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a b s t r a c t

Loss of the Y chromosome (LoY) is frequently observed in somatic cells of elderly men. However, LoY is 
highly increased in tumor tissue and correlates with an overall worse prognosis. The underlying causes and 
downstream effects of LoY are widely unknown. Therefore, we analyzed genomic and transcriptomic data of 
13 cancer types (2375 patients) and classified tumors of male patients according to loss or retain of the Y 
chromosome (LoY or RoY, average LoY fraction: 0.46). The frequencies of LoY ranged from almost absence 
(glioblastoma, glioma, thyroid carcinoma) to 77% (kidney renal papillary cell carcinoma). Genomic in-
stability, aneuploidy, and mutation burden were enriched in LoY tumors. In addition, we found more fre-
quently in LoY tumors the gate keeping tumor suppressor gene TP53 mutated in three cancer types (colon 
adenocarcinoma, head and neck squamous carcinoma, lung adenocarcinoma) and oncogenes MET, CDK6, 
KRAS, and EGFR amplified in multiple cancer types. On the transcriptomic level, we observed MMP13, known 
to be involved in invasion, to be up-regulated in LoY of three adenocarcinomas and down-regulation of the 
tumor suppressor gene GPC5 in LoY of three cancer types. Furthermore, we found enrichment of a smoking- 
related mutation signature in LoY tumors of head and neck and lung cancer. Strikingly, we observed a 
correlation between cancer type-specific sex bias in incidence rates and frequencies of LoY, in line with the 
hypothesis that LoY increases cancer risk in males. Overall, LoY is a frequent phenomenon in cancer that is 
enriched in genomically unstable tumors. It correlates with genomic features beyond the Y chromosome 
and might contribute to higher incidence rates in males.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With around 60 million base pairs, the Y chromosome is the third 
shortest human chromosome. While for most of the time its role was 
believed to be limited to sex determination and spermatogenesis 
there is now collected proof that its function is associated with male 
viability and differences between sexes in health and disease pro-
gression [7]. The Y chromosome has often been referred to as a 

genetic wasteland heading on its way to distinction from the human 
genome [34]. However, this perception has been challenged in re-
cent years by identifying several ubiquitously expressed Y-linked 
genes as well as linkage to processes of the immune system and 
complex polygenic traits.

Twelve genes (KDM5D, CYorf15A, DDX3Y, EIF1AY, NLGN4Y, PRKY, 
RPS4Y1, TBL1Y, TMSB4Y, USP9Y, UTY, and ZFY) were previously de-
scribed as essential for male viability [7]. All of those have a homolog 
on the X chromosome, suggesting that they are dosage-sensitive. 
Some of which already have been associated with susceptibility to 
complex diseases [34]. Genes of the Y chromosome are involved in 
coronary artery diseases [12], autoimmune diseases [11] and in-
fectious diseases [11]. Furthermore, deficiency of KDM5D is involved 
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in clear cell renal cell carcinoma [4]). Copy number variations in UTY 
have been associated with an increased risk for cardiovascular dis-
ease [41]. UTY and ZFY have been implied to be tumor suppressor 
genes [16].

Aging-related mosaic LoY has been known for half a century, but 
for the most part, it was considered a neutral karyotype related to 
normal aging [21]. LoY is the most commonly observed mosaic 
chromosomal alteration in healthy men and its occurrence strongly 
increases with age as it was detected in around 2.5% of men younger 
than 45 and around 40% of men at 70 years of age [6,47]. There is no 
commonly accepted standard on how to detect and quantify LoY 
[23,39], rendering it difficult to compare LoY frequencies across 
studies where methods with different sensitivities have been used. 
LoY might be seen as a quantitative trait starting at the level of an 
individual cell in a man, spanning over just detectable levels in bulk 
tissue analyses up to a level where the majority of cells within a 
tissue is affected. LoY has been detected in microglia on a single cell 
level with associated expression alterations of autosomal genes 
suggesting the possibility as a contributing factor in the pathogen-
esis of neurodegenerative disorders [48]. Multiple epidemiological 
studies identified LoY in blood cells as a significant risk factor for 
shortened lifespan and various diseases in males [22], including 
increased heart failure mortality and a mouse model for hemato-
poietic LoY showed macrophage and TGFβ1 mediated cardiac fi-
brosis [43].

In the context of cancer, LoY is increasingly observed in tumor 
tissue. However, the Y chromosome is usually overlooked in cancer 
genomics due to additional steps needed for copy number analysis. 
One of the major consequences associated with LoY is the correla-
tion with reduced survival [19,20,31,39]. An average decrease of 5.5 
years was reported in patients with LoY in the blood [20], making it a 
better cancer predictor than age [5]. LoY is also associated with an 
overall higher susceptibility to cancer in men [19] and sex imbalance 
is characteristic for many cancer types, not adequately explained by 
differences in exposure to risk factors [15]. This raises the question 
whether differences on the genomic level, i.e., the sex-specific 
phenomenon of LoY, contribute to the disparity.

It has previously been described that LoY correlates with general 
genome-wide instability, a process that drives cancer evolution [32]. 
It remains unclear whether LoY causatively induces genomic in-
stability or rather occurs as a "passenger". However, our study on 
400 esophageal adenocarcinomas of male patients indicated that 
LoY is a prognostic marker for short overall survival, independent of 
TP53 mutation status, a strong indicator for genomic instability [30]. 
Overall, there is increasing evidence that LoY is a relevant factor in 
cancer biology but its molecular consequences are largely unknown.

In the present study, we investigated the genomic and tran-
scriptomic architecture of tumors with LoY compared to RoY across 
various cancer types. To do so, we classified cancers based on single 
nucleotide polymorphism (SNP) array-derived copy number in-
formation into LoY and RoY, defined the frequency of LoY across 
cancer types, and used whole-exome and RNA sequencing data to 
test for differences between the two groups. We observed significant 
differences in frequencies of mutations, copy number alterations, 
mutation signatures, and expression levels, most of them cancer 
type-specific, and found a trend towards more frequent LoY in 
cancer types with higher incidence rates in males.

2. Material & methods

The results published here are, in whole, based on data generated 
by The Cancer Genome Atlas (TCGA) Research Network: https:// 
www.cancer.gov/tcga. We retrieved whole-exome sequencing, RNA- 
seq, SNP-array copy number, and clinical data from the GDC portal 
using the TCGAbiolinks package (v2.24 [14]).

2.1. Investigated cancer types

For 21 of the 33 cancer types, tumor purity estimates were 
available [3], relevant for the copy number index calculation de-
scribed below. From these projects, 13 cancer types presented a bi-
modal distribution of the Y chromosome copy number index (YCNI), 
indicating the presence of a sufficient fraction of LoY tumors, making 
them suitable for the following analyses. Multiple cancer types are 
subdivided into subtypes. For this reason, subtypes were either ex-
cluded or combined, as described in the tissue column of Table 1, but 
histologic distinctions between adenocarcinoma and squamous cell 
carcinoma were always maintained. Normal tissue was available for 
the majority of analyzed patients which was used as a reference for 
the YCNI threshold selection. All analyses were performed separately 
for the cancer types, and the results were compared.

2.2. Sample curation

Patients were excluded from the analyses if they either showed a 
copy number index for the Y chromosome higher than two or a very 
high mutational burden (upper boundary by taking two standard 
deviations from the mean) because these samples were expected to 
distort the results of the mutation analyses.

Table 1 
Frequencies of LoY in TCGA cancer data sets. Selected thresholds for LoY classification, the absolute number of patients being classified as one of the four subgroups (LoY, RoY, 
outlier, microsatellite instability (MSI)), the two selected thresholds for low and high TAAI, and the absolute distributions of patients being classified TAAI subsets low, medium, 
high and LoY among TAAI low and high tumors (last two columns), respectively. 

TAAI threshold TAAI subsets LoY subsets

Type LoY threshold LoY RoY Outlier MSI LoY frequency low high low mid high low high
ACC 0.6 12 15 0 28 0.22 9.44 11.8 9 11 10 4 4
BLCA 0.6 68 224 7 2 0.23 5.17 7.69 98 98 99 19 20
COAD 0.65 58 159 4 2 0.26 4.00 6.31 73 73 74 5 26
EAC 0.75 45 16 3 4 0.66 7.55 11.9 20 22 21 16 14
ESC 0.65 32 28 0 2 0.52 7.88 11.6 20 21 21 11 12
HNSC 0.75 139 231 0 0 0.38 2.63 3.86 123 125 124 16 67
KICH 0.7 22 17 4 0 0.51 10.58 12.48 13 14 14 5 10
KIRC 0.7 155 218 5 0 0.41 11.97 16.61 124 126 125 63 45
KIRP 0.7 173 46 8 2 0.76 4.71 7.09 73 74 74 58 52
LUAD 0.7 80 163 1 6 0.32 7.66 11.57 81 82 82 20 34
LUSC 0.75 190 184 5 1 0.50 7.12 9.57 125 125 126 59 60
READ 0.7 16 27 1 6 0.32 6.14 8.11 14 16 15 3 8
SKCM 0.75 20 37 8 2 0.30 3.68 5.7 19 20 20 5 9
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2.3. Copy number index of the Y chromosome

Copy number indices for the Y chromosome were calculated 
based on single nucleotide polymorphism (SNP) array data as pre-
viously described by Hollows and colleagues [23], with the exception 
of using only one separator at the lowest point between the two 
YCNI peaks to separate LoY from RoY instead of selecting extreme 
groups, due to the small sample size of a few cancer types. Adjust-
ments for purity estimates were derived from Aran, Sirota, and Butte 
[3] and TCGA network (2017) for esophageal cancers. For most 
cancer types, the density curve of this calculation resulted in a bi-
modal distribution, representing ratios of LoY and RoY cells of a 
heterogeneous tumor, in concordance with previous findings for 
head and neck squamous carcinoma [23]. To increase clarity in the 
bimodal distribution of the YCNI density curve of a cancer type, we 
included normal tissue samples in the analysis to define the cutoff 
between LoY and RoY (Fig. 1 A).

2.4. Total autosomal aneuploidy index

Similar to the calculation for a single chromosome, the total 
autosomal aneuploidy index (TAAI) summarizes copy number 
indices of all autosomes. For this, the absolute difference between 
two and the copy number index for all autosomes was calculated, 
as previously described by Hollows and colleagues [23]. We 
tested for correlation between YCNI and the TAAI and noticed that 
both extremes of the YCNI values were associated with high TAAI. 
We therefore separated in a second step low and high YCNI 
(Fig. 1D).

2.5. Survival analyses

Patients were stratified into the two LoY groups, as well as the 
additional parameter of high and low TAAI to further visualize 
possible correlations between TAAI and LoY with regards to overall 
survival. For this, samples were subdivided into three sections of 
equal size, based on their TAAI. Samples with a TAAI in the middle 
section were then excluded. The analyses were implemented with 
the TCGAbiolinks package (v2.24 [14]) with default settings.

2.6. Mutation analyses

Each patient's tumor mutational burden (TMB, all variants, SNV, 
and indels) was derived from TCGAs mutation annotation format 
(MAF) files for each cancer type which, for all TCGA samples of the 
study, were derived from whole exome sequencing. The results were 
visualized with the maftools package (v2.12 [35]). Furthermore, the 
relative differences of the mean between LoY and RoY were high-
lighted. For TMB and gene-based analyses, only non-silent mutations 
were used.

2.7. Mutation signatures

For analyzing the single base substitutions (SBS), the 
mutSignatures package (v2.1.1 [18]) was used on the exome se-
quencing-derived variants with default settings. The first step con-
sisted of comparing all patient's mutations from one cancer type 
against all 78 SBS COSMIC signatures. Signatures that contributed 
less than 5% to the overall burden were excluded. The analysis was 
then run again, but separately for LoY and RoY patients and only 

Fig. 1. LoY Classification and distribution. (A) Threshold selection for esophageal adenocarcinoma (EAC) indicated as a dashed vertical line. Density is plotted for the Y chro-
mosome copy number index (x-axis). (B) Cancer classification shown as distributions relative to the total number of each cancer type. (C) Density curves of the TAAI shown for the 
13 cancer types. Each curve is colored as indicated in the legend. (D) Comparison of the copy number index for the Y chromosome and the respective patient’s TAAI shown for 
esophageal adenocarcinoma. (E) Combined TAAI of all 13 cancer entities. LoY (red) and RoY (turquoise). The abbreviated cancer types are: adrenocortical carcinoma (ACC), bladder 
urothelial carcinoma (BLCA), colon adenocarcinoma (COAD), esophageal adenocarcinoma (EAC), esophageal squamous cell carcinoma (ESC), head and neck squamous cell car-
cinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), lung adenocarcinoma (LUAD), lung squamous 
cell carcinoma (LUSC), rectum adenocarcinoma (READ), and skin cutaneous carcinoma (SKCM).
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with signatures accounting for at least 5% of mutations in the re-
spective cancer type. The distribution of the signatures between the 
two groups, LoY and RoY, was then tested with a paired t-test. The 
results were summarized in an upset plot using the ComplexUpset 
package (v1.3.3 [28]).

2.8. Differentially mutated genes

The number of non-silent mutations derived from the exome 
sequencing within both subgroups of LoY and RoY were compared 
for every mutated gene in each cancer type individually. A con-
tingency table was created for each gene to compare the number of 
patients with at least one mutation in the respective gene versus the 
number of patients without a mutation for both, LoY and RoY. 
Results were analyzed with the fisher’s exact test to test for sig-
nificant differences between LoY and RoY. Results were corrected for 
multiple testing [8].

2.9. Differential expression analyses

After classification into LoY and RoY, the patients’ gene expres-
sion derived from TCGAs RNA-sequencing data was compared in a 
differential expression analysis implemented with the R package 
DESeq2 (v3.15 [33]). Lists of significant up- or downregulated genes 
were derived and then compared across cancer types. Genes were 
declared as significantly up- or downregulated with a p-value below 
0.05 and a log2 fold change above an absolute value of 1.

In addition to the transcriptome-wide expression analysis, an 
expression analysis exclusively for the Y chromosome was im-
plemented. Here, we used the raw FPKM values of each gene along 
the Y chromosome to search for specific genomic regions that 
showed an enrichment or depletion for differentially expressed 
genes. Genes with an overall low expression (summed FPKM value 
below 1) were excluded. The results were then summarized in a 
series of boxplots for each gene according to the location on the Y 
chromosome and group (LoY and RoY), respectively. The expressions 
were then compared between LoY and RoY for each gene with a 
paired t-test and corrected for multiple testing [8].

2.10. Identification of frequent copy number alterations

GISTIC2.0 (v2.0.22 [36]) was used to analyze the SNP array-based 
copy number data via the Genepattern Cloud to identify genomic 
regions with copy number alterations of significant frequencies. 
Masked copy number data was used to exclude germline copy 
number variants, resulting in the exclusion of the sex chromosomes. 
From the copy number segments of each patient within a cancer 
type and Y chromosome-status subgroup, GISTIC2.0 identified genes 
most likely to be affected by amplification or deletion events. 
GISTIC2.0 was run at default settings with the most recent reference 
gene file GRCh38 (GISTIC default reference genome: Human_Hg38. 
UCSC.add_miR.160920). The confidence level that is used to calculate 
the region containing the driver was increased to 0.99, as suggested 
by the TCGA GISTIC pipeline, and the arm peel method was activated 
to better separate peaks. To further denoise the results, the analysis 
was done a second time for the normal tissue, and genes occurring in 
both sets were excluded. For each cancer type, four lists of genes 
were generated with either significantly amplified or deleted genes 
in the respective subgroup of LoY and RoY.

3. Results

3.1. Loss of Y classification

To reliably separate tumors into LoY and RoY, a copy number 
index for the Y chromosome (YCNI) was calculated (Methods). After 

retrieving the YCNIs for each cancer type separately, the results were 
visualized in density plots for both the tumor tissue and combined 
with normal tissue (Fig. 1A and Supp. Figs. 1–2). As expected, we 
observed two peaks, with the lower peak and indices below re-
presenting tumors with LoY and the higher peak and values above 
representing tumors with RoY. The thresholds between LoY and RoY 
ranged between 0.6 and 0.75 across the different cancer types 
(Table 1).

Despite the low variation of the LoY thresholds, the relative 
distributions of patients among the different cancer types being 
classified as LoY and RoY differed substantially (Fig. 1B). For ex-
ample; approximately 25% of bladder urothelial carcinomas, colon-, 
and lung adenocarcinomas were LoY tumors, while up to 75% of 
tumors of other types, such as esophageal adenocarcinoma and 
kidney renal papillary cell carcinoma showed LoY. The ratios re-
trieved for esophageal adenocarcinoma and head and neck squa-
mous cell carcinoma are in concordance with the literature [23,30]. 
However, recent findings suggest a slightly different order with a 
higher LoY proportion for head and neck squamous cell carcinoma 
and lung adenocarcinoma [39].

In conclusion, the classification previously used exclusively on 
head and neck squamous cell carcinoma [23] can be transferred to 
the majority of TCGA datasets leading to differentiation into LoY and 
RoY tumors.

3.2. Loss of Y correlates with genome-wide instability

To further investigate the possibility that LoY reflects general 
genome instability, a total autosomal aneuploidy index (TAAI) for 
each sample was calculated. Unlike the bimodal distribution of the 
copy number index for the Y chromosome, the TAAI shows a 
Gaussian distribution (Fig. 1C). The level of TAAI reflecting general 
genomic instability varied greatly across cancer types, with head and 
neck squamous cell carcinoma showing low TAAI. In contrast, 
adrenocortical carcinoma, kidney chromophobe, and renal papillary 
cell carcinoma showed the highest levels.

After stratifying samples into RoY and LoY, we compared the 
YCNI with the TAAI (Fig. 1D and Supp. Fig. 3–6). Samples with 
YCNI <  0.75, corresponding to LoY (Table 1), showed an inverse 
correlation between LoY and TAAI, while samples with YNCI values 
equal to and greater than 0.75, reflecting the normal state in males 
and samples with gains of the Y chromosome, showed a positive 
correlation. This trend was observed for most cancer types, in-
dicating that both non-normal copy states, loss and gain of the Y 
chromosome, are associated with a high level of genomic instability 
(Supp. Fig. 3–6). The combined analysis across all cancer types 
showed that LoY is associated with higher overall TAAI (Fig. 1E).

In summary, the TAAI varies greatly across the different cancer 
types. TAAI is higher in LoY compared to RoY tumors but also in 
tumors that gained an additional Y chromosome, in agreement with 
the hypothesis that an unstable genome is more likely to lose or gain 
a Y chromosome. However, it cannot be distinguished whether LoY 
is the consequence of genomic instability or vice versa genome in-
stability is a consequence of LoY.

3.3. Differences in mutation profiles between LoY and RoY

Next, we tested for differences at the level of somatic single 
nucleotide variants (SNVs) between LoY and RoY, starting with each 
sample’s tumor mutational burden (TMB) defined by the number of 
non-silent somatic SNVs and INDELs/megabase (Mb) (Fig. 2 A).

In general, LoY tumors tended to have higher TMB compared to 
RoY tumors (p = 0.01, t-test, Fig. 2B). Cancer types with relatively 
large differences were head and neck squamous cell carcinoma, 
kidney chromophobe, and lung adenocarcinoma. Exceptions from 
this trend were adrenocortical carcinoma, esophageal squamous cell 
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Fig. 2. Comparison of somatic SNV features between LoY and RoY. (A) Cancer types separated in LoY and RoY tumors (x-axis) shown in an ascending order based on their median 
TMB (y-axis) marked in red. (B) Comparison of the relative differences between LoY and RoY with regards to the median TMB. The full names of the cancer types can be found in 
Fig. 1. (C) Mutation signature analysis for head and neck squamous cell carcinoma separated by Y chromosome status is shown with LoY on the left and RoY on the right. Patients 
are sorted by their absolute number of single base substitutions. The colors reflect COSMIC mutation signatures according to the panel on the right. Adjusted p-values of the t-test 
comparing the frequency of mutations assigned to a given signature between LoY and RoY are shown on the right. (D) Upset plot indicates the presence of a signature within a 
cancer type as a black dot. Significant enrichment in the subsets is highlighted in red for LoY and in green for RoY.
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carcinoma, colon adenocarcinoma, and skin cutaneous melanoma. 
This cancer-specific distribution is in concordance with previous 
findings [53]. The correlation of LoY with high TMB in the majority of 
cancers documents an association of LoY with mutation processes, 
DNA repair or general genome complexity, where the cause remains 
unclear.

To further analyze the different types of mutations, we assigned 
the respective SNVs (single base substitution or SBS) to the best 
fitting COSMIC mutation signature for each cancer type and Y 
chromosome group (Fig. 2C and Supp. Fig. 7–9). Out of 78 described 
signatures in COSMIC, the mutations were assigned to eleven sig-
natures across all investigated cancer types (Fig. 2D). Interestingly, 
we observed significant depletion for signature 1 (SBS1, p-value = 
0.012) and SBS6 (p-value = 0.001) in LoY tumors of colon adeno-
carcinoma. SBS1 is a clock-like signature as the number of mutations 
of this signature correlates with the patient's age [38]. Its lower level 
might suggest that LoY tumors develop earlier in the colon than RoY 
tumors. In LoY head and neck squamous cell carcinomas, SBS4 (p- 
value = 0.001) and SBS87 (p-value = 0.008) were significantly en-
riched. SBS87 is associated with thiopurine chemotherapy treatment 
[29] and was found in most cancer types (Fig. 2D). SBS4 is associated 
with tobacco smoking, a major risk factor for head and neck squa-
mous cell carcinoma. The enrichment of SBS4 in LoY supports the 
reported enrichment of LoY in smokers. LoY tumors of kidney renal 
papillary cell carcinoma showed significant enrichment for SBS54 
(p-value = 0.0002) and LoY lung adenocarcinomas for SBS24 (p- 
value = 0.016) and SBS39 (p-value = 0.017). SBS24 is associated with 
aflatoxin exposure [2] again connecting LoY to a mutagen. In a 
mutagenic-driven TMB high scenario, many premalignant cells ac-
cumulate weak driver gene mutations [37] and cells with LoY might 
bear the additional weak driver that could push a cell beyond the 
threshold of transformation.

Overall, LoY tumors showed a trend towards higher TMB re-
sulting from higher genomic instability and a higher level of somatic 
SNVs. Interestingly, seven mutation signatures in four cancer types 
show significant differences between LoY and RoY, potentially re-
flecting differences in etiology.

3.4. TP53 is more frequently mutated in LoY tumors

After comparing the mutations at the signature level, we were 
interested in potential differences between LoY and RoY on the gene 
level. The number of genes that displayed significant differences in 
mutation frequencies in LoY tumors compared to RoY tumors ranged 
from 610 in lung adenocarcinoma to zero in adrenocortical carci-
noma and kidney chromophobe (Supp. Table 1).

Classical oncogenes were among the differentially mutated genes 
(e.g., KRAS more frequent in RoY in colon adenocarcinoma) and 
tumor suppressor genes (e.g., BRCA1 more frequent in LoY in bladder 
cancer). Differentially mutated genes usually showed higher muta-
tion counts for LoY tumors (2266 genes higher in LoY compared to 
561 genes higher in RoY; Supp. Table 1), in agreement with an 
overall higher TMB in LoY tumors. However, the distribution of 
genes was heterogeneous across cancers, and we searched for genes 
with mutation frequency differences in more than one cancer type. 
Several genes showed differences in two cancer types and four genes 
in three cancer types (Supp. Table 2–3).

TP53 was more frequently mutated in LoY of three cancer types 
(colon adenocarcinoma, head and neck squamous carcinoma, lung 
adenocarcinoma) but less frequent in LoY of kidney renal papillary 
cell carcinoma. Loss of TP53 function correlates with enrichment of 
somatic genome copy number alterations and poor prognosis in 
several cancer types [53], again indicating an association of LoY with 
features of genomic instability. The other three genes more fre-
quently mutated in LoY were PKHD1L1, AKAP9, and WDFY3. Inter-
estingly, we found MMP13 (matrix metallopeptidase 13) and MUC16 

(mucin 16) significantly more often mutated in LoY of two cancer 
types (lung adenocarcinoma/skin cutaneous carcinoma and head 
and neck squamous cell carcinoma/kidney renal papillary cell car-
cinoma, respectively). MMP13 has been implicated in invasion, me-
tastasis, and angiogenesis [24,27]. MUC16 is classified as an 
oncogene mediating proliferation and migration [13,44]. Both en-
richments in LoY tumors suggest more aggressive biology.

Overall, there are significant differences in gene-based mutation 
frequencies between LoY and RoY of heterogeneous gene sets across 
cancer types. For the majority of genes, the mutation frequencies are 
higher in LoY and TP53 is the most commonly enriched gene for 
mutations in LoY tumors, which is in agreement with recent find-
ings [39].

3.5. Recurrent copy number alterations containing cancer genes are 
associated with LoY

Since LoY was associated with TAAI, we wondered whether more 
specific local copy number gains or losses were associated with LoY. 
We used GISTIC separately for LoY and RoY tumors of each cancer 
type and found largely overlapping copy number profiles of LoY and 
RoY (Supp. Fig. 10). Next, we searched for recurrent copy number 
alterations specific to LoY by subtracting regions also affected in RoY 
and searched for commonly affected genes across cancer types 
(Supp. Table 4–5). We found four classical oncogenes frequently af-
fected by copy gains in LoY but not in RoY in different cancer types: 
MET in kidney renal papillary cell carcinoma and lung adenocarci-
noma, CDK6 and KRAS in esophageal adeno- and squamous cell 
carcinoma, and EGFR in bladder urothelial carcinoma, lung adeno-
carcinoma, and esophageal squamous cell carcinoma. As recurrently 
deleted in LoY tumors of more than one cancer type, we observed 
the tumor suppressor genes FAT1 in colon adenocarcinoma, kidney 
renal papillary cell carcinoma, and esophageal adenocarcinoma and 
CASP3 in colon adenocarcinoma, kidney renal papillary cell carci-
noma, lung squamous cell carcinoma, and esophageal adenocarci-
noma and the oncogene NRAS in the adenocarcinoma of colon, lung, 
and rectum. While the enrichment of these events might reflect the 
association with genomically unstable tumors in general, it shows 
that LoY tumors can be enriched for the presence of clinically re-
levant targets by favoring specific copy number alterations.

3.6. Differential expression between LoY and RoY tumors

Following the hypothesis that LoY can impact the expression of 
autosomal genes through trans or epigenetic effects, we performed 
differential gene expression analyses (Fig. 3, Supp. Fig. 11–14, Supp. 
Table 6–7). The number of differentially expressed genes varied 
across cancer types. It ranged from 35 in esophageal adenocarci-
noma to 726 in kidney renal papillary cell carcinoma for genes 
down-regulated in LoY tumors and from 8 in colon adenocarcinoma, 
kidney renal clear cell carcinoma, and lung squamous cell carcinoma 
to 173 in esophageal adenocarcinoma for up-regulated genes in LoY 
tumors (Supp. Table 1). Affected genes were heterogeneous across 
cancer types and ranged across a broad range of functional groups. 
We searched for genes with recurrent LoY-specific expression 
changes across several cancer types and found TMSB4Y down-
regulated in all cancer types and 33 other Y-linked genes, down-
regulated in at least five cancer types, further validating the LoY 
classification method (Supp. Fig. 11–14).

To explore how homogeneous the up- or down-regulation of 
differentially expressed genes was distributed in LoY and RoY of a 
given cancer type, we performed unsupervised clustering of the top 
differentially expressed genes for each cancer type (kidney chro-
mophobe is shown as an example in Fig. 3B, other cancer types are 
shown in Supp. Fig. 15–18). A relatively clear distinction due to 
consistent LoY-correlated expression changes could be observed in 
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adrenocortical carcinoma, kidney chromophobe, and rectum ade-
nocarcinoma but less clear in other cancer types. The division was 
always more striking for the downregulated genes, dominated by the 
genes located on the Y chromosome. The data illustrates a high level 
of heterogeneity even within cancer types, suggesting that the po-
tential epigenetic/trans effects of LoY are either modulated by many 
other factors or that the effect is moderate and/or the stroma dilutes 
the signal.

To gain confidence in LoY-associated autosomal gene expression 
changes, we searched for significant LoY/RoY expression differences 
of autosomal genes recurrently occurring in several cancer types. 
Interestingly, MMP13 was up-regulated in three LoY adenocarci-
nomas (colon, esophageal, and lung) while down-regulated in LoY 
kidney renal papillary cell carcinoma. In contrast, GPC5 (Glypican-5) 
was significantly down-regulated in LoY tumors of three cancer 
types (kidney renal papillary cell carcinoma, lung adenocarcinoma, 
and skin cutaneous melanoma). GPC5 down-regulation is associated 
with poor outcomes in lung adenocarcinoma patients [52]. Its down- 
regulation is based on promoter methylation, and overexpression of 
GPC5 inhibits proliferation, invasion, and tumor growth by sup-
pressing the Wnt/beta-catenin axis [52]. Again, MMP13 up-regula-
tion and GPC5 down-regulation in LoY tumors might indicate more 
aggressive tumor types.

In conclusion, the differences in gene expression between LoY- 
and RoY tumors further confirmed the valid classification based on 
differences in Y-linked genes. LoY-associated expression differences 
primarily affect different gene sets across cancers. However, recur-
rently affected genes are not restricted to the Y chromosome, po-
tentially reflecting a functional connection to LoY.

3.7. LoY is associated with shorter overall survival in head and neck 
squamous cell carcinoma

Further, we tested for association between LoY and overall sur-
vival. Since genome instability is correlated with LoY, we also tested 
for association between TAAI and overall survival to identify po-
tential differences between LoY and TAAI. Only for head and neck 
squamous cell carcinoma, LoY was associated with shorter overall 
survival (Fig. 4 and Supp. Fig. 19–22). High TAAI, on the other hand, 
was associated with shorter overall survival in kidney renal papillary 

cell carcinoma. Next, we separated the effects of TAAI and LoY by 
subdividing the patient groups into TAAI high and TAAI low and 
tested within these subgroups for survival differences between pa-
tients with LoY or RoY tumors. LoY showed a borderline significance 
for association with shorter overall survival among the TAAI high 
colorectal adenocarcinoma (Fig. 4E). With these sample sizes, we 
could not identify strong effects of LoY with regards to survival even 
without correction for multiple testing. Therefore, the association 
between LoY and poorer outcome in tumors with LoY [39] could not 
be confirmed.

3.8. Male dominated cancer types show a trend for enrichment of LoY

Noting that LoY is associated with a number of features asso-
ciated with aggressive tumor biology, we hypothesized that LoY 
contributes to tumor development. If this is true, we expect a 
higher incidence in males for cancer types with high rates of LoY. To 
investigate this, we used previously described sex bias in various 
cancers and tested for a possible correlation between the dis-
parities in incidence rates between men and women and the pro-
portions of LoY in the male patients’ tumors of the respective 
cancer types. For this analysis, we included cancer types that had 
meager proportions of LoY samples, which was the reason why 
they were excluded from previously described analyses (glio-
blastoma multiforme, brain lower grade glioma, and thyroid car-
cinoma). We did indeed observe a correlation between the rate of 
LoY and sex bias (R2 = 0.557, p-value = 0.025, Fig. 5) suggesting that 
LoY might contribute to cancer development and thereby influence 
the incidence rate. However, we observed similar results when 
comparing the incidence rates with the TAAIs, rendering it chal-
lenging to assign this effect to LoY.

4. Discussion

Over the last years, our awareness of sex differences in cancer 
biology has increased. Besides sex hormone levels, genetic and 
epigenetic differences between males and females influence the 
clinical course [42]. While there are several examples of X chro-
mosome-specific effects in females that can contribute to the de-
velopment of cancer [45] or protect against it [26], the Y 

Fig. 3. Differential gene expression analysis between LoY and RoY. (A) Volcano plot for kidney chromophobe with Y-linked genes highlighted. Genes that show a p-value smaller 
than 0.05 and an absolute log2 fold change >  2 are colored in red. (B) Heatmap shows genes that are either significantly up- or downregulated in LoY of kidney chromophobe 
compared to RoY (p-value smaller than 0.05 and log2FC above or below 2). Samples are arranged in columns, genes in rows. Top indicates Y chromosome status of each tumor, left 
indicates Y chromosomal or autosomal location of a gene and up or down regulation in LoY.
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chromosome received less attention. This is in part based on the low 
gene content on the Y chromosome, the fact that males lose the Y 
chromosome in a fraction of cells during aging, and females do not 
have a Y chromosome at all. However, extreme down-regulation of Y 
chromosome gene expression (EDY) is associated with increased 

cancer risk in men and a driver model with EDY being the functional 
consequence of LoY has been proposed [10].

Further, we have shown that LoY is an independent prognostic 
marker for overall survival in esophageal cancer [30]. Additional 
evidence for a malignant effect of LoY comes from experiments 

Fig. 4. Survival analysis of the TCGA cohort stratified by LoY and TAAI. (A-D) Kaplan-Meier survival curves for HNSC patients. (A) Comparison between LoY (red) and RoY 
(turquoise). (B) Comparison between a high TAAI (red) and low TAAI (turquoise). (C) Comparison between LoY (red) and RoY (turquoise) for patients that show a low TAAI. (D) 
Comparison between LoY (red) and RoY (turquoise) for patients that show a high TAAI. (E) Overview of overall survival analyses for the 13 cancer cohorts showing p-values of 
Kaplan-Meier analyses for stratification based on LoY/RoY and low/high TAAI (left). Subanalyses were performed for patient groups with low and high TAAI, respectively, to test for 
an effect of LoY within these subgroups (right).
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where the introduction of the Y chromosome in a LoY prostate 
cancer cell line with LoY resulted in reduced tumor formation in a 
xenograft model [49]. To better understand the potential molecular 
consequences of LoY, we systematically characterized the genomic 
and transcriptomic landscape of cancers with LoY.

Based on genomic copy number information, we classified tu-
mors into LoY and RoY in a pan-cancer data set. This approach can be 
used for the reanalysis of existing genome-wide data. The classifi-
cation allowed us to compare LoY frequencies across cancer types, 
an advantage over the comparison of frequencies derived from in-
dividual cancer reports. LoY is a frequent genomic event. More than 
20% of male patients’ derived tumors were affected in the 13 ana-
lyzed cancer types, with exceptionally high frequencies in kidney 
renal papillary cell carcinoma (76%) and esophageal adenocarcinoma 
(66%). These high frequencies agree with other reports [30,39,9]. We 
investigated the genomic and transcriptomic features that char-
acterize LoY tumors to gain insight into the molecular context and 
potential value as a biomarker.

On the genomic level, we observed a correlation between altered 
Y chromosome copy number and the degree of aneuploidy (TAAI). It 
remains challenging to distinguish between LoY being the cause for 
or effect of high TAAI. However, despite the strong association with 
genome-wide instability, LoY might have unique effects specific to 
this event. Large autosomal aneuploidy events occur more fre-
quently in men with LoY in somatic non-cancer cells, which implies 
that LoY precedes total autosomal aneuploidy [21]. This indicates 
that LoY could be considered a pre-disease state and could function 
as a biomarker for predicting genome-wide instability [6].

The somatic copy number alteration profiles between LoY and 
RoY overlap largely. However, we identified regions with enrichment 
for copy gains in LoY cancers, including amplification of EGFR and 
MET in lung adenocarcinoma, two driver genes that are targeted by 
tyrosine kinase inhibitors [50,51]. We found LoY tumors to have 
more point mutations (higher TMB) than RoY. Therefore, the 
genomic profiles of copy number and single nucleotide alterations 
show a high level of genomic alterations in LoY tumors.

The distribution of somatic SNVs as mutation signatures can 
provide insight into the mutation mechanisms and etiology. Our 
analysis did not reveal a general association between LoY and a 

specific mutation signature which was not expected since the 
composition of mutation profiles across cancers differs. The smoking 
signature SBS4 is enriched in head and neck squamous cell carci-
noma and lung adenocarcinoma with LoY suggesting that smoking 
and related mutation processes favor LoY or may more likely result 
in tumorgenesis from cells with LoY. On the gene level, TP53 was 
significantly more often mutated in LoY tumors. This is in agreement 
with the understanding that mutations in TP53 lead to genome in-
stability [17]. Overall, LoY tumors have genomes with more altera-
tions than RoY tumors, suggesting that the former might be more 
challenging to treat.

The transcriptomic analysis of autosomal genes displayed a high 
level of diversity with a lack of evidence for a strong trans-effect, e.g. 
through a Y-linked transcription factor. The LoY associated up-reg-
ulation of MMP13 and the downregulation of GPC5 in three cancer 
types are interesting and potentially cancer-relevant observations.

Earlier studies reported shorter overall survival for patients with 
LoY tumors [19,20,30]. We found significantly shorter overall sur-
vival for LoY compared to RoY head and neck squamous cell carci-
noma patients. The absence of LoY/overall survival associations for 
other cancer types is possibly due to small sample sizes. Interest-
ingly, we observed a correlation between the ratio of male to female 
incidence rates and the fraction of LoY tumors within a cancer type. 
This suggests that LoY increases the chance for cancer to develop in 
males and contributes to cancer development. It is in agreement 
with LoY being associated with poor prognosis and suggests that LoY 
is an early event in tumor evolution. Since it is known that an in-
creasing number of normal somatic cells lose their Y chromosome 
during aging, it seems plausible that these cells are more likely than 
their RoY counterparts to develop cancer.

5. Conclusions

In this study, we conducted a systematic pan-cancer analysis to 
classify tumors of male patients into tumors that lost or retained 
their Y chromosome. LoY tumors show more genomic alterations 
than RoY tumors. A diversity of cancer-relevant molecular features 
differs between LoY- and RoY tumors and most of these character-
istics are specific to individual cancer types. We found an association 
suggesting that LoY may contribute to the development of cancer 
and the higher incidence rates in males. Our study provides a re-
source and could aid future studies to investigate this new field of 
association of LoY with the disease in more depth.
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Supplement

Comparison of Y-linked RNA expression levels

Since the Y chromosome is not always completely lost, we 
searched for regions within the chromosome that are more (or less) 
frequently deleted. For this, a series of boxplots of the respective 
gene expression values was created for each cancer type. Each gene 
was then tested for significant differences between LoY and RoY with 
a paired t-test.

The locations of genes that showed significant differential ex-
pression between LoY and RoY were scattered across the Y chro-
mosome with no obvious clustering. However, for some of the 
cancer types with a large number of samples, there was a recurring 
window of neighboring genes that were not significantly different 
between LoY and RoY that in turn were surrounded by significant 
ones. This window is located on q11.223 and includes the genes: 
TTTY10, EIF1AY, RPS4Y2, and PRORY (Supp. Fig. 23–26). The findings 
do not support the hypothesis that essential (tumor suppressing) 
genes are aggregated in a specific region on chromosome Y which is, 
therefore, less likely to be deleted.

Appendix A. Supporting information

Supplementary data associated with this article can be found in 
the online version at doi:10.1016/j.csbj.2023.02.024.
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