesis failure (53).  

Additionally, the fact that chromosome Y genes are expressed in other tissues apart 

from the testis further suggests that the Y chromosome may participate in more processes 

apart from this organ (35). Jangravi and co-workers established that MSY proteins 

participate in several biological processes including DNA transcription, cell differentiation, 

metabolic processes, gonad development, nucleosome assembly, tissue development, 

chromatin modification, messenger Ribonucleic acid (mRNA) translation, sex 

differentiation, cell adhesion, cell proliferation, RNA metabolism and sex determination 

(35). For example, TSPY is a gene that interacts with Cyclin B protein, a mitotic cell cycle 

regulatory protein, suggesting that this gene may cooperate in the regulation and 

promotion of cell proliferation (56). On the other hand, Yuan X and collaborators have 

reported that the SRY gene has the ability to negatively regulate androgen receptor (AR) 

which represses AR transcriptional activity (57). Since these genes may contribute to 

processes outside of the testis, this chromosome is also being studied in other diseases 

besides infertility, such as prostate cancer (11, 58).  

Even though in a forensic context, autosomal profiling is preferred and has more 

validity in court, the study of the Y chromosome is widely applied in forensic science (59). 

The study of this chromosome is applied to support paternity testing studies, sexual 

assault investigations and exclusion of males from crime scenes (59). It is frequently  

used in cases when standard autosomal DNA profiling is not enough to answer forensic 
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questions (60). This includes cases of DNA mixture (for example, blood-blood and blood-

saliva samples), “gang rape” (group of people that participates in the rape of one victim) 

and mass disaster victim identification (60). Even when the father is missing, if there is a 

male relative, such as a grandfather, the Y chromosome can be used to test if these two 

individuals belong to the same family (61).  

Forensic applications of this chromosome are based on the analysis of genetic 

polymorphisms such as short tandem repeats (STRs) and single nucleotide polymorphism 

(SNPs) (59). STRs are polymorphic individualizers that are disperse all over the genome 

and consist of repeat units ranging from two to six base pairs (bp) in length (62). On the 

other hand, SNPs are genetic variations of a single nucleotide, which on average occur in 

every 300 nucleotides (nt) throughout an individual’s DNA (63). Every individual has a 

different combination of SNPs and STRs that make their own “fingerprint”, allowing for 

individual differentiation in forensic cases (59). 27 Y-STRs are already being included in 

forensic commercial kits used in the routine practice of forensic laboratories, allowing 

paternal lineage characterization with a high degree of certainty (64). Besides, these 

commercial kits allow the detection and characterization of low male DNA quantities from 

mixed stains (59, 64). Even with an excess of female DNA, male DNA can still be 

detected, which is particularly important in sexual assault sample’s analysis (59, 64).  

To study Y chromosome’s diversity among individuals and populations, two groups of 

polymorphisms can be distinguished: bi-allelic and multi-allelic, which define haplogroups 

and haplotypes, respectively (61). Haplogroups can be defined using Y-SNPs and Alu 

elements that have lower mutations rates (~10-8 to 10-9 per generation) than Y-STRs (65). 

This group is currently applied in human migratory studies and bio-geographic ancestry, 

which, in this case, researches a person’s paternal ancestors (66, 67). On the other hand, 

haplotypes are characterized based on Y-STRs and minisatellites (Variable Number of 

tandem Repeats - VNTRs, 10 to 15 bp in length), which have higher mutation rates than 

Y-SNPs (68). Since the Y chromosome is inherited only from father to son, haplotypes are 

similar to a “family fingerprint”, so Y-STRs haplotyping can also identify a paternal lineage 

(59). Haplotypes can make criminal’s trace easier if the offenders are related to each 

other (59). Cases involving human remains of missing person, where only relatives are 

available for Y-STRs analysis, allow the identification of the human male remains as one 

of their family member (69). Standard Y-STRs can also be applied to paternity testing, 

when autosomal STRs are not available for analysis or technician errors occur, if the Y-

haplotypes match, it means that, that man and child, belong to the same family (59).    
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The Y chromosome was thought to be a relatively stable chromosome since most of it 

did not recombine during meiosis and its content remained almost unaltered from father to 

son. However, this idea overshadowed the thought that Y chromosome microdeletions or 

even its total loss could interfere with Y chromosome analysis. Recently, a study 

suggested that microdeletions seen in the Y chromosome of infertile men could introduce 

bias results in Y-STRs and Y-SNPs forensic analysis (70). Although LOY is different from 

microdeletions, it represents a mosaic loss of the entire chromosome which could also 

introduce bias to forensic techniques. Moreover, blood and buccal samples are the most 

frequent sources of information when a new forensic case appears and the occurrence of 

LOY has already been observed in both samples (71).  

 

 

1.3 - LOY and the aging process   

 

Recently, studies have proposed that LOY can be a potential biomarker of biological 

age (4, 6). Unlike chronological age, which reflects the time that has passed since birth, 

biological age is a reflection of the physiological aging process which considers the 

biological state of cells, tissues and organs (72). There is a need to quantify biological 

age, but a quantification based on numbers cannot be given since the aging process is 

diverse and varies among individuals of the same age (72). The aging process is a result 

of progressive biological deterioration related to age, which leads to the progressive loss 

of functions in tissues and in organs (73). This loss of function is a consequence of 

increased oxidative stress, telomeric shortening, DNA damage, mitochondrial disfunction, 

chromatin disruption, inflammation status, epigenetic deregulation and oncogenic 

activation (73). The disfunction of biological processes, such as DNA damage repair, 

increases the susceptibility to age-related diseases development in elderly (73). Intrinsic 

and extrinsic factors, such as smoking habits and pollution exposure, can promote cell 

stress and DNA damage which accelerates the aging process (73). It is well accepted that 

smoking habits are a key aging accelerator, triggering inflammatory responses and 

favouring the occurrence of several diseases (74). This accelerated aging separates 

biological age from the chronological age, making biological age a best predictor of 

lifespan than chronological age (72).  

Since biological age distances itself from the chronological age of an individual, there is 

a need to discover new specific biomarkers of biological age. Biomarkers are molecules 
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that can be objectively measured in the body fluids as an indicator of normal biological or 

pathological processes, or a response to a therapeutic intervention (75). The ideal 

biomarker must be easy to access through minimal invasive procedures (such as taking a 

blood sample) and be analysed by low cost quantification methods that are specific and 

sensible to the parameter of interest (75, 76). According to American Federation for Aging 

Research (AFAR) a biomarker of aging must fulfil some criteria in order to be applied: 1) 

predict aging rate; 2) monitor basic processes that correlate with aging rather than 

disease effects; 3) be able to be repeatedly tested with minimal harm to the person; 4) 

work in both humans and laboratory animals (77). Given the complex nature of the aging 

process, it is difficult to find a biomarker that fits all four items proposed by AFAR (77).  

LOY is a normal aging process that can be measured in peripheral blood and its 

percentage rises throughout the lifespan (3, 6). This loss is dependent on environmental 

factors exposure, such as smoking and outdoor pollution, which can also increase the 

percentage of LOY in male individuals (29). Consequently, higher LOY in blood cells 

increases biological age and takes years from the lifespan of an individual (5). Using three 

different cohorts, a strong association between smoking habits and LOY was identified: 

the highest risk of carrying blood cells without the Y chromosome was found to be 2.4 to 

4.3 times greater in current smokers comparing with non-smokers and past smokers (29). 

However, this association between increased LOY and smoking began to fade years after 

current smokers stopped smoking (29, 71). Regarding outdoor air pollution, in a study 

performed in the United States, the outdoor pollution was measured considering 

particulate matter lower or equal to 10µm (PM10), carbon monoxide, nitrogen dioxide, 

sulphur dioxide and ozone data (26). These agents, particularly PM10, can induce a variety 

of effects at the cellular level, such as DNA damage, inflammation and genomic instability 

which cause malfunctioning in mechanisms such as chromosomal segregation and cell 

cycle progression (26). These pollutes were associated with higher frequency of LOY in 

older American men (over 65 years old) (26).  

The influence of internal factors that are intrinsic to the individuals but also of external 

factors in LOY shows its potential to be a biomarker of biological age, since it has the 

potential of showing the state of aging of the body of an individual (78). Because of this, 

researchers have started to study the relation of LOY with age-related diseases, such as 

cancer and cardiovascular events (1, 4, 6, 24, 28).  
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1.4 - Age-related diseases 

 

Biological systems in older individuals are less able to overcome the effects of the 

exposure to intrinsic and extrinsic factors (79). The struggle to combat the effect of those 

agents and their consequences increases the risk for life-threatening conditions (80). To 

the elderly, these conditions bring a series of psychological, cognitive, social and 

environment changes and challenges (81). World population is getting older and age-

related diseases have considerable implications in public health (81). The increased need 

for caregiver support, palliative care, assistive technologies and transportation are current 

increasing problems in our older population (81). Age-related disorders such as cancer, 

cardiovascular and neurodegenerative diseases are the most prevalent disorders in 

elderly (80). Each individual has its own genetic background and has different responses 

to risk factors exposure: two individuals with the same age have different aging rates and 

disease susceptibilities (80). Usually, therapies target age-related diseases individually 

which is a current problem since all these diseases have the aging process in common 

(80). Targeting the aging process itself would improve age-related diseases prevention, 

early diagnosis and therapy resulting in a need for biomarkers of age-related diseases 

(79).   

The first study to report LOY associated with a disease was published in 1985, when 

Holmes and co-workers reported LOY in acute myeloid leukaemia (AML) patients (82). 

Since then, LOY has been reported to be associated with the development of several age-

related diseases, such as Alzheimer’s disease, cardiovascular diseases and cancer (4, 6, 

24, 26-28). Cancer is an heterogenous disease that could present different aetiology, 

evolution and treatment (83). Moreover, cancer is a major public health problem and is the 

second leading cause of death worldwide (84). Approximately 1 in every 6 deaths is 

consequence of cancer, causing more deaths than acquired Immunodeficiency syndrome 

(AIDS), tuberculosis and malaria combined (84). Prostate cancer (PC) is the second most 

frequent cancer in men (13.5%) and the fifth (6.7%) cause of cancer death in the world, as 

shown in Figure 2 (85). In Portugal, 6609 Portuguese men were diagnosed with PC in 

2018 (86). In that same year, this type of cancer was the fourth leading cause of death by 

cancer in the Portuguese population (86).  
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Figure 2. Pie charts representing the distribution of cases and deaths (proportion of the total number of cases 

of death) for the 10 Most Common Cancers in 2018 for men. Source: GLOBOCAN 2018. 

 

Risk factors associated with PC include, age, ethnicity, disease family history, diet, 

physical activity, hormone levels and the genetic background of the individual (87). PSA 

test has revolutionised PC diagnosis since 1980’s, but PSA levels are organ-specific and 

not cancer specific (87, 88). Higher PSA levels may indicate early stages of prostatitis, 

benign prostate hyperplasia (BPH) and other non-malignant conditions (87, 88). Even 

though PSA test is good to detect early stages of the disease, this test cannot be used to 

distinguish between the benign or malign tumour (88). Moreover, PSA discovery was for a 

long time a problem because its overuse as an indicator of PC’s presence lead to 

overdiagnosis and overtreatment with the performance of unnecessary invasive exams in 

some patients (88). However, this problem has been attenuated with guideline 

improvements and by considering individual background (87, 88). The confirmatory exam 

for PC diagnosis is a prostate biopsy or surgical resection, which can be very aggressive 

(87, 89). After microscopic observation of prostate tissue, a Gleason score is given, 

determining prostate cancer severity (90). Since PSA test cannot be used alone, there is a 

need of more accurate and specific biomarkers that can help the early diagnosis of PC 

without the misuse of invasive procedures.    

Reports suggest that PC is genetically complex. Its development is dependent on 

somatic copy number variations, structural rearrangements, point mutations and changes 

in chromosomal number (91). Noveski and co-workers reported that a higher occurrence 

Incidence Mortality 



INTRODUCTION 
  

 

 
Loss of chromosome Y (LOY) in blood cells and its potential as a molecular biomarker of age-related diseases. 

34 

of LOY in blood cells conferred a higher risk of developing PC in a case-study performed 

in individuals from the Republic of Macedonia (28). The uncontrolled proliferation 

characteristics of cancer mean that every cell division provides an opportunity for 

chromosome mutations, deletions and even total chromosomal loss (90). Several genes 

of the Y chromosome have been reported lost in PC cancer cells and they also have been 

associated with cancer progression (92). In a study done in athymic nude mice, when an 

exogenous chromosome Y was added, the tumorigenicity of PC-3 cell line was 

suppressed (93). This could mean that tumour suppressor genes reside on the Y 

chromosome and that their loss may contribute to cancer progression and aggressiveness 

(28). However, the Y chromosome may also have oncogenes, like TSPY which oncogenic 

activity has been a focus of study (11, 56, 94). The fact that LOY may provide an 

advantage to cancer progression allows this loss to have the potential to become a 

biomarker of cancer aggressiveness and prognosis (16). 

Other age-related diseases that have also been studied in association with LOY are 

cardiovascular diseases (24, 25, 27). This type of disease is associated with the aging 

process, since several age-related factors, such as atherosclerosis, hypertension, 

vascular remodelling and stiffness, increase the risk for cerebrovascular events such as 

strokes (79, 81).  

Cerebrovascular diseases are the second cause of death in Europe and one of the 

main causes of death in Portugal (95). Premature death in Portugal occurs largely in 

consequence of a stroke and ischemic heart disease (96). Portuguese data shows that six 

individuals per hour are having a stroke at this moment, in which two to three result in 

death (97). The main risk factors that increase the probability of having a stroke include, 

hypertension, high cholesterol levels, smoking habits, low physical activity and a poor diet 

(98). 

A stroke is characterized as a neurological deficit, which occurs due to an acute focal 

injury in the central nervous system (99). The causes of this injury can be subdivided in 

haemorrhagic or ischemic (99). The first one could be due to a cerebral infarction, 

intracerebral haemorrhage or subarachnoid haemorrhage (99). On the other hand, 

ischemic stroke results from an atherosclerotic plaque detachment or a gas embolism 

(98). These embolisms obstruct the artery channel and block the oxygen from reaching 

the brain causing a stroke (98). Oxfordshire Community Stroke Project (OCSP) classify 

stroke accordingly with the affected area in the brain (100). Accordingly with OCSP, 

strokes are classified in Total anterior circulation infarct (TACI), Partial anterior circulation 

infarct (PACI), Lacunar infarct (LACI) and Posterior circulation infarct (POCI) (100). 
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Although TACI are the less frequent type of stroke diagnosis, they have been associated 

with a worse prognosis since these patients have a higher mortality and morbidity rate 

(101).  

There is an increased prevalence of strokes in men as well as hypertension, one of its 

main risk factors (97). These prevalence differences suggest that Y chromosome may be  

a possible contributor to this disease in men (102). The study of the Y chromosome genes 

and polymorphisms is currently being used to explore this chromosome associations with 

strokes. For example, the presence of a polymorphic restriction site on the MSY region of 

the Y chromosome, HINd III, is associated with higher blood pressure (103). These 

authors associated this polymorphism with increased risk of higher diastolic blood 

pressure in men (103). Besides hypertension, Y chromosome polymorphisms have been 

studied in association with the risk of developing atherosclerotic plaques (104). While 

studying different Y-haplogroups, the risk of having an atherosclerotic plaque present was 

2.5-fold higher in haplogroup K (ancient Southwest of Asia) than the other haplogroups 

(104). Additionally, when blood samples from healthy patients and after-stroke patients 

were compared, two MSY genes, along with some Y-PAR1 genes were found to be 

upregulated in after-stroke patient’s samples (105). However, the significance of this 

upregulation and its consequences are yet to be elucidated. 

Haitjema and co-workers reported that LOY was present in both, blood cells and 

atherosclerotic lesions of male patients that had been submitted to a Carotid 

Endarterectomy (24). Age and smoking habits are coincident risk factors for increased 

LOY and risk of having a stroke (1, 29). LOY in peripheral blood increases with these risk 

factors and it is associated with a 2-fold risk for secondary major cardiovascular events 

(24). Therefore, LOY detection in blood cells has the possible application as risk predictor 

and has the potential to help the implementation of preventive measures in patients at risk 

(1). 

The association of LOY occurrence with the aging process and age-related diseases, 

such as PC and strokes, reveals a need to evaluate its potential as a biomarker of 

biological age, useful in a legal medicine context.  

 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OBJECTIVES  

 
 



 

 

 



OBJECTIVES 
  

 

 
Loss of chromosome Y (LOY) in blood cells and its potential as a molecular biomarker of age-related diseases. 

39 

 

2 – OBJECTIVES 

 

2.1 – Main objective 

 

The main objective of this study is to analyse the potential of SRY DNA relative 

quantity, as a biomarker of LOY occurrence, during the lifespan of men from the North of 

Portugal and to explore LOY’s potential as aging biomarker.  

 

2.2 – Specific objectives 

 

• Analyse the SRY DNA relative quantity in peripheral blood samples from 

healthy individuals and in individuals diagnosed with PC and stroke and its 

influence in the development of these age-related diseases; 

• Analyse the association of SRY DNA relative quantity with chronological age, 

smoking habits and body mass index. 
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3 – MATERIALS AND METHODS 
 

3.1 – Population selection 

 

The study of LOY in Portuguese men involved a total of 1011 male individuals from the 

North of Portugal. According to the Declaration of Helsinki, all individuals gave their 

written consent after previously understanding of the study.  

In this study, 259 healthy male individuals (control group), without evidence of 

neoplastic disease or stroke clinical history, were selected from the blood donor’s biobank 

of Portuguese Oncology Institute of Oporto. Their mean age was 39.95 ± 12.48. In this 

control group, 50% individuals were never smokers, 28% were smokers and 22% were 

former smokers. Regarding their body mass index (BMI), 30% had a normal BMI, 52% 

had a pre-obesity BMI, 16% had obesity class I and 2% were obese class II.   

Additionally, 520 men with histopathological diagnosis of Prostate cancer (PC group) 

were recruited in Portuguese Oncology Institute of Oporto. This group had an mean age 

of 68.42 ± 7.65 years old. 42% of these individuals had T1+T2 stage of tumour 

development, while 58% had advanced tumour development (T3+T4). Concerning 

smoking habits, from the selected individuals, 55% were never smokers, 12% were 

smokers and 33% were former smokers. Regarding their BMI, 31% had a normal BMI, 

50% had pre-obesity BMI and 19% had obesity class I, II and III. 

Lastly, 232 male individuals with stroke diagnosis (stroke group) were recruited from 

São João Hospital Center. These individuals showed an mean age of 67.27±12.34 years. 

Within this group, 18% had been diagnosed with TACI and the remaining 82% had other 

types of clinical stroke diagnosis. From the selected individuals 30% were never smokers, 

33% were smokers and 37% were former smokers. Regarding their BMI, 30% had a 

normal BMI, 50% had pre-obesity BMI and 20% had obesity class I and II. 

To access LOY in the blood cells of the three groups, an 8 mL sample of peripheric 

blood was collected from the subjects, through a standard method of intravenous 

collecting with Ethylenediamine tetraacetic acid (EDTA) tubes.  
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3.2 – DNA extraction from peripheral blood samples 

 

DNA from the selected blood samples was extracted with GRS - Genomic DNA Kit – 

Blood & Cultured Cells, accordingly with GRiSP Research Solutions® recommendations. 

The quantity and purity of the isolated DNA was accessed based on light absorbances 

measured at 260 and 280nm by NanoDrop Lite Spectrophotometer (Termo Fisher 

Scientific®). After accessing DNA quantity and quality, the obtained DNA was stored at -

20ºC until its molecular analysis.    

 

3.3 – SRY DNA relative quantification 

 

The relative quantification of SRY DNA as a LOY occurrence biomarker was performed 

in each sample via real time quantitative polymerase chain reaction (qPCR), using 

StepOneTM qPCR Real-Time PCR (Applied Biosystems®) and StepOnePlusTM qPCR Real-

Time PCR (Applied Biosystems®). All the collected results were analysed by StepOne 

version 2.3 (Applied Biosystems®) software. 

The qPCR reaction was performed using Xpert Fast SYBR (uni) 2X mastermix – GriSP 

Research Solutions® and specific primers for the amplification of an endogenous control 

and a gene that would represent chromosome Y. The selected endogenous control was β-

globin (HBB). The selected primers for HBB were HBB1 

[5’GCTTCTGACACAACTGTGTTCACTAGC3’] and HBB2 

[5’CACCAACTTCATCCACGTTCACC3’], both in a concentration of 500nM per reaction. 

The qPCR conditions included an initial 95ºC denaturation for 3 minutes, followed by 32 

cycles of denaturation at 95ºC for 5 seconds and amplification at 58ºC for 30 seconds. 

After the 32 cycles, a melting curve with a melting temperature of 84.11ºC was obtained. 

The SRY gene was selected as the target gene. To amplify a fragment of SRY gene 

the following primers were selected: SRY-150F [5’AGCAGTCAGGGAGGCAGATCA3’] 

and SRY-245R [5’CCCCCTAGTACCCTGACAATGTAT3’], both in a concentration of 

100nM per reaction. The qPCR conditions included an initial denaturation at 95ºC for 3 

minutes, followed by 35 cycles of denaturation at 95ºC for 5 seconds and amplification at 

64ºC for 30 seconds. After the 35 cycles, a melting curve with a melting temperature of 

80.09ºC was obtained. 



MATERIALS AND METHODS 
 

 

 
Loss of chromosome Y (LOY) in blood cells and its potential as a molecular biomarker of age-related diseases. 

45 

In addition, an efficiency curve was performed for each qPCR reaction. All qPCR 

reactions obtained a SYBR efficiency superior to 90% and the respective negative 

controls and quantifications were performed in duplicates. 

 

3.4 – Statistical analysis  

  

The statistical analysis was conducted using IBM®SPSS®Statistics software for 

Windows (version 25.0). The Livak method (2- ΔΔCt) was used to quantify differences in 

SRY DNA relative quantity among the groups. Moreover, the Mann-Whitney U test and t 

student test were used in order to evaluate the statistical differences observed between 

the groups.  
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4 – RESULTS 

 

4.1 - SRY DNA relative quantification analysis in the Control Group 

 

In order to study the occurrence of LOY, the DNA relative quantity of the SRY gene, 

one of the chromosome Y most studied genes, was assessed. Therefore, less SRY DNA 

relative quantity will suggest a higher occurrence of LOY on the analysed blood samples. 

We observed a high variability of SRY DNA relative quantity in the control group. 

Based on the dispersion of the -ΔCt values, it was possible to observe that our sample 

population can be subdivided into two different subgroups as shown in Figure 3. In fact, 

group 1 presented significant lower SRY DNA relative quantity than group 2, with a fold-

decrease of 0.15 (P<0.001).  

According to the results, we did not observe in control group 1 any association among 

the SRY DNA relative quantity and age, smoking habits and BMI (Figure 3 A-B-C). In the 

same control group, we also verified a heterogeneous dispersion of the SRY DNA relative 

quantity. On the other hand, even though there was no association among the SRY DNA 

relative quantity and age, smoking habits and BMI in the control group 2, its SRY DNA 

relative quantity was more homogeneous among the individuals (Figure 3 D-E-F). Due to 

the homogeneity observed in SRY DNA relative quantity of the control group 2, this group 

was used in the subsequent analysis.  
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Figure 3. SRY DNA relative quantity (-∆Ct) detected in blood cells in the group 1 and 2 from the healthy individuals group (mean ± standard error of mean). 3 A-B-C: 

Dispersion of individuals from group 1, considering SRY DNA relative quantity and according to age (A), smoking habits (B) and BMI (C); 3 D-E-F: Dispersion of individuals 

from group 2, considering SRY DNA relative quantity and according to age (D), smoking habits (E) and BMI (F). (mean ± standard deviation). 

(A) (B) (C) 

(D) (E) (F) 
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In figure 4, we can observe the correlation between SRY DNA relative quantity and the 

chronological age. In our healthy population, we did not find any correlation between the 

age and the blood SRY DNA relative quantity. 

Figure 4. Correlation between age (years) and SRY DNA relative quantity (-∆Ct) detected in blood cells of 

individuals from the control group (Group 2). 

4.2 - SRY DNA relative quantification analysis in the PC Group 

 

In the PC Group, we observed that individuals with this diagnosis had significantly less 

SRY DNA relative quantity in their blood cells than the individuals of control group (fold-

decrease=0.48, P<0.001) (Figure 5 A). Additionally, we observed that PC group could be 

stratified into three subgroups based on SRY DNA relative quantity: lower quantity, 

intermediate quantity and higher quantity (Figure 5 B).  

Figure 5. SRY DNA relative quantity (-∆Ct) detected in blood cells in the control group and in PC group. 5 A: 

SRY DNA relative quantity comparation between individuals from the control group and PC group; 5 B: SRY 

DNA relative quantity comparation between individuals from the three groups defined in the PC group: lower 

quantity, intermediate quantity and higher quantity. (mean ± standard error of mean). 

 

(A) (B) 
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Considering PC aggressiveness, in the lower quantity group, there was a higher 

percentage of individuals with advanced stage (85%), Gleason score of eight or higher 

(54%) and PSA levels above 10 ng/mL (62%) (Figure 6 A). Whereas within each of the 

other two groups, intermediate quantity and higher quantity, the percentages of individuals 

according to advanced stage were not that discrepant. Regarding Gleason score, there 

were higher percentages of individuals with Gleason score under eight, 71% and 70%, for 

Intermediate quantity and higher quantity groups, respectively (Figure 6 B-C). Additionally, 

we could observe a higher percentage of individuals with PSA levels above 10ng/mL in 

both groups, 59% and 67%, respectively (Figure 6 B-C).  

 

Figure 6. Percentages of individuals from the three PC groups divided according to stage, Gleason score and 

PSA levels, respectively. 6 A: Percentages within the lower quantity group; 6 B: Percentages within the 

intermediate quantity group; 6 C: Percentages within the higher quantity group.  

 

Regarding the distribution of factors such as age, smoking habits and BMI within the 

three PC subgroups, there was a higher percentage of individuals older than 61 years old 

(85%), never smokers (72%) and pre-obese individuals (90%) within the lower quantity 

group (Figure 7 A-B-C). The intermediate quantity group was the only group with 

individuals under 50 years old (Figure 7 D). Additionally, in the intermediate quantity 

group, there was a higher percentage of individuals between 61 to 70 years old (46%), of 

never smokers (54%) and pre-obese (49%) (Figure 7 D-E-F). Regarding the higher 

quantity group, there was a higher percentage of individuals with more than 70 years old 

(45%), never smokers (57%) and normal weight (50%) (Figure 7 G-H-I). 

(A) Lower quantity  (B) Intermediate quantity  (C) Higher quantity  
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Figure 7. Percentage of individuals from the three PC groups distributed by age (7 A-D-G), smoking habits (7 

B-E-H) and BMI classes (7 C-F-I), respectively. 7 A-B-C: Lower quantity group; 7 D-E-F: Intermediate quantity 

group; 7 G-H-I: Higher quantity group.  

 

4.3 - SRY DNA relative quantification analysis in the Stroke Group 

 

In the stroke group, regarding the SRY DNA relative quantity detected in blood cells, 

we could not find any statistically significant difference when comparing the control group 

with the stroke group (P=0.057) (Figure 8). 

 

 

 

 

 

Figure 8. SRY DNA relative quantity (-∆Ct) detected in blood cells, compared between control group and 

stroke group (mean ± standard error of mean). 
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Moreover, we also could not observe any statistically significant differences in the SRY 

DNA relative quantity according to age (P=0.317) (Figure 9 A), hypertension (P=0.262) 

(Figure 9 B), TACI (P=0.695) (Figure 9 C), smoking habits (P= 0.513) (Figure 9 D) and 

BMI (P=0.558) (Figure 9 E) within stroke group. 

Figure 9. Dispersion of individuals from stroke group per age, hypertension, TACI, smoking habits and BMI 

classes and according to SRY DNA relative quantity (-∆Ct).  9 A: Dispersion of individuals according to age, 

below 49, between 50 to 59, between 60 to 69 and above 70 years old, respectively (P=0.317); 9 B: 

Dispersion of individuals according to hypertension and no-hypertension, respectively (P=0.262); 9 C: 

Dispersion of individuals according to TACI and other types, respectively (P=0.695); 9 D: Dispersion of 

individuals according to smoking habits, smoker, never smoker and former smoker, respectively (P=0.513); 9 

E: Dispersion of individuals according to BMI classes, normal weight, pre-obesity, obesity class I and II, 

respectively (P=0.558). (mean ± standard deviation). 
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(B) (A) 

(C) (D) 
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5 – DISCUSSION 

 

The aging process is characterized by an irreversible and gradual deterioration of 

tissue and organ functions due to the action of intrinsic and extrinsic factors (73). These 

factors have an influence on the aging rate, thus, increasing the susceptibility to age-

related diseases (81). LOY in blood increases through the lifespan of the individual and it 

is a normal aging process (3, 5, 6). This age-dependent loss increased the need to study 

this molecular alteration in age-related diseases development, such as cancer and 

cardiovascular diseases (5, 24, 25, 28). The association of LOY with the aging process 

and age-related diseases suggest its potential to become a biomarker of biological age (4, 

6). This study consisted on a qPCR analysis of SRY DNA relative quantity in peripheral 

blood samples as a relative measure of the occurrence of LOY. Consequently, less SRY 

DNA relative quantity detection in blood cells suggests a higher degree of LOY on those 

cells.  

Regarding our healthy population, correlation between SRY DNA relative quantity and 

the chronological age of the individuals was not observed. Several studies have reported 

the increase of LOY with the subject’s age (2, 6, 71, 106-108). However, recent findings 

suggest that LOY is not equally increasing throughout chronological age (6, 25). In fact, 

Erikka Loftfield and colleagues have demonstrated that LOY’s percentage remained 

negligible until 50 years old and it only started to be detected after this age in individuals 

from the UK (25). Similarly, Dumanski and co-workers have demonstrated an 

accumulation of LOY’s percentage in European men older than 65 years old (6). However, 

until this age, LOY remained stable affecting around 7% of the blood cells (6). LOY’s 

percentage started to increase after 65 years old, affecting 14%, 18% and 20% of blood 

cells in individuals with ages between 66 to 75, 76 to 85 and older than 86 years old, 

respectively (6). Additionally, Silva Veiga and colleagues reported a lack of correlation of 

LOY with age while studying healthy Brazilian individuals ranging from 28 to 68 years old 

(109). In fact, our study included individuals between 18 and 64 years old but the 

proportion of individuals below 50 years was higher. This could explain the lack of 

correlation between SRY DNA relative quantity detected and chronological age. Future 

studies with a higher number of healthy individuals above 50 years old would help to 

better explore the correlation of SRY DNA quantity levels with chronological age. 

Moreover, in this study, we could observe that men with the same chronological age 

presented different SRY DNA relative quantity. In fact, individuals with the same 

chronological age can present different aging rates, culminating in a different biological 
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age (72). Dumanski and co-workers have already suggested that the occurrence of LOY 

is a better predictor of biological age than chronological age (6).  

Biological age reflects the health state of cells, tissues and organs in an individual 

which can be different among individuals with the same chronological age (72). Intrinsic 

and extrinsic factors can deregulate processes and increase oxidative stress, telomeric 

shortening, DNA damage, mitochondrial disfunction, chromatin disruption, inflammation 

status, epigenetic deregulation and oncogenic activation (73). Among the extrinsic factors 

that can influence biological age are the smoking habits and the BMI. The healthy 

population in this study did not show differences in SRY DNA relative quantity according 

to smoking habits and BMI classes. Although current smoking has been associated with 

higher LOY occurrence, the smoking effect on LOY tends to disappear years after the 

individual stops smoking, weakening the association between smoking and increased 

LOY after smoking cessation (29). This transient effect of smoking could explain the 

similar distribution between former smokers and never smokers. Moreover, regarding 

individuals who smoke, in the future, information about cigarettes per day or duration of 

smoking may help to understand the similar distribution observed in this group. Regarding 

BMI, Dumanski and colleagues have reported no statistical differences between LOY 

levels and BMI among individuals from three different cohort studies (29). On the other 

hand, Erikka Loftfield and co-workers have found that individuals with a normal BMI range 

had significantly higher proportion of LOY in blood cells when comparing with obese class 

I and obese class II and III (25). However, since the authors found a higher percentage of 

current smokers in individuals with normal BMI range, they suggested that the smoking 

habit increased LOY in normal BMI range (25). The knowledge about the impact of higher 

BMI on DNA damage, chromosomal instability and consequent aneuploidy is still poorly 

understood and no specific mechanism has yet been stablished (110). Therefore, further 

research should consider increasing the number of analysed individuals in the healthy 

population and adding information about the percentage of body fat as well as cigarettes 

per day since they would help to further elucidate LOY’s associations with each BMI class 

and smoking habit, respectively.  

PC and strokes are age-related diseases which are among the main causes of death in 

the world (85, 95). In the present study, we observed a higher loss of SRY DNA relative 

quantity in the individuals diagnosed with PC comparing with healthy individuals. 

Remarkably, LOY has been acknowledged as one of the most frequent cytogenic 

abnormalities in human PC (17, 58, 111-113). Perinchery and co-workers have studied 

radical prostatectomy specimens from American men and have demonstrated a loss of 

MSY genes associated with PC development, in which SRY and BPY2 genes were the 
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most frequently deleted (58). Noveski and colleagues have found an association between 

increased LOY in blood cells and a higher risk of PC in male individuals from Republic of 

Macedonia (28). Since LOY is related to the aging process, an increased LOY beyond the 

age-dependent loss would reflect an acceleration of aging (4). Therefore, this accelerated 

aging would increase the susceptibility for age-related diseases, such as PC, and explain 

the lower SRY DNA relative quantity found in individuals with PC diagnosis that we 

studied.   

Moreover, in the present study, we also observed that, in the PC subgroup with 

patients who presented the lowest SRY DNA relative quantity, there was a higher 

percentage of individuals with advanced disease, characterized by a higher percentage of 

individuals with advanced stage, Gleason score above eight and PSA levels above 10 

ng/mL. According with European Association of Urology, these three factors combined 

confer a high risk of advanced PC which indicates a higher PC aggressiveness and a 

worse prognosis (87). In fact, LOY has already been associated with PC progression (17, 

58, 111). Satoru Takahashi and co-workers obtained PC tissue from radical 

prostatectomies and verified that PC tissue with higher occurrence of LOY had higher 

percentages of cells with T3a and greater stages (111). Similarly, Perinchery and 

colleagues have also studied radical prostatectomy specimens and found that cells with 

higher Gleason scores (greater than eight) and advanced stages (greater than T3) had a 

higher loss frequency of most analysed genes (58). According with Perinchery and co-

workers, they could not observe deletions of MSY genes in tumours in T1 stages with 

Gleason scores between 2 and 4 (58). In fact, Jordan and collaborators have found SRY 

deletions in BPH tissue in the presence of malignant prostate tissue (17). However, the 

authors reported that without malignant prostate tissue, BPH tissue did not present 

deletions (17). Therefore, suggesting that malignant transformation of BPH was due to the 

loss of Y chromosome content in the benign tumour tissue (17). Moreover, the 

introduction of an exogenous human Y chromosome in PC-3 cells (PC cell line lacking the 

Y chromosome) resulted in hybrid PC-3 cells that were not able to develop PC in vivo 

(93). Vijayakuma and co-workers attributed this tumour suppression activity mostly to the 

short arm of the Y chromosome, including SRY and ZFY as candidate genes, which are 

among the most frequently reported deleted in this type of cancer (93). More recently, the 

loss of another Y chromosome gene, KDM5D, has also been linked to a more aggressive 

PC (113). KDM5D interacts with histone methylation marks, epigenetically altering 

expression of cell cycle genes, its loss accelerated cell entry in mitosis (113). The higher 

loss of KDM5D and the observed decrease in its expression was attributed to LOY in PC 

cells that restrictedly presented higher Gleason scores (113). The fact that Y chromosome 
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losses are more frequently seen in advanced stages of PC development could explain 

why we found a higher percentage of individuals with advanced disease in the PC 

subgroup with the lowest SRY DNA relative quantity.  

In addition to higher percentages of advanced disease, the lower quantity group, 

presented a higher percentage of individuals older than 61 years old (85%), never 

smokers (72%) and of pre-obese individuals (90%). LOY significantly increases with age 

after 50 years old and its occurrence is higher when cancer is present (5, 28). Therefore, 

a higher percentage of individuals older than 61 years old is in accordance with the higher 

occurrence of LOY and the presence of PC in the lower quantity group. Regarding BMI, 

we observed a higher percentage of pre-obese individuals in the lower quantity group. In 

fact, obesity contributes to increased oxidative stress, and Wright and collaborators have 

shown that higher BMI and adult weight gain increased the risk of dying from PC (87, 

114).  

Considering our results, we also found no statistically significant differences regarding 

SRY DNA relative quantity between individuals diagnosed with stroke and healthy 

individuals. Haitjema and co-workers reported that occurrence of LOY conferred a higher 

risk of cardiovascular endpoints (including ischemic and haemorrhagic strokes) in 

individuals after carotid endarterectomy during a 3-year follow-up (24). On the other hand, 

Erikka Loftfield and colleagues have reported higher LOY levels in individuals from the UK 

who self-reported previous events of stroke or ischemic heart attack (25). However, they 

have studied 11 628 men who self-reported these two types of diagnosis and, remarkably, 

they only found detectable LOY in 4% of them (25). The fact that previous studies have 

reported a higher occurrence of LOY only in a small percentage of the analysed 

individuals could explain the lack of an association between less SRY DNA relative 

quantity and stroke diagnosis in our population.     

Furthermore, in individuals diagnosed with stroke, there were no statistically significant 

differences in the SRY DNA relative quantity according to age, hypertension, smoking 

habits, BMI class and TACI. Haitjema and co-workers studied the association between 

LOY and cardiovascular endpoints in patients after carotid endarterectomy during a 3 year 

follow-up and they have found statistical significant differences in LOY according to age 

(24). However, the same authors did not find association between LOY and hypertension, 

smoking habits and BMI classes (24). The lack of differences in SRY DNA relative 

quantity also according to TACI type of diagnosis could be due to the fact that only 18% of 

our group of individuals diagnosed with stroke were diagnosed with this type. Since TACI 
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is less frequently diagnosed, futures studies should take this in consideration and an effort 

in increasing the number of subjects with TACI stroke type diagnosis shall be made.  

The present study was important to demonstrate the efficiency and usefulness of SRY 

DNA relative quantity as a biomarker to study LOY occurrence in a biological fluid that is 

easier to access than other more invasive procedures, such as a biopsy. Even though we 

did not find an association between SRY DNA relative quantity and age, smoking habits 

and BMI in the healthy population, we found an association with PC development, which, 

reinforces the potential of SRY DNA relative quantity detected in peripheral blood cells as 

a biomarker of age-related diseases, such as PC.   
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6 – CONCLUSIONS AND FUTURE PERSPECTIVES 

 

LOY has been a current object of investigation with applications in different health 

fields. In this study, LOY occurrence was quantified based on a qPCR method in which 

SRY DNA relative quantity detected in blood cells was relatively quantified. Based on this 

SRY DNA relative quantity, it was possible to compare differences in LOY occurrence in 

blood cells of healthy men and in comparison with men diagnosed with PC or stroke. 

There was no correlation between SRY DNA relative quantity and chronological age in 

healthy individuals. However, we found an association of SRY DNA relative quantity with 

PC, an age-related disease and the second most frequent cancer in men. Moreover, 

among the patients diagnosed with PC, the group who had less amount of SRY DNA 

relative quantity (higher occurrence of LOY) had a higher percentage of individuals with 

advanced PC, older than 61 years old, never smokers and pre-obese. However, we could 

not find any differences in SRY DNA relative quantity between healthy individuals and 

individuals with stroke diagnosis.  

The present study is the first to use a relative quantification of SRY DNA quantity levels 

as an indirect measure of LOY occurrence in blood cells. The qPCR method presents 

several advantages to the quantification of LOY occurrence in blood cells, since it is a 

fast, sensible, specific and less expensive method when compared to other techniques 

such as karyotyping and Fluorescence in situ hybridization (FISH). Moreover, since SRY 

DNA relative quantity reflects an acceleration of the aging process, it has the potential to 

become a biomarker of age-related diseases. Therefore, this relationship with aging 

acceleration mirrors an increase on biological age, which also reinforces the potential of 

SRY DNA relative quantity to become a biomarker of biological age. 

Biomarkers of biological age should predict the aging rate and similarly with the aging 

process must be influenced by intrinsic and extrinsic factors that accelerate aging (72). 

Biological age estimation has main applications in Legal Medicine, such as in work 

damage evaluations and indemnity processes, providing several advantages. In fact, work 

stress and environmental hazards at the workplace are linked to psychological distress 

and a variety of chronic diseases. Increased LOY occurrence in blood cells of male 

workers beyond the normal age-dependent loss can be helpful, providing evidence that 

their work environment is increasing their biological age and, consequently, their risk of 

developing age-related diseases. Another advantage would be the application of these 

biomarkers in the study of life stressors impact on one’s health status. Childhood abusive 

experiences, domestic violence and social/racial discrimination (e.g. bullying) are cases 
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that cause high levels of stress that can have repercussions on these people’s health 

(115). Moreover, patients with depression, generalized anxiety disorder and post-

traumatic stress disorder have higher mortality rates and they also usually die of age-

related diseases, such as cerebrovascular diseases and cancer (116). Therefore, the use 

of SRY DNA quantity levels in blood cells as a biological age biomarker would provide 

useful information to access individual aging rate in this type of situations. However, the 

use of this information can also have disadvantages to these people. In fact, life insurance 

companies are already trying to use biological age information to raise their prices based 

on a person’s health status (117). Because of this, the use of biological age must have 

legal controls to assure that citizen’s human rights remain protected. Besides these 

applications, LOY occurrence may have implications to the study of the Y chromosome. 

Higher LOY occurrence would decrease the detection of Y chromosome content, implying, 

for example, a lower detection of Y-STRs and Y-SNPs alleles during forensic analysis. 

However, there are no studies about LOY’s association with failure in Y-STRs and Y-

SNPs analysis. Future studies should consider exploring the implications that LOY 

occurrence could have in the analysis of Y chromosome content. 

The present study has complemented other studies regarding LOY occurrence in blood 

associated with age-related diseases. We demonstrated the potential of SRY DNA relative 

quantity detection in blood cells to become a biomarker of PC development. Future 

studies in other age-related diseases in association with LOY occurrence would support 

and further explore the associations of this biomarker with aging with applications on both 

health and legal medicine. 
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8 – APPENDIX 

 

A scientific poster entitled “Loss of chromosome Y (LOY): 

potential implications on health and forensic fields” was presented at the University of 

Aveiro, in an annual meeting of Biomedical Sciences bachelors.  

  


