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Abstract 
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It has been known for centuries that men live shorter lives than women, but until recently, 
the biological mechanisms driving this sex bias has been poorly understood. Mosaic loss of 
chromosome Y (mLOY) refers to chromosome Y aneuploidy, a male specific and the most 
common somatic mutation in human blood cells. Known risk factors include age, smoking 
and genetic predisposition. Men with mLOY carry a fraction of blood cells without the Y 
chromosome, due to its loss from hematopoietic progenitor cells during life. Hence, in a single 
cell LOY is a binary event causing the absence of almost 2% of the male haploid nuclear 
genome. When measured in bulk samples, it is present as a continuous mosaicism affecting a 
fraction of cells. A paper published in 1963 demonstrated that mLOY is frequent in cells of 
the hematopoietic system in aging men, but it was long viewed as a neutral event. In contrast, 
recent discoveries demonstrate that mLOY in blood is associated with various forms of cancer, 
autoimmune conditions, Alzheimer’s disease, cardiovascular events, diabetes as well as age-
related macular degeneration. Studies support the hypothesis that mLOY in leukocytes may 
exacerbate disease processes in other organs. Thus, given the associations with several 
common diseases, mLOY in blood cells could help explain reduced male longevity. 

A main aim and a long term goal of the work presented in this thesis is the development of 
novel methods for improved mLOY detection. Focus here is exploration of analytes such as 
DNA, RNA and proteins, including studies of bulk samples as well as single cell approaches. 
Among the evaluated methods are SNP-arrays, ddPCR, WGS, RNA-seq and CITE-seq. 
Furthermore, a novel method called SPARC was developed for co-detection of the transcriptome 
and a panel of 92 proteins in single cells. Future methods with clinical utility for mLOY 
should, in addition to robust detection, be able to simultaneously discriminate mLOY in 
different types of immune cells. The latter builds on recent results showing cell type 
specificity with regard to disease associations. To meet these needs, single cell analyses using 
mLOY associated cell surface proteins have been pursued and proof-of-concept established. 
Implementation of mLOY screening in general populations has the potential to identify men 
with increased risk for various disease. It could be envisioned that further medical examination 
of men affected with mLOY would enable earlier diagnoses of ongoing disease processes as 
well as serving to guide targeted interventions. 
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ACE aberrant clonal expansion 

AD Alzheimer’s disease 

AIT autoimmune thyroiditis 

aUPD acquired uniparental disomy 

BMI body mass index 

CH clonal hematopoiesis 

CHIP clonal hematopoiesis of indeterminate potential 

CNNLOH copy number neutral loss of heterozygosity 

CNV copy number variation 

ddPCR  droplet digital PCR 

DNV de novo variation 

EDY extreme downregulation of chromosome Y 

FACS fluorescence activated cell sorting 

KS Kleinfelter syndrome 

LATE LOY associated transcriptional effects 

LOH loss of heterozygosity 

mCAs  mosaic chromosomal alterations 

mLOY  mosaic loss of chromosome Y 

mLOX  mosaic loss of chromosome X 

mLRRY  median log R ratio  

MSY  male specific chromosome Y 

NPX non-PAR chromosome X 

PAR  pseudoautosomal region 

PBC primary biliary cholangitis 

PEA proximity ligation assay 

PZV post zygotic variation 

RCA rolling circle amplification 

SNP single nucleotide polymorphism 

SNV single nucleotide variation 

SV structural variation 

VAF variant allele frequency 

WGS  whole genome sequencing
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Introduction 

The human genome 

In the nucleus of human cells resides the genome coded by four different nu-

cleotides in stretches of DNA. In addition to the nuclear genome, DNA is also 

found in mitochondria. The human genome is composed of 46 chromosomes 

and more specifically 22 autosomal chromosome pairs and the sex determin-

ing chromosome pair, XX in females and XY in males. Every chromosome is 

a double-stranded DNA molecule consisting of millions of nucleotides in a 

long but specific sequence and summarized in a reference sequence.1 The size 

of the haploid human reference genome is estimated to about 3.1 billion bases 

(GRCh38.p13, Dec 2013) but less than 2% codes for a protein whereas the 

remaining genome has regulatory or unknown function.2 The DNA encoded 

sequence is transcribed into messenger RNA before it is translated to a se-

quence of amino acids to form proteins. Gene expression differs between dif-

ferent cell types and cell states and dictates the function of the cell. However 

the genome is variable in different levels and may differ both between differ-

ent individuals but also between cells in the same person. 

Types of genetic variation 

Although the reference genome is a continuously updated and established se-

quence, every individual human genome is different from the genome of other 

individuals. Taking different types of variation into account, one of the first 

human genomes that was sequenced varies with approximately 1.6% com-

pared to the reference genome3. Larger mutations can be referred to as struc-

tural variants (SV). A few bases could be either inserted or deleted (called 

indels) but also larger regions of DNA can be duplicated or deleted, called 

copy number variation (CNV). Variation in the DNA sequence contributes to 

the phenotype and it can be as small as single nucleotide variation (SNV) or 

as large as a whole chromosome (aneuploidy). On a larger scale, the number 

of chromosomes in a cell can differ from the normal euploid count of 46, re-

ferred to as aneuploidy.  
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SNV 

The most common type of genetic variation is single nucleotide variation 

(SNV) and occurs in humans in about every 1000 base in an individual’s ge-

nome. On the population scale, the collected number of SNV’s is in the range 

of 100 million and can be accessed through publicly open databases like 

dbSNP and the genome aggregation database (gnomAD). Most commonly 

SNV’s are located in regions with unknown function and thereby typically do 

not have any effect on amino acid sequences. However, if the SNV occurs in 

a protein coding region, splice site or a regulatory region, it could have phe-

notypic and clinical implications. These types of variants are therefore of 

greater clinical interest and collected in databases such as online Mendelian 

inheritance in man (OMIMM) and ClinVar. 

Structural variants  

Commonly a structural variant is referred to as a genetic event of 1 kb or 

larger. These events could be a copy number variation resulting from a dele-

tion or insertion/duplications. Additionally structural variants that do not 

cause a gain or loss but changes the orientation or location of sequences are 

called inversions and translocations. Furthermore, loss of genetic material 

from a chromosome could be followed by repair of the loss, resulting in loss 

of heterozygosity (LOH), also called acquired uniparental disomy (aUPD) or 

copy number neutral loss of heterozygosity (CNNLOH).4 

Aneuploidies 

Loss of one chromosome or gain of one or two chromosomes is called mono-

somy, trisomy or tetrasomy, respectively. Aneuploidies of autosomal chromo-

somes are in most cases not compatible with life, with the exception of triso-

mies affecting chromosomes 13, 18 and 21 that is often screened for during 

pregnancies. Aneuploidies also affect the sex chromosomes, e.g. Kleinfelter 

syndrome in men and Turner syndrome in females resulting from the aneu-

ploidies XXY and XO respectively. These aneuploidies mentioned could be 

germline and affect all cells in the human body, but aneuploidies can also oc-

cur in a subset of cells in a mosaic fashion e.g. in cancer and neo-plastic cells.5 

The focus of the work in this thesis is mosaic loss of chromosome Y (mLOY). 

First, some well described phenotypes related to other sex chromosome alter-

ations, is briefly presented. 



 13 

Syndromes related to sex chromosome abnormalities 

Turner syndrome 

Male cells with chromosome Y loss have the same genotype (45X0) as cells 

in females with Turner. Turner genotypes can also be mosaic or contain partial 

loss but it has been suggested that some cases may incorrectly appear to not 

be mosaic as it is difficult to completely determine all the different tissues in 

the body as some could be unavailable for analysis. It has even been suggested 

that all Turner cases are mosaic e.g. 45X/46XX or 45X/46XY during embry-

onic development.6 This hypothesis is based on the fact that a PAR gene 

(PSF2RA) is crucial for the placenta and therefore the cells with more than 

one sex chromosome could rescue the formation of the placenta and simulta-

neously explain the high embryonic lethality in 45X0 conceptions.6 

 

In contrast to mLOY, Turner is not acquired in the same way during life and 

therefore also have effect during early development and adolescence. Addi-

tionally, another difference is in hormone levels, mainly due to the sex differ-

ence but also to some extent due to Turners syndrome that often affects fertil-

ity.7  

Kleinfelter syndrome 

The genotype of individuals with Kleinfelter syndrome (KS) is 47XXY and it 

should be considered a rare condition as only around 150 out of 100 000 males 

are born with KS. Infertility and azoospermia are very common and many 

severe diseases and outcomes are associated with KS e.g. increased mortality, 

autoimmune disease, skeletal disease, cardiovascular disease and metabolic 

effects like type-2 diabetes.8 

Partial Y chromosome deletions 

Most commonly the complete Y chromosome is lost but in rare cases micro-

deletions or loss of the chromosome arms can occur. Prevalence of Y chromo-

some microdeletions is estimated to be between 0.025% to 2% in the general 

male population. Events like these are described to be present in the germline 

and can affect development of genitals. This could also cause oligospermia or 

azoospermia in adults if genes important for male fertility are affected like e.g. 

the gene AZF (azoospermia factor).9  

Somatic mosaicism 

Historically, genetic studies have focused on the constitutional genome, the 

genetic variants in populations that are inherited from generation to genera-

tion. Variants arising in the germline (gonadal mosaicism) could result in an 
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offspring carrying a de novo variant (DNV) in every cell of the body. How-

ever, during the last decade more effort has been focused on non-heritable 

genetic variants, arising within individuals during lifetime.5 Mutations occur-

ring after the formation of the zygote is called post zygotic variation (PZV) 

and is acquired in a subset of the cells in the soma of a person, hence it is also 

called somatic mosaicism. Genetic variants detected in a blood or saliva sam-

ple is thought to be representative for the germline but aberrant clonal expan-

sions (ACEs) of cells with somatic variants can confound this analysis.10 

 

Increased sensitivity and throughput of methods for genetic analysis e.g. gen-

otyping arrays, sequencing and single cell technologies, makes it possible to 

study somatic variation occurring at low frequencies.5 Mosaic variants can be 

pathogenic and based on the disease mechanism be classified into obligatory 

somatic, nonobligatory somatic, second hit somatic and revertant somatic.11 

Obligatory somatic variants are dominant heterozygous and are lethal at the 

embryonic state but can be tolerated later in life and cause disease. Nonoblig-

atory somatic variants can cause dominant heterozygous disease that can be 

tolerated in the embryonic cell state and hence also occurs in the constitutional 

genome. Diseases caused by second hit somatic variants can occur on the 

functional allele of a recessive heterozygous constitutional genome. Revertant 

mosaicism can correct a pathogenic mutation and the severity of the disease 

may depend on the remaining number of cells carrying the mutation which in 

turn depends on the time point of the back mutation. Additionally, a main 

driver of cancer development is somatic mosaicism in tumor suppressor genes, 

oncogenes or DNA repair genes. The origin of such mutations have been 

linked to various exposures e.g. UV light, tobacco smoking and deficiencies 

in DNA repair.12 

Origin of genetic variation 

Genetic variation between cells in the soma of an individual or between an 

individual and its parent has different origins (Fig. 1). Hence, mutations oc-

curring in different spatio-temporal contexts will generate variation present in 

various parts of the soma. For example de novo variants typically occur in the 

germline and is present somatically in an individual but not in the parents. 

Moreover, mutations occurring after the formation of the zygote and in for-

ward lineages are referred to as post-zygotic variation (PZV). Furthermore, 

intra-individual genetic variation could stem from other sources such as chi-

meras of foreign cells that attach to the soma e.g. blood cells from a twin fetus 

was detected in 8% of the cases in the other twin.13 
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Timing of mutations (Germline, embryo, development, aging) 

Somatic variation may occur at any time after the formation of the zygote e.g. 

mLOY has been identified in prenatal fetuses14, in men aged 70 to 93 years as 

showed in paper I and in men aged 0-25, 25-35, 35-45, 45-55, 55-65 years and 

older15. Early somatic events likely result in a higher fraction of affected so-

matic cells as compared to later somatic events (Fig. 1). However, if the PZV 

occurs in a stem cell and give rise to ACEs, the variant will instantly be present 

in a large number of cells as is the case with e.g. mLOY and clonal hemato-

poiesis occurring in blood stem cells in the bone marrow. Somatic mutations 

can accumulate and cause disease e.g. cancer and a proposed mechanism is 

the two-hit hypothesis proposed in the 1970s which suggest that both alleles 

of tumor suppressor genes should be mutated for disease to manifest.16 Later 

many exceptions to the two-hit hypothesis has been added e.g. haploinsuffi-

ciency, dominant negative mutations and requirement of additional cancerous 

events.17 If a somatic variant is lethal to the cell, it will be depleted by apop-

tosis or necrosis of the affected cell. In a 115 year old female the majority of 

leukocytes originated from only two stem cells, likely as an effect of lethal 

mutations in hematopoietic stem cells during life.18 Somatic variation can also 

be lost by reverse mutations which is a spontaneous correction of a previous 

pathogenic somatic variant and has even been called “natural gene therapy”. 
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Figure 1. Illustration of somatic mutations over time in an individual, from the zygote and 
early events to postnatal state in adulthood. Early mutations (a) can affect a wide range of 
tissues while later mutations (b) are less likely to do so and may only be present in a limited 
number of tissues. Lethal mutations (c) not tolerated by the cell are depleted. Additional 
mutations may occur (d), especially in cells with genetic imbalance e.g. due to CHIP. It 
can happen that a mutation is reverted (3) back into the wild-type. Aging and cancer (f) 
are two factors that is associated with increased somatic mutations. 

Used with permission of Annual Reviews, Inc., from Mosaicism in Human Health and 
Disease, Thorpe et al., volume 54,  year of copyright 2021; permission conveyed through 
Copyright Clearance Center, Inc. 
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How common is somatic mosaicism? 

Loss of chromosome Y 

Mosaic chromosomal aberrations affecting sex chromosomes is much more 

common compared to autosomal events, possibly because sex chromosome 

aberrations can be tolerated by the cell while autosomal aberrations might 

not.19 The most common human aneuploidy in blood cells in men is the mosaic 

loss of chromosome Y (mLOY) and results in a loss of about 2% of the haploid 

genome.5 The first report of mLOY in the hematopoietic system in men was 

made already in 1963, also observing that this is an age dependent event.20 In 

1972 the prevalence of mLOY in hematopoietic stem cells in elderly men was 

further described.21 However, chromosome Y was long thought of as a genetic 

wasteland of no importance besides male sex development and theories about 

“the disappearing Y” were raised. Mosaic sex chromosome alterations being 

a neutral age-related phenomenon mostly ignored mLOY for more than 50 

years. Convincing aspects of the importance of the Y chromosome were asso-

ciation between the Y chromosome and immune/inflammation processes and 

that carriers of a certain haplogroup were susceptible to coronary artery dis-

ease.22 

 

Only in 2014 were the epidemiological consequences first grasped, as mLOY 

was linked to reduced longevity in affected males.23 Hematopoietic progenitor 

cells can lose the Y chromosome at any time during life. In single cells mLOY 

is a binary event but in blood this mosaicism ranges between 0% and 100%. 

Females can also carry the equivalent mosaic loss of a sex chromosome, loss 

of chromosome X (mLOX). However, compared to mLOY, mLOX is far less 

common and was only detected in 184 out of 244,848 (0.0076%)24 in compar-

ison to mLOY which was detected in 19% (39,809/206,353)25 in females and 

males respectively in the UK Biobank. 

 

The mechanism of how mLOY occurs is not fully understood but it has been 

speculated that it can be due to mitotic errors, DNA replication stress, micro-

nucleation, telomere instability, LINE-1 activation, deficient DNA damage re-

pair, insufficient apoptosis, increased senescence and clonal expansions.19 
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Clonal hematopoiesis 

The process of aberrant clonal expansion (ACEs) can occur in any tissue dur-

ing life. When somatic variants affect blood cell lineages to proliferate more 

cells than their peers, the process is called clonal hematopoiesis (CH). There 

are typically three different types of somatic variant found in the expanded 

clones: mLOY, mosaic chromosomal alterations (mCAs) and point mutations 

in specific genes. Such expansions of clones driven by somatic mutations 

without manifestation of hematological disease has been termed clonal hema-

topoiesis of indeterminate potential (CHIP).26 The reason behind separating 

mLOY from other mCAs is because mLOY has commonly been studied sep-

arately. The definition of CHIP is quite broad and includes all CH mutations 

in individuals that are not presenting with cytopenia or dysplastic hematopoi-

esis.27 A later definition of CHIP further stated that the mutation should occur 

in myeloid-associated genes.26 The National Cancer Institute at NIH further 

specifies the definition of CHIP as a CH detectable with a variant allele fre-

quency (VAF) of at least 2% and additionally with the requirement that the 

mutation occurs in genes affected in hematological malignancies. 

(https://www.cancer.gov/publications/dictionaries/genetics-dictionary/def/chip. 

 Accessed 2021-10-14). Even though individuals with CHIP are healthy by 

definition, they have an increased risk to develop myeloproliferative neo-

plasms, myelodysplastic syndromes, acute myeloid leukemia, all-cause mor-

tality and cardiovascular disease.26,28 Additionally, mLOY and CHIP often co-

occur in the same individual which indicates similar mechanisms behind both 

somatic variants.29 Genes coded on the Y chromosome are of importance for 

the myeloid cells and have been described in different types of cancers, 

thereby mLOY could also be viewed as a CHIP mutation.  

Factors associated with mLOY 

The mechanisms leading to mLOY are to a great extent unknown, but many 

factors influence the risk to lose the Y chromosome in leukocytes. As de-

scribed in separate sections below, the main contributing factors to mLOY are 

aging, genetic predisposition and exposure to environmental toxins e.g. smok-

ing. Risk factors can have an additive effect when combined as showed with 

the combined exposure of industrial smoke and cigarette smoking with genetic 

predisposition and high age.30 

  

https://www.cancer.gov/publications/dictionaries/genetics-dictionary/def/chip
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Aging 

Already from the first report of mLOY in the 1960s it has been clear that it 

occurs more frequently in older men compared to younger individuals. The 

prevalence of mLOY in different ages is well described a large mLOY study 

of the UK Biobank31 (Fig. 2). Furthermore, in paper I we found that in men 

with mLOY in at least 30% of their blood cells typically had an increase of 

mLOY over time but with some exceptions (Fig. 3).  

 

 

Figure 2. Cross-sectional analysis of age association to mLOY in the UK Biobank. The 
bar chart visualizes the percentage of mosaic chromosome Y loss of all male participants 
at baseline (n=205,011) between the ages of 40 and 70 years. Estimation of mLOY using 
“PAR-LOY” with a sensitivity below 10%. 

Used with permission of Springer Nature, Inc., from Genetic predisposition to mosaic 
Y chromosome loss in blood, Thompson et al., 2019, volume 575,  year of copyright 
2019; permission conveyed through Copyright Clearance Center, Inc. 
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Figure 3. Dynamics of mLOY over time in men with >30% mLOY in at least one sample. 
In panel (a) men with continuously increasing mLOY over time are plotted where every 
sample is a dot and samples from the same man are connected with lines and color-coded. 
In panel (b) men with non-progressing or miscellaneous dynamics of mLOY are visual-
ized. 

Used with permission of European Journal of Human Genetics, Longitudinal changes in 
the frequency of mosaic chromosome Y loss in peripheral blood cells of aging men varies 
profoundly between individuals, Danielsson et al., 2019, volume 28,  year of copyright 
2019; http://creativecommons.org/licenses/by/4.0/ 

Smoking 

Cigarette smoking has a causative relationship to many different types of can-

cers including lung, head, neck, liver, bladder, cervix, esophagus, colon and 

rectum.32 Carcinogens in cigarette smoke are inhaled, transported via blood 

throughout the body and binding to DNA, thereby causing DNA damage re-

sulting in different types of mutations. Additionally, smoking increase the risk 

for cardiovascular, metabolic, pulmonary and other diseases and outcomes 

that collectively predicts 40% of smokers to die prematurely.32 

 

Several studies has recently identified that smoking is a risk factor for mLOY 

and that it is dose dependent.33 This risk decreased with time after cessation, 

further strengthening the risk association between smoking and mLOY while 

indicating that mLOY can be prevented among smokers.33-36 

Germline genetic predisposition 

Since 2016 variants in genetic loci associated with increased risk for mLOY have 

been identified in genome-wide association studies (GWAS) and 221 different 

loci has been identified so far.30,31,34,36-38 These loci are in proximity to genes 

http://creativecommons.org/licenses/by/4.0/
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mainly related to cell-cycle regulation, genomic instability and cell proliferation. 

Further, genetic predisposition to mLOY is associated with cancer risk inde-

pendently of mLOY, including prostate cancer and testicular germ cell tumors in 

men and glioma, renal cell carcinoma and lung cancer in both sexes.31 Interest-

ingly, mLOY risk loci identified in two studies were found to increase the risk for 

mLOX36 and later menopause and breast cancer in females31. 

Obesity 

Obesity is an inverse risk factor for mLOY so that a lower fraction of obese 

people have mLOY compared to people of normal weight, classified by BMI. 

This also holds true for the continuous measurement of the level of mLOY in 

different BMI groups.39 However, only one study has showed this so far and 

the authors discuss that it could be an effect of smokers confounding the nor-

mal weight group and former smokers confounding the obesity group as 

smoking secession can lead to obesity. The link between obesity and leuko-

cytes could also be leptin, a hormone excreted from adipose tissue and highly 

correlated with obesity. Leptin promotes differentiation of hematopoietic stem 

cells into granulocytes.40 Another possible explanation is co-morbidity as both 

low and high BMI have highest risk for all-cause mortality.41 It is unclear if 

leptin could have other effects on leukocytes or if the negative association to 

BMI is a result of co-morbidity or due to other unknown factors. 

Environmental exposures 

Exposure to residential air pollution, specifically particulate matter up to 10 µm 

(PM10), is associated with increased frequency of mLOY.42 Additionally, expo-

sure to polycyclic aromatic hydrocarbons among coke-oven workers is dose-de-

pendently associated with increased mLOY.30,43 Also, exposure to metals like 1-

OHNa, antimony (Sb), and molybdenum (Mo) increase the risk for mLOY.43 

Physical exercise 

Although physical exercise can be part of a healthy lifestyle, excessive train-

ing could be harmful and may result in chronic inflammation.44 In a large study 

(n=25,121) individuals conducting 6 or more weekly sessions of physical ac-

tivities, had increased risk for mLOY compared to groups with lower level of 

physical activity.45 However, this effect could only be seen in men aged 60 

years and older which could indicate age specific risks of excessive physical 

exercise. It is well described that neutrophils, monocytes and NK cells alter 

their abundance in blood after exercise46 and it is possible that mLOY in those 

cell types could make mLOY detectable in blood. It could also be synergic 

effects from chronic inflammation from the excessive training together with 

increasing age. 
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Diseases and outcomes associated with mLOY 

Associations have been identified between mLOY in leukocytes and different 

diseases and outcomes. As described in detail under separate headings below, 

autoimmune disorders were the first diseases linked to mLOY already in 

2012-2013. When association between mLOY and all-cause mortality and 

cancer was identified in 2014, big efforts were made to identify additional 

linked phenotypes. Diseases associated with mLOY include Alzheimer’s dis-

ease, prostate cancer, bladder cancer, colorectal cancer, testicular germ cell 

tumors, myelodysplastic syndrome, cardiovascular disease, diabetes and age-

related macular degeneration. Collectively, this contributes to increased all-

cause mortality in men affected with mLOY (Fig. 4). 

All-cause mortality 

The risk for mortality of any cause is increased in men compared to women. 

A part of this sex-bias could be explained by mLOY (Fig. 4).23,39 Furthermore, 

this effect has been observed also in other species, that the heterogametic gen-

der (e.g. XY in mammal males and ZW in bird and reptile females) in general 

also has a shorter longevity in comparison to the homogametic gender.47 Many 

theories for the sex difference in longevity have been proposed e.g. increased 

risk taking behavior in men compared to females, “the toxic Y” (harmful 

Figure 4. The effect of mLOY on all-cause mortality in an ageing cohort. Individuals that 
had or developed mLOY (≥35% in whole blood) are represented by the red line in the 
Kapler-Meier plot while the remaining individuals are represented by the black line. 

Used with permission of Springer Nature, Inc., from Mosaic loss of chromosome Y 
in peripheral blood is associated with shorter survival and higher risk of cancer, 
Forsberg et al., 2014, volume 46,  year of copyright 2014; permission conveyed 
through Copyright Clearance Center, Inc. 
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transposable elements on chromosome Y may cause genomic damage)48 and 

“mothers curse” (mitochondrial variants tolerated by females but not males)49. 

Even when considering increased risk behavior, toxic Y and mothers curse for 

increased risk for all-cause mortality in men, there is still a difference between 

male and female longevity and mLOY is likely contributing to this ef-

fect.23,31,39 

Hematological and non-hematological cancer 

Cancer is a group of diseases that can occur in many different tissues and or-

gans in the human body. It is characterized by aberrant clonal expansions as 

control of cell division is impaired and these cells metastases into other tis-

sues. There are different risk factors for cancer and some of these can be 

avoided such as exposure to carcinogenic toxins like cigarette smoke, alcohol 

and arsenic. However, some factors like genetic predisposition and viral in-

fections also increase the risk for cancer and are harder or impossible to avoid. 

 

Cancer cells often lose the Y chromosome eventually as a consequence of ge-

nome instability as can be appreciated by frequent mLOY in cancer derived 

cell lines. However, in 2014 it was showed that cancer free individuals with 

mLOY had an increased risk for non-hematological cancer mortality com-

pared to cancer free individuals without mLOY23. Further studies validated 

this association and linked mLOY to many different types of cancer related 

syndromes and cancers, i.e. myelodysplastic syndromes50,51, myeloid neo-

plasia51, bladder cancer34, colorectal cancer52,53, prostate cancer34,52-54 and tes-

ticular germ cell tumors.55 

 

Additionally, in non-small cell lung cancer cell lines expression of long non-

coding RNAs (linc-SPRY3-2, linc-SPRY3-3, and linc-SPRY3-4) located on 

the Y chromosome determines radiation sensitivity. The lncRNAs are sug-

gested to act as competing endogeneous RNAs for IGF2BP3 that is important 

for an apoptotic response through c-MYC and HMGA2 and could help to ex-

plain the observed increased cancer mortality among men.56 

Alzheimer disease 

Alzheimer’s disease (AD) accounts for about 60% to 70% of all cases of de-

mentia worldwide. Prevalence increases with age as about 10% of all people 

are estimated to have AD at the age of 65 years and while 32% are estimated 

to be affected above the age of 85 years. Many gene variants predispose AD 

and the largest risk factor is the APOE4 allele.57 The pathophysiology involves 

accumulation of amyloid- plaques and aggregation of tau in the brain. How-

ever, the isoform APOE4 is suggested to cause blood-brain barrier dysfunction 
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and cause cognitive decline independent of Amyloid- and tau.58 Amyloid- 

is a danger-associated molecular pattern that activates the innate immune sys-

tem in AD by binding to toll-like receptors.59 

 

No association between APOE genotypes and mLOY in men with AD has 

been found though.60 Neuroinflammation plays an important part in the pa-

thology, primarily microglia within the innate immune system in the brain.61 

It has been suggested that microglial dysfunction is driven by a pathway in-

volving the gene APOE.62 Interestingly, a recent pre-print identified mLOY in 

AD patients using single cell mRNA-seq performed in brain tissue, specifi-

cally elevated in microglia while neuronal cells appeared less affected.63 

 

There is no cure for AD and the disease progression cannot be halted effi-

ciently with treatment. Diagnosis of AD includes cognitive tests, history of 

cognitive worsening and exclusion of other causes. Additionally, brain scans 

using PET (positron emission tomography) can show accumulation of amy-

loid beta and tau over time but also detect early signs of AD by analysis of 

glucose metabolism.64  

 

In 2016 mLOY in blood was showed to be associated with Alzheimer’s dis-

ease.60 Brain tissue with mLOY is also associated with Alzheimer’s disease as 

showed both by RNA65 and DNA66 analysis. Furthermore, our work in Paper 

II show strongest association between mLOY in NK cells and AD in an anal-

ysis from six different types of FACS isolated leukocytes (B cells, CD4+ T 

cells, CD8+ T cells, NK cells, granulocytes and monocytes). There has been 

a hypothesis for a long time that infections by virus and bacteria could cause 

AD, but it did not receive much attention until recently.67 The findings in Pa-

per III adds to this hypothesis and further raises the question if immune im-

paired LOY cells, possibly NK cells, could contribute to the pathogenesis of 

AD.57 It has been proposed that NK cells contribute to neuroinflammation 

from studies of NK cells in AD mouse models.68 It is poorly understood how 

immune impairment can affect AD pathology, but it has been speculated that 

the immune system affected by LOY could fail to clear infections before mi-

crobes reach the brain, causing Amyloid- secretion in the brain which lead 

to chronic neuroinflammation and finally AD.57 
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Diabetes 

Diabetes is a group of metabolic diseases (type 1, type 2 and gestational dia-

betes) characterized by high levels of blood sugar. It can be caused by auto-

immunity (type 1 diabetes) or by effects during pregnancy (gestational diabe-

tes) but can also develop during life (type 2 diabetes). Type 2 diabetes has 

been linked to obesity, unhealthy diet, lack of physical exercise and genetic 

predisposition.69 Inflammation has been suggested to have a key role in both 

type 1 and type 2 diabetes.70 

 

In a study from the UK Biobank cohort (n= 223 338), mLOY was associated 

with self-reported prior diagnosis of diabetes39. Most of the self-reported cases 

were likely type 2 diabetes as less than 2% of cases were diagnosed prior to 

the age of 44 years and the study did not include women why gestational dia-

betes would not be applicable. 

CVD 

Disease affecting the heart or blood vessels is collectively called CVD and is 

divided into four main types: coronary heart disease, strokes and transient is-

chemic attack, peripheral arterial disease and lastly aortic disease. Risk factors 

for CVD include high blood pressure, smoking, high cholesterol, diabetes, 

physical inactivity, overweight and obesity, family history of CVD, ethnic 

background, age, unhealthy diet, excessive alcohol consumption and male 

gender.71 Additionally, inflammation is an important factor both prior and dur-

ing cardiovascular disease.72 

 

A possible explanation to the increased overall CVD risk in males could be 

provided by mLOY. Among men that underwent carotid endarterectomy 

(n=366) individuals with mLOY had higher risk for secondary major cardio-

vascular events73. Additionally, in a large cohort (UK Biobank, n=223,338) 

there was an association between mLOY and self-reported heart attack or 

stroke diagnosis at study entry39. 

 

An MSY-coded long non-coding RNA (lnc-KDM5D-4) has been linked to 

atherosclerosis and under-expression results in lipid formation in human he-

patoma cell lines.74 Additionally, association between cardiovascular disease 

and overexpression of the protein KDM5D coded on MSY has been identified 

using three different atherosclerotic mouse model with consistent results.75  
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Autoimmune disorders 

So far two autoimmune conditions have been associated with mLOY: autoim-

mune thyroiditis (AIT)76 and primary biliary cholangitis (PBC)77. AIT is char-

acterized by immune mediated destruction of the thyroid and cause hypothy-

roidism. PBC is a chronic autoimmune destruction of bile ducts in the liver 

that eventually can lead up to cirrhosis. Interestingly, mLOX is also associated 

to autoimmune thyroid disease and systemic sclerosis78. Germline monosomic 

X females (Turner’s syndrome) also show increased prevalence of autoim-

mune disorders including thyroid immunity, coeliac disease, type 1 diabetes, 

inflammatory bowel disease, alopecia areata and vitiligo79. This indicate that 

genes shared between chromosome X and Y could be important for normal 

immune function. 

Age-related macular degeneration 

One of the most common reasons to blindness is age-related macular degen-

eration (AMD) and affects more than 50 million people world-wide from the 

age of 50 years and older. Pathological characteristics of the disease include 

activation of microglia in response to formation of deposits close to the retina 

containing Amyloid-, cellular debris and lipids.80 Similarities in the pathol-

ogy between AMD and Alzheimer’s disease could link both diseases together, 

but no significant association could be found.81 Similarities between these two 

different diseases were thought to be due to the fact that both the brain and the 

eye are developed from the same organ. However, in 2019 a meta-analysis 

consisting of 7,876,499 study subjects finally identified a statistically signifi-

cant association between AD and AMD.82  

 

A study of individuals with AMD (n=5772) showed a higher level of mLOY 

in blood compared to a control group (n=6732)35 and a follow-up study 

showed that there was a tendency for developing mLOY in a younger age 

among the AMD patients83. Despite the fact that AMD is a disease of the el-

derly, the association persisted even after compensating for age and other pre-

viously known possible confounders.35 
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Functional consequences of mLOY and the importance 
of chromosome Y in leukocytes 

Although mLOY most often is studied in peripheral blood, other tissues have 

also been explored (e.g. saliva, buccal cells, brain tissue etc.). It has been ob-

served that mLOY in different tissues has different effect which could be due 

to cell type specific effects from mLOY as showed in paper II with almost 500 

dysregulated genes. This could be due to that the Y chromosome is not only 

coding for genes important for sex determination and fertility but also contains 

genes important for the immune system, cell dynamics and epigenetics. 

LOY in different tissues 

Mosaic loss of chromosome Y could occur in any cell or tissue in the human 

body. Commonly peripheral blood and to some extent buccal swabs have been 

used for DNA analysis in epidemiological studies (Fig. 5). This material is 

easily obtained while minimizing discomfort for the patient which makes it a 

suitable tissue for sampling. Different types of leukocytes in peripheral blood 

has been studied, as shown in paper II using scRNA-seq and bulk RNA-seq 

of FACS isolated cell populations. In specialized cohorts, saliva45, bone mar-

row51, atherosclerotic plaques84 and brain tissue66,85 has also been analyzed. 

 

The strength of phenotypic association varies according to which cell types or 

tissues that are affected by mLOY. Leukocytes in peripheral blood have been 

linked to many different phenotypes but blood cells represent many different 

types of leukocytes with vastly different physiological functions. As presented 

in paper II, association between mLOY and prostate cancer is strongest for 

CD4+ T cells and granulocytes, while association between mLOY and AD is 

strongest for NK cells. Furthermore, whole blood and post mortem samples 

from different regions in the brain have different levels of mLOY, and expres-

sion analysis of brain tissue shows mLOY-associated dysregulation of APOE4 

in dorsolateral prefrontal cortex but not in cerebellum.66 This could be due to 

mLOY originating from different tissues, i.e. neurons, infiltrating leukocytes 

or microglia. 
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Figure 5. Comparison between mLOY estimation in different tissues. Analysis of DNA 
extracted from blood (red dots) or buccal (blue dots or triangles in cases where blood and 
buccal overlaps) in 121 aging men. Y-axis indicates mLRRY (median Log R ratio for 
MSY) where the solid black line at 0 indicates normal karyotype (46XY) and a negative 
value indicates increasing mLOY. Horizontal lines indicates different levels of cutoff i.e. 
dotted black line, solid green line and solid purple line at mLRRY-thresholds of -0.0522, 
-0.15 and -0.4 respectively. Table shows summary statistics using the mentioned cutoffs.  

Used with permission of Nature Genetics, Mosaic loss of chromosome Y in leukocytes 
matters. Forsberg et al. 2019. 

 

Clonal expansion of peripheral leukocytes originates from hematopoietic stem 

cells residing in the bone marrow, therefore stem cells in the bone marrow 

have been analyzed for the presence of mLOY. In cancer free patients, mLOY 

exceeding 75% of bone marrow cells is associated with increased risk for my-

eloid neoplasm and myelodysplastic syndrome.51  
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Origin and structure of the Y chromosome 

The Y chromosome is about 57 Mbp in size and it contains 65 protein coding 

genes, 19 in PAR and the 46 in MSY according to ensemble v104 (released 

2021-05-05). Genes in the PAR regions recombine with the X chromosome, 

and in females these genes typically escape X-inactivation. Genes in MSY 

however are specific to the Y chromosome and do not recombine with other 

chromosomes in the genome and was therefore called the “non-recombining 

region of the Y chromosome” for some time. Regions that do not recombine 

tend to degenerate and disappear and therefore theories for the degrading hu-

man Y was raised. However, a study identified a different type of recombina-

tion on the equivalent to the Y chromosome in Drosophila melanogaster86 and 

later also in ape87 involving copy number gain of genes in ampliconic regions 

resulting in intra-chromosomal crossing-over within MSY. This could finally 

put the theory of a degrading Y to rest and also explain why the Y chromo-

some is very different from the other chromosomes in terms of repetitive se-

quence. The ampliconic regions on the Y chromosome contain some protein 

coding genes, all of them specifically expressed in testis and likely important 

for male development and fertility.88  

 

Additionally there are MSY genes originating from relatively recent chromo-

some X transposition, having very high sequence similarity to X-linked hom-

ologues (about 99%). Finally there are also MSY genes originating from the 

degenerated X chromosome (ancient events). These genes have lower se-

quence similarity to their paralogous copy (about 60% to 96%).88 

Function of Y-linked genes 

Many chromosome Y genes are ubiquitously expressed across many different 

human tissues and not only in the testis. The knowledge of the ampliconic 

MSY genes may be limited due to multi-mapping issues unless correctly han-

dled.89 In Paper II we find expression of 7 MSY genes and 13 PAR genes in 

human leucocytes in RNA-seq experiments. Besides “sex determination and 

fertility”, chromosome Y genes also have “housekeeping” functions involving 

transcription, translation and post-translational modifications. Additionally 

there are Y-genes coding for proteins important for immune functions, differ-

entiation, migration, proliferation and apoptosis (Fig. 6). Besides genes coded 

on the Y chromosome, 489 dysregulated autosomal genes in LOY cells 

(LATE) have been identified in paper II and could be epigenetically Y-linked. 

These LATE-genes were enriched in many different functional categories but 
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a majority were in RNA-processing, immune functions and processes for viral 

survival.  

Figure 6. Annotation of 64 protein coding genes into functional categories. Genes coded 
on the pseudoautosomal regions (PAR, n=19) are underlined while genes coded on the 
male specific chromosome Y (MSY, n=45) are not. Gene names colored in red were found 
to be expressed in PBMCs in aging men. 

Used with permission of Cellular and Molecular Life Sciences, Immune cells lacking Y 
chromosome show dysregulation of autosomal gene expression, Dumanski et al., 2021, 
volume 78,  year of copyright 2021; http://creativecommons.org/licenses/by/4.0/ 

  

http://creativecommons.org/licenses/by/4.0/
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Extreme downregulation of chromosome Y 

The obvious functional consequence of mLOY is absence of expression from 

genes located on MSY and this can be described as extreme downregulation 

of chromosome Y (EDY). In paper II the expression of MSY genes was highly 

correlated with the amount of chromosome Y in the sample and a similar ef-

fect could be seen to a smaller extent for PAR genes (Fig. 7). Agreement be-

tween EDY and mLOY in 12 studies of different types of cancer was in the 

range of 74% to 96% but even after adjusting for mLOY, EDY remained in-

dependently associated with cancer.90 However, in another study EDY in 

blood co-occurred with mLOY in one subject but occurred independently of 

mLOY in 3 subjects.65 In summary, mLOY can be estimated from RNA ex-

pression of MSY genes but the surprising finding of EDY in samples with no 

mLOY opens new questions. It is possible that variable frequencies of differ-

ent leukocytes in the heterogeneous tissue analyzed (whole blood) contributed 

to the three observations where EDY and mLOY was not consistent as MSY 

expression differs between cell types as seen in figure 7a. 

Figure 7. Linear regression analysis of RNA expression correlated to LOY in monocytes, 
NK cells and granulocytes. In panel (a) RNA expression of MSY genes is correlated to 
LOY estimated from genotyping arrays. In panel (b) RNA expression of PAR genes is 
correlated to LOY estimated from genotyping arrays.  

Used with permission of Cellular and Molecular Life Sciences, Immune cells lacking Y 
chromosome show dysregulation of autosomal gene expression, Dumanski et al., 2021, 
volume 78,  year of copyright 2021; http://creativecommons.org/licenses/by/4.0/ 

  

http://creativecommons.org/licenses/by/4.0/
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Aims 

This thesis has three aims. First aim is to develop the methodology for mLOY 

detection and thereby also explore among DNA, RNA or proteins as targets 

for mLOY detection. The second aim is to develop a method for identifying 

cell type in the single cell level. The third aim is to combine both above aims 

to co-detect mLOY and cell identity in a clinically applicable way. 

 

First of all, suitable detection methods capable of estimating mLOY needs to 

be identified. Appropriate methods should match the emerging requirements 

in regards to sensitivity and throughput as the knowledge in the mLOY-field 

increases. Although the mLOY detection tool could be used for research it 

should also be possible to implement in a clinical context, hence prioritizing 

platforms routinely used in the clinic. 

 

Given the problem to measure something that is missing, this thesis aims to 

identify new targets that could indicate mLOY. Detecting dysregulated gene 

expression (RNA or Protein) in LOY cells could either be a method to estimate 

mLOY or enhance the specificity in detecting mLOY together with other 

methods. 

 

Furthermore the cell type affected with mLOY could determine clinical con-

sequences and therefore cell type specific markers will be detected. This could 

be done by affinity based immunofluorescence in flow cytometry or by se-

quencing of cell type specific transcripts in single cell RNA sequencing as-

says. 

 

A goal of the work in this thesis aims to combine mLOY detection and cell 

type identification in a clinically applicable method. This method should ben-

efit from single cell methodology given the high specificity, high throughput 

and the possibilities for high sensitivity. This could be done by either flow 

cytometry or single cell sequencing targeting either DNA, RNA or protein 

alone or in combinations. 
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Methodology to measure loss of chromosome 
Y – the problem of detecting something 
missing 

Detecting something rare comes with big challenges but detecting something 

that is missing, like the mLOY, is perhaps even harder. First of all, the missing 

analyte cannot be detected but absence of signal from the specific analyte 

could be interpreted as a LOY signal. Secondly, absence of detection could 

also be a result from a false negative signal due to technical errors which can 

be circumvented by simultaneous detection of relevant reference analytes. 

These factors requires sensitive and high throughput methods in order to esti-

mate mLOY with high precision. 

 

Using DNA as the analyte for analysis of mLOY, any method capable of quan-

tifying an aneuploidy could potentially be used. Technologies used in pub-

lished mLOY studies include cytogenetics, qPCR, genotyping SNP arrays, 

whole genome sequencing, whole exome sequencing and droplet digital PCR 

(ddPCR) targeting regions on the Y chromosome and reference regions else-

where in the genome. 

 

Indications of mLOY can also be estimated from the expression of genes in 

the male specific part of chromosome Y (MSY). Therefore, transcriptome 

analysis using single cell RNA sequencing (scRNA-seq) or bulk RNA se-

quencing can and have also been used in mLOY studies. Additionally, the 

transcriptome offers possibilities to understand how LOY-cells differ to nor-

mal cells (cells with the Y chromosome) in regards to autosomal expression. 

Such analysis needs to be performed within different types of leukocytes be-

cause the cell type is a stronger signal compared to differential gene expres-

sion. In single cells, the cell type can be identified by the expression of cell 

type markers. In bulk however, prior isolation of different cell types is re-

quired which can be facilitated by affinity columns or fluorescently activated 

cell sorting (FACS). All methods mentioned here face the same challenge of 

measuring something that is missing, the Y chromosome. This is a binary 

event for each cell which means that identifying any transcript mapping to 

MSY genes in a scRNA-seq experiment implies no loss. However, in bulk 

samples mLOY is a continuous estimate and mLOY estimated on the RNA 
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level considers the difference of expression of MSY genes against the autoso-

mal genes.  

 

In summary the methodology for estimating mLOY today as demonstrated in 

paper I (bulk analysis by genotyping arrays, whole genome sequencing and 

ddPCR) and in paper II and III (single cell mRNA-sequencing) all face the 

same challenge of detecting a missing analyte. A future perspective of mLOY 

detection is targeting of cell surface proteins indicative of LOY-status while 

co-detecting cell type markers in high throughput as described in section 

“Flow cytometry”. 

Bulk methods 

Genotyping arrays 

Millions of DNA samples have been genotyped using SNP arrays and the 

method is based on adding DNA to a chip with immobilized probes for a panel 

of genotypes. Fluorescence is emitted and detected if DNA fragments match-

ing the probes bind and the SNP is given from the position on the chip. The 

data is log-scaled and normalized against a control sample (Log R Ratio, LRR) 

and probes with the same intensity as the control have the value zero. Higher 

fluorescent intensity than the control results in a higher LRR and a lower in-

tensity results in a LRR less than zero, indicating SNVs for each probe. 

 

Thus, single nucleotide variations (SNVs), as well as copy number variations 

(CNVs) and aneuploidies can be estimated by genotyping arrays. Regions with 

CNVs can be identified by visualizing the LRRs against the chromosome posi-

tions. Aneuploidies can be estimated by the median of the LRRs of a position 

of interest in the genome divided with the median of the LRRs of the rest of the 

genome or a representative reference chromosome. To estimate mLOY from 

genotyping arrays, the median of the LRRs from the male specific region of 

chromosome Y (mLRRY) is calculated. In order to distinguish background 

noise from mLOY, a mirrored 99% confidence interval of the positive tail from 

the distribution of mLRRY around 0 is used and is equivalent to about 10% 

mLOY.23 For increased interpretability and easier visualization a formula was 

developed in Paper I by which mLRRY can be transformed into percentage of 

cells with LOY: LOY(%)=100*(1-22*mLRRY), figure 8. 
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Figure 8. Estimation of mLOY using genotyping array in men aged 70 to 93 years. Every 
sample is a red dot and samples corresponding to the same individual are interconnected 
with grey lines. The x-axis show the age of the participants for when the blood sample was 
collected and the y-axis in panel (a) shows the median Log R ratio of MSY (mLRRY) 
while in panel (b) it shows the percentage of mLOY. 

Used with permission of European Journal of Human Genetics, Longitudinal changes in 
the frequency of mosaic chromosome Y loss in peripheral blood cells of aging men varies 
profoundly between individuals, Danielsson et al., 2020, volume 28,  year of copyright 
2020; http://creativecommons.org/licenses/by/4.0/ 

Next generation sequencing 

Ever since massive parallel DNA sequencing emerged, human genomes and 

exomes have been widely sequenced. Sequencing technologies available to-

day could be divided into two categories: short-read and long-read sequenc-

ing. Short-read sequencing is the most cost effective sequencing dominated 

by the company Illumina where the price for sequencing a human genome 

with an error rate less than 1% is about 700 USD (www.genome.gov/se-

quencingcostsdata accessed 2021-03-24). Detection of SNVs is a common ap-

plication and for variants present in low frequencies targeted approaches can 

be used for obtaining sufficient sequencing depth. Additionally, small inser-

tions and deletions can be identified but larger structural variations such as 

translocations are often left undetected. Long-read sequencing on the other 

hand is currently more expensive compared to short-read but can show struc-

tural variations, CNVs as well as SNVs. Additionally, it is possible to obtain 

haplotype information by phasing and analyze expressed isoforms in cDNA 

preparations. There are currently two companies that dominate the long-read 

sequencing market: Oxford Nanopore Technologies (ONT) and Pacific Bio-

sciences (PacBio). ONT detects the disruption of a current while DNA or 

http://creativecommons.org/licenses/by/4.0/
http://www.genome.gov/sequencingcostsdata
http://www.genome.gov/sequencingcostsdata
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RNA is passed through a nanopore and has a reported raw base accuracy of 

98.3% (nanoporetech.com/accuracy, accessed 2021-10-04). PacBio however, 

detects the emission from fluorescence labeled nucleotides upon being incor-

porated into a single stranded DNA template by an immobilized polymerase. 

The reported raw read accuracy is 85-89%91 but the template can be read sev-

eral times by the polymerase and reach beyond 99.9% accuracy over the single 

molecule (pacb.com/smrt-science/smrt-sequencing/ Accessed 2021-10-04). 

 

The most commonly used sequencing technology is the short-read Illumina se-

quencing and it is based on a method called sequencing by synthesis first de-

scribed in 200892. Preparing DNA for sequencing into a sequencing library 

requires adding adapters (primer sequences with sample barcodes) to 5’ and 3’ 

ends. Sequencing takes place in a flowcell where the sequencing library is first 

hybridized to immobilized single stranded DNA oligos complementary to the 

adapter sequence. All hybridized DNA will generate clusters with identical DNA 

sequence through a process called bridge PCR. Finally the sequencing reaction is 

based on a modified polymerase that incorporates a fluorescently labeled 

nucleotide, one at a time. Formation of clusters with identical DNA sequences 

account for signal amplification that enable detection with a camera. This is why 

the sequencing chemistry is called sequencing-by-synthesis and sometimes with 

the addition “by reversible termination”. 

 

Estimating mLOY from genome or exome data is facilitated by a read-depth 

analysis93 and results in a mLOY ratio that easily translates to percentage of 

cells with the aneuploidy. The possibility to detect mLOY by WGS is compa-

rable to genotyping arrays and droplet digital PCR (Fig. 9). 

Droplet digital PCR 

Droplet digital PCR is a method for absolute quantification by compartmental-

izing diluted DNA fragments into thousands of droplets containing a PCR mix 

so that only a fraction of the droplets will have the required template for am-

plification. The end point PCR reaction can be detected by fluorescence either 

by quantifying the whole DNA content in each droplet or using two different 

TaqMan probes to determine the presence of a variant and a control in a DNA 

sample. This is used for identifying SNVs but is also for estimating CNVs.  
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Figure 9. Comparison of mLOY estimation between WGS and ddPCR performed on the 
same DNA samples. Taqman-assay used in the ddPCR was AMELY and AMELX located 
on the Y and X chromosome respectively. 

Used with permission of European Journal of Human Genetics, Longitudinal changes in 
the frequency of mosaic chromosome Y loss in peripheral blood cells of aging men varies 
profoundly between individuals, Danielsson et al., 2020, volume 28,  year of copyright 
2020; http://creativecommons.org/licenses/by/4.0/ 

For estimation of mLOY it is possible to target a region on the male specific 

chromosome Y while also targeting a reference gene on an autosomal chro-

mosome. However, it is advantageous to target a gene with high sequence 

similarity present on both chromosome X and Y to avoid any amplification 

bias in the PCR. Using ddPCR in this setting is comparable with WGS for 

mLOY detection (Fig. 9). The paralogous genes AMELX and AMELY have a 

6 base pair indel in a region that is routinely used for sex determination (Fig. 

10).94 Thanks to the sequence similarity and the indel, identical primers for 

amplifying can be used while different TaqMan probes for detection can be 

employed. The ratio between droplets positive for AMELY and AMELX is cal-

culated with consideration to poisson distribution and is easily translatable to 

percentage of cells with mLOY (Fig. 11). In some populations a rare dele-

tion95,96 makes AMELY undetectable but this deletion was not found in the 

large cohort 1000 genomes project97. The rare deletion is in the germline, af-

fecting all cells in the body and it would simply require a validation of samples 

with the unusual 100% mLOY.98  

http://creativecommons.org/licenses/by/4.0/
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Figure 10. Detection of AMELX (orange X) and AMELY (blue Y) in a TaqMan assay for 
mLOY estimation in ddPCR. In (a) the 6 bp indel is visible when aligning the region 
AMELX to AMELY. Identical primers are used for amplifying both regions (b) but different 
TaqMan probes are used with different specificity and fluorophores, VIC and FAM for 
AMELX and AMELY respectively. The TaqMan probe is cleaved (c) leaving the quencher 
and fluorophore no longer in proximity to each other, allowing fluorescent readout. 

Used with permission of European Journal of Human Genetics, Longitudinal changes in 
the frequency of mosaic chromosome Y loss in peripheral blood cells of aging men varies 
profoundly between individuals, Danielsson et al., 2019, volume 28,  year of copyright 
2019; http://creativecommons.org/licenses/by/4.0/ 

  

http://creativecommons.org/licenses/by/4.0/
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Figure 11. Illustration of mLOY estimation using the AMELX and AMELY ddPCR assay. 
A DNA sample is compartmentalized into small droplets here illustrated in a tube with lid 
(a). Each droplet will pass through a detector after the droplet PCR, measuring the fluo-
rescence. Final data is visualized during QC in a plot with FAM (blue) on the Y-axis 
(green) and VIC on the X-axis, for AMELY and AMELX respectively (b). The droplet 
positive for both assays is visualized in red. 

Used with permission of European Journal of Human Genetics, Longitudinal 
changes in the frequency of mosaic chromosome Y loss in peripheral blood cells of 
aging men varies profoundly between individuals, Danielsson et al., 2019, volume 
28,  year of copyright 2019; http://creativecommons.org/licenses/by/4.0/ 

Single cell methods 

Single cell mRNA sequencing 

Single cell mRNA sequencing is a relatively new method as the first publica-

tion using this method came out in 200999. The earlier methods rely on single 

cell isolation by different methods like e.g. FACS, for barcoding single cells 

in individual wells. In 2015 a study showed how cell isolation could be per-

formed in nanoliter droplets while performing barcoded transcriptome library 

preps inside of these. This was of great importance for scaling up the through-

put from single cells in 96- or 384-well plates to tens of thousands of single 

cells in droplets. However, cells are required to be kept viable and should not 

be delayed while preparing for library prep as mRNA expression profiles 

could be altered. Therefore it is of great importance that the technology for 

library prep is at the same location as the biological material that will be ana-

lyzed. This technology was commercialized and released in 2016 by the com-

pany 10X Genomics, making high throughput single cell transcriptomics 

broadly available. 

 

The commercialized single cell mRNA sequencing method is called “Chro-

mium” and is basically a small microfluidic chip in a benchtop machine and 

specialized reagents. In the microfluidic chip, single cells are co-encapsulated 

with gel beads coated with barcoded DNA oligonucleotides in a reverse tran-

http://creativecommons.org/licenses/by/4.0/
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scriptase solution. Cells are lysed and gel beads are dissolved inside the drop-

lets as the cDNA process begins. After the in-droplet cDNA synthesis, drop-

lets are dissolved and barcoded cDNA is PCR amplified in bulk. 

 

Innovations have been added to the Chromium over time and in 2017 a study 

demonstrated how cell surface proteins could be co-detected in a single cell 

mRNA-seq library prep in the 10X chromium in an assay they call cellular 

indexing of transcriptomes and epitopes by sequencing (CITE-seq)100. Mono-

clonal antibodies are conjugated to barcoded DNA oligos in order to detect 

proteins. The DNA-tags on the antibodies will be amplified together with the 

mRNA in the cDNA and PCR reactions. Library prep corresponding to mRNA 

and protein is separated by size selection in SPRI-cleanup as the protein li-

brary amplicon length is smaller than the amplicons in the mRNA library. 

Prior to sequencing, both libraries are pooled together in a ratio to allow opti-

mal sequencing depth of both the antibody-tags and the transcriptome. 

Single cell DNA sequencing 

Sequencing DNA from single cells (scDNA-seq) most commonly starts with 

whole genome amplification by multiple displacement amplification. How-

ever, sequencing whole genomes from single cells would limit the throughput 

and would not be cost-effective. Therefore, in high throughput scDNA-seq 

projects, sequencing needs to be targeted. The advantages of scDNA-seq in-

cludes the possibility to identify somatic variants that would remain unde-

tected in WGS as well as determining which somatic variants that co-occur in 

single cells. 

 

In 2017 the company “Mission Bio” launched the platform “Tapestri” for tar-

geted sequencing in single cells. In 2019 the company launched multi-omics 

capabilities with Tapestri as cell surface proteins could be detected simultane-

ously with the DNA panel in single cells. This technology is advantageous in 

the research of phenotypic consequences of heterogeneous cells e.g. various 

types of hematological diseases and cancers.101 However, the technology can 

also be used for estimating mLOY in single cells while determining the cell 

type by cell surface markers and also identifying phenotypic consequences 

with additional protein targets. Limitations in the size of the DNA panel limits 

the possibility for screening of variants and instead requires a hypothesis 

driven approach in contrast to sc-mRNA-seq. 
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Flow cytometry 

Fluorescence based flow cytometry dates back to a patent in 1968 and many 

technical improvements have been made since then. The method is based on 

quantification of fluorescent and optical properties through exposure to lasers 

and collecting data with detectors. The analyte in the system is often cells 

prepared with fluorescently labeled probes. Commonly these probes are fluo-

rescently modified antibodies targeting cell surface proteins but it can also be 

labeled oligonucleotides or fluorescent proteins expressed by the cell itself. 

Scattering of light caused by structures of cells is also detected and is used for 

estimation of cell size and structure. Lasers of different wavelength can be 

used simultaneously and hence excite different fluorophores, allowing multi-

plexed high throughput single cell readout of phenotypic indicators.  

 

A flow cytometry method for simultaneous detection of RNA and protein was 

published in 2016102 with the detailed protocol published later in 2019103. Tar-

geting mRNA indicative of mLOY while detecting cell type specific mem-

brane proteins could potentially be a clinically applicable mLOY diagnostic 

assay. A drawback of this method is the requirement for cell fixation, time 

consuming protocol and targeting of mRNA that is often a less robust analyte 

as compared to protein. Therefore, targeting cell surface proteins indicative of 

LOY could be used for mLOY analysis in a classic flow cytometric assay with 

fluorescently labeled antibodies. This additionally allows for co-detection of 

cell type by including probes for cell type markers. Flow cytometry is already 

implemented in hospitals and multicolor equipment is often available. There-

fore it is crucial to identify cell surface proteins with different expression in 

LOY cells as compared to normal cells. This task was a goal of my thesis 

project and proof-of-concept was established for one cell surface protein 

coded by the CD99 gene located in PAR on chromosomes X and Y as demon-

strated in paper III. 
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Results and discussion 

Paper I 

Title 

Longitudinal changes in the frequency of mosaic chromosome Y loss in pe-

ripheral blood cells of aging men varies profoundly between individuals 

Summary 

This was the first larger study where mLOY was analyzed over time in the 

same person, revealing inter-individual differences of mLOY dynamics in 

blood samples from 276 old men. Three different types of mLOY dynamic 

was identified i.e. progressors, non-progressors and individuals with no or 

very little mLOY. About 30% were progressors and had increasing mLOY 

while aging. In a few men (non-progressors), more complex mLOY patterns 

were observed i.e. mLOY increase followed by decrease and vice versa. The 

other individuals (no mLOY) did not have mLOY exceeding 30% in any of 

the blood samples collected over time. 

 

This was the first study to use ddPCR targeting AMELY and AMELX, located 

on chromosome Y and X respectively, for estimating mLOY. High agreement 

between ddPCR and WGS (R2=0.998, n=26) and ddPCR and SNP-array 

(R2=0.959, n=121) was observed. However, this was based on transformed 

SNP-array data expressed as percentage, rather than mLRRY according the 

formula mLOY(%) = 100*(1−22*mLRRY) here presented for the first time. With-

out the transformation, correlation between pairwise analyzed samples using 

ddPCR and SNP-array was much lower (R2=0.849). A similar study also pre-

sented a formula to transform mLRRY to percentage of mLOY but we showed 

how that method is inaccurate for samples with high level of mLOY which 

was further discussed in a reply to correspondence104. Thanks to the high level 

of mLOY present in the unique cohort here studied (Uppsala Longitudinal 

Study of Aging Men, ULSAM), our formula was accurate over the whole span 

from 0-100% mLOY. Hence, this work provides a new way for presenting 

mLOY estimates (i.e. percentages of cells with mLOY) from genotyping array 

data that is more comprehensible and comparable to readouts from other meth-

ods.  
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Paper II 

Title 

Immune cells lacking Y chromosome show dysregulation of autosomal gene 

expression 

Summary 

This was the first study to show mLOY associated transcriptional effects 

(LATE) on genes coded on autosomal chromosomes (n=489), PAR (n=10) 

and non-PAR chromosome X (NPX) (n=10). Additionally, this was the first 

study to use single cell and bulk RNA sequencing for the purpose of estimat-

ing mLOY and the feasibility was validated with pairwise comparison from 

DNA analysis using SNP-arrays. Single cell data was generated using 10X 

Genomics Chromium and bulk RNA was sequenced from FACS isolated 

monocytes, NK cells and B cells and additionally from lymphoblastoid cell 

lines. More than 20 LATE genes were annotated to be expressed on the cell 

surface and two of these (LY6E and CD99) were found in both NK cells and 

monocytes using both single cell and bulk RNA sequencing. Remarkably, sin-

gle cells with LOY were detected in all subjects studied in this cohort with old 

men. 

 

Furthermore, DNA was sequenced from FACS isolated cells (B cells, CD4+ 

T cells, CD8+ T cells, NK cells, granulocytes and monocytes) from patients 

with Alzheimer’s disease, prostate cancer and healthy controls. From the iso-

lated cells the strongest association between mLOY and Alzheimer’s disease 

was explained with NK cells and the strongest association between prostate 

cancer and mLOY was explained with CD4+ T cells and granulocytes. This 

highlights the importance of identifying the affected cell type while studying 

mLOY in leukocytes. 
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Paper III 

Title 

Leukocytes with chromosome Y loss have reduced abundance of the cell sur-

face immunoprotein CD99 

Summary 

This study was the first to show changes in the protein expression associated 

with mLOY. PBMCs from four old men were analyzed using CITE-seq, al-

lowing both RNA and protein expression analysis from single cells. In all 

studies cell types (B cells, CD4+ T cells, CD8+ T cells, NK cells and two 

types of monocytes), CD99 had lower expression in cells with mLOY com-

pared to cells without mLOY while cell type markers (CD19, CD4, CD8, 

CD56, CD14 and CD16 respectively) remained unaffected. This was also seen 

on RNA expression but the CD99 dysregulation only reached statistical sig-

nificance in the analysis of CD14+ monocytes and NK cells, mainly due to 

low sensitivity of the CD99 mRNA leading to zero inflation. This highlights 

the advantage of analyzing protein as compared to RNA in single cell anal-

yses. Although CD99 expression differs between cells with and without 

mLOY, it is not indicative of mLOY on the single cell level due to overlap of 

protein abundance distributions. Hence, estimation of mLOY from cell sur-

face proteins requires additional targets. 

 

Additionally, CD99 is located in the PAR region of the X and Y chromosomes 

and as one copy of the gene is lost together with the Y chromosome we ob-

serve a lower expression of the gene while the expression of the X-linked copy 

is retained. Many important immune functions have been linked to CD99, i.e. 

transendothelial migration, immune cell interactions, regulation of protein 

transport to the plasma membrane, cell differentiation and apoptosis. The re-

duced CD99 expression in mLOY cells could functionally contribute to dis-

ease, implying a possible link with causality. 
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Paper IV 

Title 

A combined approach for single-cell mRNA and intracellular protein expres-

sion analysis 

Summary 

This study introduced a new method for single cell protein and RNA co-pro-

filing (SPARC). A modified protocol of Smart-seq2 captured the poly-adenyl-

ated transcriptome for sequencing while the proximity extension assay (PEA) 

targeted 92 different proteins in multiplex. Embryonic stem cells differenti-

ated towards a neural phenotype was used to demonstrate the functionality of 

SPARC and the method successfully matched the development time (0, 24 

and 48 hours after induction) with pseudotime. Additionally, the abundance 

of the transcription factor POU5F1 correlated with the RNA expression of 

target genes. In summary, SPARC enables co-detection of intracellular, nu-

clear and cell surface proteins with mRNA. In general, the protein measure-

ment is more robust than the RNA but the amount of different targets in the 

transcriptome far exceeds the targets in the protein panel. 

 

The targeted proteins in the panel are relevant for stem cells (e.g. POU5F1, 

NANOG and MIA) and cancer (e.g. TP53, EpCAM and ERBB2). Suitable 

projects for SPARC using the current protein panel include studies of various 

tumor samples. Broadening the applications could be achieved by targeting 

other proteins. The obvious advantage of SPARC over other single cell meth-

ods also co-detecting RNA and protein like e.g. CITE-seq is the ability to de-

tect proteins not only restricted to the cell surface e.g. intracellular and nuclear 

proteins etc. 
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Conclusions and future perspectives 

Causality – why are men with mLOY in blood cells at increased 

risk for disease in other organs? 

Causality between mLOY in leukocytes and disease in other organs has not 

yet been established but there are two main hypotheses surrounding this ques-

tion. The first hypothesis is based on functional consequences on the immune 

system originating from LOY cells. As presented in paper II, mLOY in differ-

ent types of leukocytes alters expression of both Y-coded and autosomal genes 

and these effects could impair the immune system and thereby exacerbate dis-

ease in other organs. In paper III a possible mechanism is proposed: lower 

abundance of CD99 on LOY cells compared to cells with a Y chromosome. 

The second hypothesis is called “common soil” and it describes mLOY as a 

manifestation of genetic instability. It has been described how genetic predis-

position to mLOY also predisposes to cancer independent of mLOY.31 Hence, 

the shared genetic predisposition for mLOY and some diseases such as various 

forms of cancer, could in part explain the observed increased risk. In this 

model, mLOY would function as a biomarker for genomic instability in so-

matic tissues outside of the hematopoietic system.  

 

In paper II isolated blood cells from patients with Alzheimer’s disease (AD) 

or prostate cancer (PC) as well as control individuals were analyzed for the 

level of mLOY (Fig. 12). While all cell types show an indication of more 

mLOY in AD patients, a statistically significant difference was only observed 

for NK cells (p= 0.0071). Similarly in the comparison between PC patients 

and controls, although all studied cell types had indications for more mLOY 

in patients, only CD4+ T cells and granulocytes demonstrated a statistically 

significant difference to the controls (p=0.0330 and p=0.0309 respectively). If 

the “common soil hypothesis” would hold true, it would be hard to explain 

how different cell types are important for developing disease and that the cell 

types of importance differ between AD and PC. Both AD and PC are diseases 

with an immunological component and impaired immune functions could 

party help explain disease vulnerability. Furthermore, genetic predisposition 

to Alzheimer’s disease (AD) has no overlap with the variants predisposing for 

mLOY in contrast to cancer.57 This could indicate that mLOY may have a 

functional role in the development of AD and to some degree instead serve as 

a biomarker for genetic instability in PC patients. It has been suggested that 
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an impaired immune system caused by mLOY could allow passage of 

microbes to the brain and contribute to AD pathology.57 

Figure 12. LOY analysis of FACS isolated blood cells from Alzheimer’s disease patients, 
prostate cancer patients and controls. Among all six different isolated cell types (a) the 
largest difference in the level of mLOY was in NK cells between Alzheimer’s patients 
(AD) and controls (Ctrl.), (p=0.0071). The same analysis identify (b) the largest difference 
in the level of mLOY in CD4+ T cells and granulocytes between prostate cancer patients 
(PC) and controls, (p=0.0330 and p=0.0309 respectively). Isolated cell types included B 
cells, CD4+ T cells, CD8+ T cells, NK cells, granulocytes and monocytes. 

Used with permission of Cellular and Molecular Life Sciences, Immune cells lacking Y 
chromosome show dysregulation of autosomal gene expression, Dumanski et al., 2021, 
volume 78,  year of copyright 2021; http://creativecommons.org/licenses/by/4.0/ 

 

In paper I we could demonstrate that men with mLOY typically acquire a higher 

frequency of LOY cells in their blood over time, either through the loss of non-

LOY hematopoietic stem cells or loss of the Y chromosome in additional stem 

cells. In paper II we observed that leukocytes without the Y chromosome had 

an altered transcription profile of genes in MSY, PAR and in the autosomal 

chromosomes. Many of these altered transcripts are important for immune func-

tion and cell differentiation (e.g. LAG3, LY6E, CSF2RA, IL3RA and CD99). In 

summary this could lead to a higher frequency of LOY cells in the immune 

system that would increase risk for associated diseases while ageing. 

 

Increased expression of LAG3 was identified in both monocytes and NK cells 

with mLOY and although the effect of this is unknown, LAG3 has an im-

portant immune checkpoint function and binds to MHCII molecules, which 

were downregulated in monocytes with mLOY. Identification of increased 

LAG3 expression and inhibitory immune regulation has been observed in type-

1 diabetes in a mouse model but also in regulatory T cells in various tumors 

http://creativecommons.org/licenses/by/4.0/
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and in blood of cancer patients.105 Also LY6E has immune regulatory functions 

but is also important for proliferation and differentiation of immune cells.106 

Additionally, CSF2RA is the receptor for GM-CSF which is a signal molecule 

for cell differentiation and CSF2RA was downregulated in monocytes with 

mLOY. The protein CSF2RA has also been identified as a tumor suppressor 

in AML (acute myeloid leukemia).107 The receptor IL3RA shares structural 

similarities to CSF2RA and the expression of IL3RA was reduced in granulo-

cytes and monocytes with mLOY and the function of the signal molecule IL3 

includes proliferation and differentiation of many types of leukocytes and 

hematopoietic stem cells.108  

 

Some genes coded on PAR are important for physiological immune function 

and have reduced RNA expression as showed in paper II (e.g. CSF2RA, CD99 

and IL3RA) and haploinsufficiency was indeed observed for CD99 in paper 

III. Potentially the loss of PAR genes in leukocytes with LOY could cause 

haploinsufficiency. Some MSY-genes could cause a similar effect to haploin-

sufficiency in LOY cells as the paralog on the X chromosome escapes X-in-

activation and the protein function of both genes often overlaps, e.g. DDX3Y 

and DDX3X;109 RPS4Y1 and RPS4X;110 EIF1AY and EIF1AX111. Further 

strengthening of this hypothesis would require functional experiments, e.g. 

using CRISPR and mouse models etc. 

 

In paper III the decreased expression of CD99 in LOY cells was further vali-

dated on the level of protein in all identified cell types in the PBMC fraction 

(Fig. 13). Functions of the CD99 protein include vascular transendothelial mi-

gration (TEM), cell to cell interactions, transport of membrane proteins to the 

cell surface (including MHC class I molecules) and regulation of apoptosis 

and differentiation of T and B lymphocytes.112 A reduced CD99 expression in 

leukocytes could reduce the number of immune cells that can migrate into the 

tissue through TEM upon infection or inflammation. Thereby decreased CD99 

expression could link mLOY to impaired leukocyte function which could help 

explain how mLOY in blood could cause disease in other organs. 

 

Many risk factors and diseases associated with mLOY share a common ele-

ment: inflammation. It has been described that inflammation correlates with 

increasing age to the degree that the phenomenon has been named “inflamm-

aging”.113 It is also well described that smoking causes inflammation through 

exposure to free radicals.32 
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Figure 13. Reduction of CD99 abundance on LOY cells in all of the identified types of 
leukocytes (B cells, classical and non-classical monocytes, NK cells, CD8+ T cells and 
CD4+ T cells). Difference in CD99 protein abundance between LOY cells and non-LOY 
cells is indicated in percentage on the Y-axis. Level of statistical significance adjusted by 
Benjamini-Hochberg (BH) correction of p-value in consideration for multiple testing is 
indicated by the number of asterisks. 

Used with permission, Leukocytes with chromosome Y loss have reduced abundance of 
the cell surface immunoprotein CD99, Mattisson et al., 2021, volume 11,  year of copy-
right 2021; http://creativecommons.org/licenses/by/4.0/ 

 

Diseases associated to mLOY with an inflammation component in the disease 

etiology include: cancer114, Alzheimer’s disease61, cardiovascular disease115, 

diabetes70, age-related macular degeneration116 and autoimmune disorders 

(AIT and PBC). Hence, it is possible that mLOY in leukocytes is associated 

with disease by inflammatory processes in various ways, such as disruption of 

cytokine signaling as suggested by the result presented in paper II.  

 

Hence, studies have found support for both the “common soil” and the “direct 

functional effects” hypotheses, and both could hold true. In some cases mLOY 

may be important for disease progression while in other cases different factors 

could be more important. However, considering that mLOY is associated with 

CHIP29 and positively correlates with additional mutations in patients with 

myeloid neoplasms51 there could be a synergy between mLOY and CHIP-

driver mutations towards developing disease. 

 

http://creativecommons.org/licenses/by/4.0/
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In order to detect somatic mLOY, a clonal expansion of cells without the Y 

chromosome is required. It is possible that LOY stem cells might require ad-

ditional mutations to gain a proliferative advantage or that LOY occurs in stem 

cells that already have the ability to produce ACEs in the form of clonal hem-

atopoiesis.  

What is asked from a golden standard tool for mLOY detection 

in clinics 

Current technologies have a limit of detection (LOD) of about 10% but it is 

possible that mLOY in leukocytes at this frequency or lower still could have 

clinical significance. Additionally, the presented study in paper III indicates 

that mLOY in different types of leukocytes directs phenotypic outcome. 

Therefore it is of importance to estimate mLOY at a high sensitivity, prefera-

bly in thousands or millions of single cells, while simultaneously detecting the 

cell type. 

 

There is a proverb “the more you know, the less you need” which is applicable 

also in this question. Today the knowledge of mLOY in leukocytes and its 

phenotypic consequences is limited, therefore we need more information. If 

there was one cell type responsible for a phenotypic outcome present in e.g. 

1% in blood, these cells could be targeted in a mLOY-test. In a bulk sample, 

these mLOY cells would not be detected, but in a single cell assay they would. 

In one million blood cells this 1% would make out 10,000 cells and a LOD of 

10% requires a mLOY estimation of more than 1000 cells of this cell type to 

be detected. Detecting the cell type therefore has two purposes: linking phe-

notypes to specific immune cell types with mLOY and also enabling enrich-

ment of clinically relevant analytes. 

 

The risk for a false positive, to detect chromosome Y in cells where it is miss-

ing, should be very low and close to impossible. However a false negative, not 

detecting chromosome Y despite its presence, is much more likely and efforts 

should be made to avoid this. In methods that takes many samples from the Y 

chromosome, i.e. SNP-array and WGS, the likelihood of a false negative is 

very small. However, broad assays like these give more genetic information 

than mLOY estimations and could place doctors in ethical dilemmas over ge-

netic counseling.  

 

In ddPCR as presented in paper I, one region on the Y chromosome is targeted 

and used as a representative analyte for the whole chromosome. This method 

also requires a reference analyte which serves two purposes: as a reference for 

the total genomic content but also a technical control. In paper I a region on 

AMELX was chosen as a reference for a region with high sequence similarity 
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on AMELY, detecting DNA sequences on chromosome X and Y respectively. 

While minimizing the data required for a mLOY estimation, the assay could 

be affected by genetic variants and some has been described in various popu-

lations, although with very sparse prevalence. An unusual 100% mLOY there-

fore requires additional validation targeting other regions. 

 

In single cell methods like 10X Chromium, all available mRNA is targeted 

and analyzed. The mRNAs from MSY are used to determine the presence of 

the Y chromosome in the analyzed single cell, while all other mRNA are used 

for additional analyses. Many different MSY genes are expressed in leuko-

cytes but the sensitivity of 10X Genomics Chromium could limit the sensitiv-

ity of the assay. This method has increased clinical value as the transcriptome 

can indicate the cell type. Additionally, cell surface proteins can simultane-

ously be analyzed and further classify cells into many different cell types. A 

problem with these assays are that it requires specialized knowledge for sam-

ple handling, preparation and data analysis. The vast amount of generated data 

also requires a dedicated IT infrastructure. However, it is likely that hospitals 

will adjust to these methods in the future and make the required adjustments 

in the organization. 

 

Many questions are still to be answered before a golden standard for mLOY 

can be established. Determining the effect of mLOY in different cell types is 

required for increasing the precision of the assay. Given the result in paper III, 

it is likely that different cell types are important for different phenotypic asso-

ciations.  

How to use mLOY diagnosis in the clinics 

Consequences for the individual upon identifying mLOY includes elevated 

risk for many different diseases and outcomes e.g. cancer, Alzheimer’s disease 

and cardiovascular disease (CVD). For cancer, early detection is crucial for 

successful outcome for the patient and various screening programs has served 

to reduce mortality. Using mLOY in the clinic enables earlier diagnosis and 

by increasing health checkups of this group, cancer survival and disease pro-

gression can be reduced. If individuals were informed about the increased risk 

for CVD after a positive mLOY test, lifestyle changes e.g. quit smoking, in-

crease physical exercise and heathier diet, could reduce the overall risk for 

developing CVD. These strategies could be implemented using DNA analysis 

from whole blood with e.g. ddPCR and the AMELX/AMELY assay. 

 

Increasing knowledge of how mLOY in different types of leukocytes contrib-

utes to disease also increases the diagnostic value. Identifying the cell type 

affected with mLOY and identifying mLOY in single cells will increase the 

sensitivity and could dictate risk for different diseases and outcomes. This 
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could further assist in identifying individuals with mLOY, enabling earlier 

detection of disease and improved treatment strategies. The required technol-

ogy is a high throughput single cell assay capable of identifying mLOY cells 

e.g. 10X Genomics Chromium and CITE-seq. 

 

Identifying mLOY-specific cell surface protein profiles could have clinical 

value. Using protein analysis as an indicative measure for mLOY enables the 

use of cheaper and more available clinical methods e.g. flow cytometry. Ad-

ditionally, cells with high expression of cell surface protein could be removed 

from the blood flow via dialysis with a filter containing antibodies for the 

over-expressed proteins.117 Targeting LOY cells in this assay might reduce 

disease risk and increase longevity in affected individuals. Furthermore, it 

could be envisaged that mLOY information could be useful for stratification 

of subjects in clinical trials as well as improving outcomes for patients under-

going immune therapies. Finally, it might be possible to preserve immune sys-

tem function in aging subjects by re-transplantation of previously cryogeni-

cally frozen bone marrow stem cells. 

Flow cytometry multiomics 

A flow cytometric method for simultaneous detection of RNA and protein was 

published in 2016102 with the detailed protocol published later in 2019103. This 

method could be used for mLOY estimation by targeting transcripts from 

MSY while identifying cell type by targeting cell type specific mRNA or 

membrane proteins. A suitable MSY transcript to target is the ubiquitously 

expressed RPS4Y1 and this gene has high sequence similarity and protein 

function as RPS4X coded on NPX which could serve as a control transcript. 

 

The method works by applying two oligonucleotide probes that targets the 

transcript in the 5’ end of the probe and hybridize to the detection system in 

the 3’ end. When oligonucleotides in the detection system are hybridized to-

gether and bind to both probes, it forms a circle that can be ligated and ampli-

fied in a rolling circle amplification (RCA) upon addition of phi29 polymerase 

and hence amplify the signal of fluorescently labeled oligonucleotides com-

plementary to the RCA product. A tag-specific oligo is part of the circle and 

hybridize downstream of the 3’ end of transcript specific probe and holds the 

sequence where the fluorescently labeled oligonucleotides hybridize in the 

RCA product (Fig. 14). Different complementary sequences in the probe can 

be used for different targets, allowing multiplexing of the RNA readout.118 A 

pilot study testing this design generated inconclusive results but it will be fur-

ther developed for mLOY estimation. 
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Figure 14. A design for targeting mRNA from RPS4Y1 with PLAYR using the detection 
system from Löf et. al. (2017). Nucleotide sequence at the bottom is the mRNA from 
RPS4Y1 where sequence differences to RPS4X is highlighted with red letters. In this design 
a universal primer with the same sequence in both RPS4Y1 and RPS4X is used (red) to-
gether with a specific primer for RPS4Y1 (dark blue) or RPS4X (not included in the illus-
tration). The detection system consists of a long circularization oligo (dark grey), short 
circularization oligo (light blue) and a tag-specific oligo (yellow). 

 

Many hospitals are equipped with a flow cytometer and some hospitals have 

instruments with many different lasers and hence high multiplex ability. The 

cost for a flow cytometric analysis is comparatively low since the expensive 

reagent is only used for staining the sample while the consumable reagent used 

in the continuous flow in the flow cytometer is phosphate-buffered saline 

(PBS) and hence low in cost. Both the low cost and the high prevalence of 

instruments allows for implementation of flow cytometric diagnostic methods 

in the clinic when required. Therefore it is especially valuable to develop a 

LOY-test with co-detection of cell type for a flow cytometric readout. 
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Final remarks 

Recent studies and work included in this thesis have showed that mLOY is an 

important biomarker for disease and reduced longevity in men. Increasing 

mLOY over time in men affected by LOY in more than 30% of blood cells 

was showed in paper I. The importance of studying specific leukocytes and 

functional consequences on mRNA expression was showed paper II. Identifi-

cation of the first cell surface protein indicative of LOY was showed with 

CD99 in paper III but additional targets are still required to robustly estimate 

mLOY in single cells. However, the reduced expression of CD99 on the cell 

surface of LOY cells offers a mechanistic explanation of how mLOY in leu-

kocytes affect the immune system. Finally, in paper IV a new method was 

developed by combining single cell mRNA-seq with the proximity extension 

assay (PEA) for co-analysis of proteins in the same single cells. 

 

There are still pieces missing to the puzzle before mLOY can serve as a robust 

biomarker in a clinical setting. First of all, the effect of mLOY in blood and 

in the different types of leukocytes is still not well established. Additionally, 

there is no cost-effective method available today to estimate mLOY in a single 

cell assay that is applicable in the clinic. Targeting cell surface proteins indic-

ative of mLOY with cell type markers in a flow cytometry assay is an attrac-

tive method but requires additional targets to CD99 to accurately estimate 

LOY.  
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