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Abstract 
Mosaic loss of chromosome Y (LOY) in leukocytes has been associated with many diseases, 

yet it remains unclear whether this form of clonal mosaicism exerts a direct physiological 

effect. Here we perform single-cell and bulk RNA sequencing in leukocytes, observing 

considerable variation in the rate of LOY across individuals, cell types and disease state. 

Cells with LOY demonstrated a profound degree of transcriptional dysregulation impacting 

~500 autosomal genes. These genes are preferentially involved in immune functions but also 

encode proteins with roles in other diverse biological processes. Our findings highlight a 

surprisingly broad role for chromosome Y challenging the view of it as a “genetic 

wasteland”. Furthermore, they support the hypothesis that altered immune function in 

leukocytes is a mechanism directly linking LOY to disease. 

 

 

  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted February 16, 2020. ; https://doi.org/10.1101/673459doi: bioRxiv preprint 

https://doi.org/10.1101/673459


Page | 3  
 

Introduction  
For over 50 years it has been noted that chromosome Y is frequently lost in the leukocytes of 

ageing men,1,2 representing the most commonly observed form of clonal mosaicism. Our 

recent work demonstrated that 1 in 5 men in the UK Biobank study have detectable LOY in 

blood,3,4 reaching a prevalence of 57% in 93 year old men.5 Furthermore, LOY is 

considerably more common in peripheral blood leukocytes vs. other tissues.5,6 These 

observations have been accompanied by epidemiological studies linking LOY in blood to 

numerous disease outcomes, including all-cause mortality, Alzheimer’s disease, various 

forms of cancer, autoimmune conditions, age-related macular degeneration, cardiovascular 

disease, type 2 diabetes and obesity.6-15  

Recent large-scale population studies have highlighted a heritable component to LOY and 

begun identifying individual genetic determinants. The largest to date, studying 205,011 men 

in UK Biobank, identified 156 genetic loci associated with LOY, which were preferentially 

found near genes involved in cell-cycle regulation, cancer susceptibility, somatic drivers of 

tumour growth and cancer therapy targets.4 The emerging picture is that LOY is in part 

determined by genetic predisposition to deficiencies in DNA damage response – either 

through genetic effects that promote chromosome mis-segregation or failure in the molecular 

machinery to detect and appropriately deal with this damage. The remaining part might be 

due to other risk factors, e.g. smoking and environmental hazards.16-18  

There are two main, not mutually exclusive hypotheses that could explain the link between 

LOY in blood and risk for disease – either loss of a Y chromosome in leukocytes exerts a 

direct physiological effect, and/or LOY in leukocytes is a barometer of broader genomic 

instability in other cell types. Evidence for the latter emerged with the observation that 

genetic susceptibility to LOY influences non-haematological health outcomes in women 

(who are XX, hence eliminating a direct Y effect). This observation does not however 

preclude a direct effect of LOY that may explain some of the noted disease associations. 

Indeed, we recently reported that expression of TCL1A was dysregulated in CD19+ B-

lymphocytes missing the Y chromosome, providing a proof-of-concept that LOY may not be 

functionally neutral in these cells.4 Our current study substantially expands this observation, 

demonstrating that LOY leads to profound and widespread dysregulation of gene expression 

in leukocytes. Furthermore, the biological nature of these dysregulated genes directly 

supports the hypothesis that altered immune response may be a mechanism linking LOY in 

immune cells to disease.  
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Results  
To investigate the functional consequences of LOY, we studied changes in gene expression 

associated with LOY in vivo and in vitro (see methods). The single-cell transcriptome 

analysis (scRNAseq) of peripheral blood mononuclear cells (PBMCs) collected from 29 

aging men generated a pooled dataset encompassing 73,606 cells. The Y chromosome 

contains 64 protein coding genes: 45 in the male specific region (MSY) and 19 in the pseudo-

autosomal regions (PARs). We detected normal expression of 20 protein coding genes on 

chromosome Y across all white blood cells (Fig. S1), enabling the classification of single 

cells with or without LOY. We identified single cells with LOY in all 29 subjects studied 

with scRNAseq and observed that the distribution of LOY varied substantially between cell 

types (Fig. S2). Specifically, the frequency of LOY in NK cells, monocytes, B- and T 

lymphocytes were 27% (range 7-87%), 23% (range 7-87%), 7% (range 2-40%) and 3% 

(range 1-6%), respectively. We also performed bulk RNA sequencing (RNAseq) on 134 

samples of sorted cell fractions (NK cells, monocytes and granulocytes) collected from 51 

subjects, including the 29 subjects studied with scRNAseq (Fig. S2).  

We observed a high concordance in LOY estimates generated from pairwise samples studied 

in vivo with scRNAseq, RNAseq and DNA based technologies (Fig. S3). Furthermore, we 

studied in vitro changes of gene expression using RNAseq in 13 lymphoblastoid cell lines 

(LCLs) with or without LOY (Figs. S4 and S5). Concordant levels of LOY were observed in 

LCLs studied with SNP-array as well as with a new method for LOY analysis19 using droplet 

digital PCR targeting a 6 bp sequence difference between the AMELY and AMELX genes 

(Pearson’s correlation coefficient = 0.9961; details not shown).  

Many autosomal genes are dysregulated in LOY cells  

To identify LOY Associated Transcriptional Effects (LATE) we tested for differential gene 

expression between the LOY and non-LOY cellular populations (Table 1, Fig. 1, Fig. S6, see 

methods). As expected, MSY gene expression was greatly decreased in the bulk RNAseq on 

sorted cells and absent in the single cell data (as this was the LOY definition for single cells). 

A corresponding analysis of the genes located in the PARs also showed a decrease in 

transcript abundance with increasing levels of LOY. However, the decrease in PAR genes 

was not as distinct as for the MSY genes, which was expected because of sustained 

expression of the chromosome X-copy (Fig. 1, Fig. S4). Outside of the Y chromosome, we 

found evidence for 489 autosomal LATE genes and 10 on the non-PAR X chromosome 

across the two expression datasets and all types of leukocytes, from in vivo studied samples 
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(Fig. 1, Table 1, Table S1). Of these, 75 were identified in the single cell data and 420 in the 

bulk RNAseq and we observed overexpression as well as underexpression of specific 

autosomal LATE genes. The autosomal genes showing the largest LATE were LYPD2 and 

IL1R2, displaying 8.6 higher (DE = 3.11, FDR = 0.0011) and 2.5 lower (DE = -1.30, FDR = 

0.0612) abundance of transcripts, respectively. A considerable number of genes were 

independently identified as showing LATE in different cell types and by both technologies 

(Table S2). Co-expression analysis showed that autosomal genes that are normally co-

expressed with MSY genes displayed a higher level of differential expression in single cells 

with LOY compared with control genes (Fig. S4, Wilcoxon rank sum test: p=0.0021, see 

methods). Results from in vitro studied LCL’s further support that LOY is associated with 

altered autosomal gene expression using a complementary approach (Figs. S4 and S5, 

Kolmogorov–Smirnov test: D=1.0, p=0.0016). 

In the monocytes and NK-cells that were studied by two RNA sequencing methods, the 

identified LATE genes showed an overall concordance in the direction of change in gene 

expression between technologies (binomial sign test; monocytes: p=0.030, NK-cells: 

p=0.001). The level and direction of differential expression of LATE genes detected 

independently by both technologies are illustrated in Fig. 2. Among these, two genes were 

detected in both cell types and by both methods, i.e. upregulation of the LY6E gene located 

on chromosome 8 and downregulation of the PAR gene CD99.  

Furthermore, we observed that the fraction of LATE genes within specific cell types was 

substantially larger than the fraction of LATE genes shared between different subsets of cells, 

in both the RNAseq dataset (ANOVA: F1,8 = 95.5, p < 0.0001) and in the scRNAseq dataset 

(ANOVA: F1,8 = 13.7, p = 0.0061). For instance, up to 15% of normally expressed genes 

showed LATE in NK cells, but only about 2% of LATE genes were shared between NK cells 

and granulocytes or monocytes (Fig. S7). This result emphasize that transcriptomic 

alterations associated with LOY varies between different types of immune cells, likely 

because each cell type normally express a set of genes that is only partially overlapping with 

the gene expression of other cell types.  

Biological pathways implicated by identified LATE genes 

The 489 autosomal LATE genes had twice as many (p<1x10-16) biological connections 

amongst each other than expected by chance for a matched randomly selected set of genes. 

Furthermore, LATE genes were not randomly distributed throughout the genome, with 

clusters of genes evident (Figure S8). This was most pronounced in the 11q13.1 region, 
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where we identified 17 LATE genes (13 over-expressed in LOY) in an 8 Mb genomic 

window (Table S1). To explore the potential biological relevance of the identified genes we 

next performed pathway enrichment analyses, controlling for the background set of all genes 

expressed in our tested cell types. A total of 306 Gene Ontology and Reactome 

terms/pathways (FDR < 0.05) were significantly over-represented, the majority of which 

focused on aspects of RNA processing, immune function and the viral life cycle (Table S3). 

A summary of our literature review for detected LATE genes is presented in Table S4. 

We next tested whether LATE genes were preferentially located near genetic variants 

associated with LOY.4 Gene set enrichment analysis implemented in MAGENTA 

demonstrated a modest excess of such associations (1.17 fold enrichment, p=0.010), with 41 

LATE genes mapping within 300 kb of a genome-wide significant SNP association in 25 

genomic regions. In several instances, the proximal LATE gene was the same as that 

prioritised through gene mapping approaches in the GWAS study. For example, LATE gene 

cyclin-dependent kinase inhibitor 1C (CDKN1C) was linked via expression changes to a 

nearby LOY-associated variant (rs60808706). Here, the LOY risk increasing allele increases 

expression of CDKN1C and the expression of CDKN1C is increased in cells with LOY. As 

with our previously reported example of TCL1A,4 this observation raises the possibility of a 

bi-directional relationship between LOY and CDKN1C - genetically increased expression of 

the gene promotes LOY and LOY subsequently further dysregulates gene expression in a 

cell-specific manner, possibly leading to a negative spiral of increased clonal mosaicism via 

perturbed cell cycle processes. 

LOY in sorted leukocytes from patients with prostate cancer and Alzheimer’s disease 

Finally, we investigated the distribution of LOY in six types of sorted leukocytes - CD19+ B 

lymphocytes, CD4+ T lymphocytes, CD8+ T-cytotoxic lymphocytes, Natural Killer (NK) 

cells, granulocytes and monocytes - among men diagnosed with Alzheimer’s disease 

(N=121) or prostate cancer (N=107) vs. healthy controls (N=156). Overall, there was a 

general trend for LOY to be increased in patients vs. controls, and this rate varied 

considerably between cell types (Fig. 3). Men with Alzheimer’s disease had significantly 

higher levels of LOY only in CD16+/CD56+ NK cells compared to controls (p = 0.0071). 

The fraction of Alzheimer’s disease cases with high levels of LOY in NK cells was about 

four times larger compared with controls (not shown) and supports previous observations that 

LOY is associated with incident Alzheimer’s disease.9 Furthermore, the involvement of NK 

cells in the pathogenesis of Alzheimer’s disease has been suggested before in a range of 
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experimental study designs.20-28 In prostate cancer patients, NK cells did not show 

significantly higher level of LOY. However, in the latter cohort, the CD4+ lymphocytes and 

granulocytes were more frequently affected by LOY (p = 0.033 and p = 0.031, respectively). 

The observation that prostate cancer and Alzheimer’s disease patients were primarily affected 

with LOY in different types of immune cells supports a disease-specific link. This suggests 

that associations between LOY and disease cannot solely be attributed to a confounding age-

dependent process of genomic instability, which would be expected to equally affect different 

types of leukocytes. Our results are thus compatible with both hypotheses presented in the 

introduction regarding aetiology of LOY and disease; accumulation of LOY in leukocytes as 

a barometer of genomic instability in somatic cells, as well as increasing risk for different 

types of disease when specific types of immune cells are affected with LOY. Furthermore, we 

found that patients frequently had LOY in more than one immune cell type. Subjects with 

LOY in >20% of cells in at least two types of sorted leukocytes was considered LOY-

oligoclonal (Fig. 3 and Fig. S9). Overall, the frequency of LOY-oligoclonality was higher in 

men diagnosed with AD or PC compared with controls (OR=2.74, p=0.0026). In the AD 

cohort, LOY-oligoclonality was significantly higher in patients (OR=2.64, p=0.0127) and a 

difference in the same direction was observed in the PC cohort.  

Discussion 

Our study demonstrates that gene expression is substantially dysregulated in leukocytes with 

LOY, providing two major insights. Firstly, it highlights a surprisingly broad molecular role 

for the Y chromosome, which is often considered a “genetic wasteland” with limited 

involvement in the aetiology of complex traits and diseases. The expression of SRY on the Y 

chromosome is required in mammals to override the development of the default female sex. 

The mammalian sex chromosomes evolved from a pair of autosomes over the past 300 

million years and the Y chromosome has been remarkably stable over the past 25 million 

years29,30. Characterization of human chromosome Y has however been limited by the 

challenges of sequencing the highly repetitive regions as well as assaying its sequence 

variation for testing in large population studies. The observation that expression levels of 

~500 autosomal genes change with LOY status suggests that this chromosome may have a 

broader relevance to regulation of transcriptome and disease than is currently appreciated.31 

Furthermore, we report that LOY occurs with different frequencies in six sorted fractions of 

leukocytes in patients with prostate cancer and AD, suggesting there might be a cellular 

specificity of LOY and supporting a disease-specific link.  This cellular specificity of LOY 
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and observation that the fraction of LATE genes within specific cell types was substantially 

larger than the fraction of LATE genes shared between different subsets of leukocytes (Fig. 

S7) suggests that LOY might have pleiotropic effects. Pleiotropy is defined as an effect of 

one feature at the genetic level to multiple characteristics at the phenotypic level.32 

Considering the large number of epidemiological associations between LOY in blood and 

various disease outcomes, the LOY-pleiotropy might be a plausible concept. 

Secondly, our study highlights altered immune cell function that could conceivably link LOY 

in immune cells directly to disease mechanism(s). The combined number of LATE genes 

derived from analyses of various cells is surprisingly large, which suggests that a loss of ~2% 

of the male haploid genome (via LOY) has a profound impact on cellular homeostasis. 

Enrichment analyses showed that LATE genes are important for a range of physiological 

functions (Table S3) including many normal functions of the immune system. One of the 

LATE genes that showed the strongest downregulation was the autosomal gene LAG3 (Fig. 

2). The LAG3 protein is a cell surface molecule that functions as an immune checkpoint 

receptor by binding its main ligand MHC class II with higher affinity than CD4. Cellular 

proliferation and immune cell activation is regulated by a balance between CD4/LAG3, in a 

similar fashion to the CTLA4 and PD1 immune checkpoints, where LAG3 expression 

suppresses cell activity.33,34 The observed low expression of LAG3 in LOY cells might 

disrupt the CD4/LAG3 balance by releasing one of the breaks of immune cell activity. 

Furthermore, it is noteworthy that the well-known immune checkpoint PD-1 signaling 

pathway is one of the top hits in the enrichment analysis (Table S3). 

Furthermore, the genes LY6E and CD99 showed LATE by both RNAseq and scRNAseq in 

NK cells and monocytes (Fig. 2). The protein product of CD99 is a cell surface glycoprotein 

involved in processes such as leukocyte migration, cell adhesion and apoptosis; e.g. by 

functioning as a diapedesis-mediating receptor central for migration of monocytes through 

endothelial junctions.35,36 A lower expression of CD99 in leukocytes with LOY might 

therefore mitigate extravasation and thus impair the recruitment and movement of leukocytes 

from circulation towards somatic tissues and sites of disease. Furthermore, the LY6E gene 

was upregulated as an effect of LOY and it has the potential to inhibit inflammatory 

cytokines and disrupt inflammatory cascades. A survey of more than 130 published clinical 

studies found that increased expression of LY6E is associated with poor survival outcome in 

multiple malignancies37 and it has also been found to be important for drug resistance and 

tumor immune escape in breast cancer.38 Among all autosomal LATE genes, the IL1R2 gene 
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showed the strongest downregulation in immune cells with LOY. This cytokine receptor is 

central for orchestrating inflammatory and immune responses by binding of ligands such as 

interleukin-1α (IL1A), interleukin-1β (IL1B), and interleukin 1 receptor antagonist (IL1Ra), 

preventing them from binding to other receptors.39 Hence, a lower abundance of IL1R2 in 

LOY cells could reduce the inhibiting effect of this receptor. 

Additionally, several of the LATE genes we identified had diverse and well-described roles 

in other biological processes, notably GABRR1, PRLR and LEP. GABRR1 encodes a receptor 

for Gamma Aminobutyric Acid (GABA), the major inhibitory neurotransmitter in the brain. 

A recent study found these receptors were functionally expressed in human and mouse 

hematopoietic stem cells and megakaryocyte progenitors.40 Overexpression of GABRR1 in 

these cells led to increased rates of megakaryocyte and platelet differentiation. In contrast, we 

observed 1.26 fold (p=7.9x10-5) increased expression of the receptor in NK cells lacking the 

Y chromosome, extending the biological role of this receptor in immune cell function. Sex 

hormone receptors have also been described to have functional effects on haematopoietic 

stem/progenitor cells41 including the prolactin receptor (PRLR), which we see over-expressed 

in monocytes with LOY (Table S2). We also observed over-expression of the hunger 

inhibiting hormone Leptin (LEP) in granulocytes with LOY, consistent with studies 

describing its lesser known roles in regulating innate immune response.42  

As mentioned in the introduction, LOY is the most common post-zygotic mutation from 

analyses of bulk DNA from peripheral blood. The current study adds new information on this 

as all 29 men (median age 80 years, range 64-94 years) studied by scRNAseq carried 

leukocytes with LOY. Moreover, as we show here, LOY occurs frequently in blood as oligo-

clonal expansions and this could be best explained by independent mutations occurring in 

progenitors for different lineages of hematopoietic cells. Thus, LOY is more common than so 

far appreciated and the future analyses of single-cells or sorted-cells from various tissues will 

be instrumental for establishment of true frequency of this mutation as well as for 

identification of cell subtypes most often associated with disease. Lastly, we provide results 

showing LATE of ~500 autosomal genes, preferentially involved in immune functions but 

also with roles in other biological processes. In summary, our study provides unique insights 

into the molecular role of the Y chromosome and how its mosaic loss in leukocytes may 

directly influence cells functions and impact risk for disease.  
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FIGURES 
 

 
 
 
Fig. 1. LOY Associated Transcriptional Effect (LATE) in leukocytes in vivo. On the X-axes are the 
level of LOY mosaicism (estimated from DNA by SNP-array from three sorted cell populations) and 
on the Y-axes are the normalized level of gene expression estimated from the same samples using 
RNAseq. Panel a display the average expression of 6 genes located in the male-specific part of 
chromosome Y (MSY) as a function of LOY. Panel b show corresponding analysis of 13 genes 
located in the pseudo-autosomal regions of chromosomes X and Y (PAR). Panels c and d illustrate the 
finding of autosomal LATE genes, i.e. genes located on other chromosomes showing reduced or 
increased abundance of transcripts in samples with LOY. Panel c display the average expression of 
the ten most underexpressed autosomal LATE genes and the ten most overexpressed autosomal LATE 
genes is shown in panel d. Grey areas represent the standard error of linear regression models and beta 
(β) with confidence estimate (p) is shown. Abbreviations: Mono. = monocytes, Gran. = granulocytes. 
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Fig. 2. Differential expression (DE) of specific genes as an effect of LOY in NK cells and monocytes, 
studied by both RNAseq and scRNAseq. Panels a and b illustrate the level of DE in 206 and 60 
autosomal LATE genes identified in each cell type after correction for multiple testing (FDR<0.1) and 
with at least an average of 100 reads per gene in samples without LOY. Names are shown for LATE 
genes known to be linked with immune system functions and/or cancer and/or development of 
Alzheimer's disease. Panels c and d display DE observed in autosomal and PAR genes that was 
identified as LATE genes by both RNAseq and scRNAseq at a 0.05 α-level. MSY genes were 
excluded because of lack of expression in cells without chromosome Y. Independent identification of 
LATE was observed for 16 and 7 genes in the NK cells and monocytes, respectively. The autosomal 
gene LY6E and the PAR gene CD99 displayed LATE in both cell types and by both technologies.  
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Fig. 3. Distribution of LOY in six populations of leukocytes in men diagnosed with Alzheimer’s 
disease or prostate cancer vs. controls. Leukocytes were sorted by FACS, followed by SNP-array 
genotyping for each cell fraction and calculation of the percentage of LOY. The numbers in 
parentheses under the X-axes in panels a and b denote the number of studied subjects for each cell 
type. Panels a and b as well as panels c and d show results from unadjusted analyses and logistic 
regression models adjusted for age and smoking, respectively. Panel e shows investigation of LOY 
oligoclonality in men with AD and PC diagnoses vs. controls. Abbreviations: Ctrl. = control, AD = 
Alzheimer’s disease, PC = prostate cancer, LR = logistic regression, OR = odds ratio, lymph.= 
lymphocytes and NK = natural killer.   
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TABLES 
 
Table 1. Number of autosomal genes with LOY associated transcriptional effects (LATE) 
observed in samples studied in vivo and in vitro using two RNA sequencing methods.  

 Results from RNAseq analysis * Results from scRNAseq analysis * 

Cell type 

N. of expressed 
genes in samples 

without LOY 

N. of LATE 
genes in samples 

with LOY 

N. of expressed 
genes in normal 
non-LOY cells  

N. of LATE genes 
in single cells with 

LOY  

NK cells  9974 298 3021 37 
Monocytes 9891 80 3634 28 
Granulocytes 7497 57 - - 
T lymphocytes - - 2798 13 
B lymphocytes - - 3112 3 
LCLs 9549 757 - - 
Number of genes # 11472 1155 4631 75 
Number of LATE genes in vivo # 420  75 
Total number of autosomal LATE genes detected in vivo by RNAseq and/or scRNAseq #  =  489 
  

* Results from RNAseq and scRNAseq analyses are shown separately for each cell type. The 
detected number (N.) of expressed genes as well as the number of LATE genes detected in 
different cell types using FDR<0.1 are shown.  
# The number of unique genes after exclusion of overlaps between cell types and/or methods. 
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