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Abstract

Tobacco smoking is a risk factor for numerous disorders, including cancers affecting organs 

outside the respiratory tract. Epidemiological data suggest that smoking is a greater risk factor for 

these cancers in males compared to females. This observation, together with the fact that males 

have a higher incidence of, and mortality from, most non-sex-specific cancers, remain 

unexplained. Loss of chromosome Y (LOY) in blood cells is associated with increased risk of 

non-hematological tumors. We demonstrate here that smoking is associated with LOY in blood 

cells in three independent cohorts (TwinGene: odds ratio [OR]=4.3, 95% CI =2.8-6.7; ULSAM: 

OR=2.4, 95% CI=1.6-3.6; and PIVUS: OR=3.5, 95% CI=1.4-8.4) encompassing a total of 6014 

men. The data also suggest that smoking has a transient and dose-dependent mutagenic effect on 

LOY-status. The finding that smoking induces LOY thus links a preventable risk factor with the 

most common acquired human mutation.

Tobacco smoking killed ~100 million people during the 20th century and is projected to kill 

~1 billion people during the current century, assuming that the current frequency of smoking 

is retained (1, 2). Lung cancer is the prime cause of cancer-associated death in relation to 

smoking. However, smoking is also a risk factor for tumors outside the respiratory tract and 
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these are more common in males than females (hazard ratio in males 2.2; 95% CI=1.7-2.8 

and in females 1.7; 95% CI=1.4-2.1) (2). Moreover, males have a higher incidence and 

mortality from most non-sex-specific cancers, disregarding smoking status, and this fact is 

largely unexplained by known risk factors (3, 4). A recent analysis of non-cancerous blood 

cells revealed that a male-specific chromosomal aberration, acquired mosaic loss of 

chromosome Y (LOY), is associated with an increased risk of non-hematological tumors 

among aging males (5).

Here we analyzed possible causes of LOY by studying 6014 men from three independent 

prospective cohorts (TwinGene, n=4373 (6, 7); ULSAM, n=1153 (8); PIVUS, n=488 (9)), 

from which comprehensive epidemiological records are available (tables S2-S4). We 

included the following environmental, lifestyle and clinical factors in the analyses: smoking, 

age, hypertension, exercise habits, diabetes, BMI, LDL cholesterol, HDL cholesterol, 

education level, and alcohol intake. We also included genotyping quality as a confounder in 

the regression analyses, to adjust for possible influence of experimental noise. Similar 

definitions of factors were used in all cohorts as outlined in tables S2-S5 and described in 

detail in Materials and Methods (Supplement). Estimation of LOY was based on SNP-array 

data using the 2.5MHumanOmni and HumanOmniExpress beadchips, in the ULSAM and 

PIVUS/TwinGene, respectively (fig. S1). The estimation of the degree of mosaicism and 

scoring of LOY was undertaken using the continuous mLRR-Y estimate, calculated from 

SNP-array data as the median of the LogRRatio of all SNP-probes within the male specific 

part of chromosome Y (MSY), as described previously (5). An mLRR-Y estimate close to 

zero indicates a normal chromosome Y state, while more negative mLRR-Y values denote 

an increasing level of blood cells with LOY. To facilitate comparisons between the three 

cohorts, we corrected the mLRR-Y values for all participants, using cohort-specific 

correction constants as explained in Materials and Methods (figs. 1 and S2).

LOY was by far the most common post-zygotic mutation found in the three cohorts. The age 

range at sampling in ULSAM and PIVUS was 70.7 - 83.6 years and 69.8 - 70.7 years, 

respectively, and we found LOY in 12.6% of ULSAM participants and 15.6% of PIVUS 

participants (figs. S3-S4). The age range at sampling in TwinGene was 48 - 93 years and the 

frequency of LOY in the entire cohort was 7.5% (fig. S5). However, in TwinGene 

participants aged 70 years or older, 15.4% had LOY, which is similar to the LOY frequency 

in the other cohorts at the same age range. In TwinGene participants younger than 70 years, 

only 4.1% was affected by LOY. Thresholds for LOY-scoring, at the lower 99% confidence 

limit of the distributions of experimental mLRR-Y variation (TwinGene=−0.1324, 

ULSAM=−0.1024, PIVUS=−0.1182) were used for frequency calculations, as explained in 

Materials and Methods and figs. S3-S5. At this degree of mosaicism, approximately 10% of 

the analyzed nucleated blood cells from each sample are affected by LOY. Mosaic LOY in 

blood detected with SNP-arrays was validated using whole genome next generation 

sequencing (NGS) in 100 random participants in the ULSAM cohort. There was 100% 

concordance in LOY-scoring between results from SNP-array and NGS-data (5).

We found a strong association between smoking and LOY-status in the three independent 

cohorts. Current smokers had a significantly higher degree of LOY-mosaicism, compared to 

nonsmokers and past smokers, in unadjusted (fig. 1) and in the multivariable models 
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adjusting for the above mentioned potential confounders (table S1, ANCOVA: TwinGene 

F(1,1666)= 45.4, p=2.225e-11; ULSAM F(1,968)=17.6, p=2.984e-05; PIVUS F(1,385)=9.1, 

p=0.0028). Apart from smoking, the only other factor significantly associated with LOY was 

age, which was observed in TwinGene, with higher degree of LOY in older participants. The 

age range in ULSAM and PIVUS was narrower (see above), which may explain why age 

had no effect on LOY in these regression models (tables S1 and S5). To assess the risk of 

LOY in blood cells of smokers, we used logistic regression adjusting for the same 

confounders as in table S1. Participants were LOY-scored as 1 or 0 prior to these analyses 

based on the continuous mLRR-Y estimate, using the same threshold as for the estimations 

of LOY-frequencies, i.e., the lower 99% confidence intervals of the experimentally induced 

mLRR-Y variation (figs. S3-S5). The adjusted odds ratio estimates from logistic regressions 

were highest in TwinGene (OR=4.3, 95% CI =2.8-6.7) followed by PIVUS (OR=3.5, 95% 

CI=1.4-8.4) and ULSAM (OR=2.4, 95% CI=1.6-3.6). The corresponding unadjusted odds 

ratios are given in table S6. Based on these calculations, we estimate that current smokers in 

the studied cohorts had a 2.4 – 4.3 times greater risk of displaying LOY compared to non-

smokers. Furthermore, among the current smokers in the large TwinGene cohort, we found a 

strong dose-response effect with more LOY in heavy smokers, i.e. smokers with LOY had 

been smoking significantly more packyears compared to smokers without LOY (fig. 2C).

Our results suggest that the association between smoking and LOY is valid for current 

smokers only (fig. 2A and B). Previous epidemiological studies showed that smoking 

cessation at any age is associated with dramatically reduced death rates. For smokers who 

quit at 25 to 34 years of age, survival was nearly identical with those who had never smoked 

(2, 10). We analyzed the level of LOY after smoking cessation in the ULSAM and the 

TwinGene cohorts by using LOY data in the past regular smokers (table S5). No difference 

in LOY frequency between never smokers and previously regular smokers was found (fig. 

2A and B). One possible explanation for these results is that the previous smokers with LOY 

died off faster than the rest of the cohort. Another and perhaps more likely explanation is 

that LOY is induced and sustained by smoking and that LOY is a dynamic and reversible 

process.

Whether the LOY induced by smoking plays a direct role in cancer is unclear. One 

hypothesis is that smoking is clastogenic - that is, it induces many chromosomal 

abnormalities, including an incidental loss of the Y chromosome. In this scenario, LOY 

would be a neutral passenger mutation and a reporter of a general tendency of chromosome 

missegregation in mitosis, which is enhanced by smoking and associated with risk for cancer 

and mortality. A second hypothesis is that LOY in blood cells is a causative factor in cancer 

development, possibly through effects on tumor immunosurveillance (11). We conducted a 

preliminary test of this hypothesis by investigating possible functional consequences of 

LOY in sorted blood cells from three ULSAM survivors scored with LOY and still alive at 

the age of 91 years. We sorted cells from three compartments (granulocytes, CD4+ T-

lymphocytes and CD19+ B-lymphocytes) in subjects that displayed LOY in earlier serial 

analyses of whole blood, performed at four time points during two decades (fig. S6). The 

three subjects were free from cancer diagnoses at the time of blood collection at 91 years. 

The data from these experiments are tantalizing because: i) the percentage of cells with LOY 
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differed between different compartments of the hematopoietic system; and ii) ULSAM-1412 

suggests that LOY might be an oligo-clonal process, as cells derived from myeloid and some 

(but not all) lymphoid progenitors display LOY. These preliminary results support the 

second hypothesis. If LOY was a phenotypically neutral passenger mutation, one would 

expect that LOY cells would be randomly distributed within all components of the 

haematological system. It was recently shown that LOY-status of blood cells is associated 

with a higher risk for all-cause mortality as well as a higher risk for non-hematological 

cancers and that it can be considered as a biomarker of male carcinogenesis (5). We 

hypothesized that a disrupted tumor-immunosurveillance in LOY-affected cells could help 

explaining the connection between LOY-status of non-cancerous blood cells and risk for 

tumors in other tissues (5, 11). These results also support the second hypothesis and the 

increasingly recognized view that chromosome Y carries many vital functions in biological 

processes beyond sex determination and sperm production (12-16).

Our results are consistent with a previously described dynamic nature of expanding-

contracting non-cancerous cell clones in blood affected with mosaic genetic aberrations; i.e. 

it appears that the relative frequency of cells from a cell clone can first increase and then 

decrease later in life (5, 17, 18). In the present analyses, LOY was detected in ≥10% of 

blood cells from about 15% of elderly males in three cohorts (figs. S3-S5). The cell clones 

with LOY were likely detectable in our analyses because they are enriched, due to an 

increased proliferative potential as a consequence of LOY, which is in agreement with 

chromosome Y containing tumor suppressor genes. Recent analysis of >8200 tumor-normal 

pairs suggest that two genes (ZFY and UTY, from the male specific part of Y) have 

properties of tumor suppressors (19). Interestingly, both genes have homologues on 

chromosome X and escape X inactivation (19, 20). Moreover, other analyses of various 

tumor collections show that chromosome Y is lost from numerous types of tumors in 

frequencies ranging from 15 to 80% of cases (21-24). Thus, counting both LOY in non-

cancerous blood clones and in transformed tumor cells, nullisomy Y is among the most 

common, if not the most common, human mutation. The results presented here suggest that 

this aneuploidy, affecting 1.6% of the genome, is likely induced by smoking. In conclusion, 

we show that LOY is more common in current smokers compared to non-current smokers in 

three cohorts (fig. 1 and table S1), that the effect from smoking on LOY is dose dependent, 

and that this effect might be transient, as it apparently disappears after smoking cessation 

(fig. 2). Epidemiological observations suggest that smoking could be a greater risk factor for 

cancer outside the respiratory tract in males compared to females (2, 4, 10). Moreover, 

males have a higher incidence and mortality from most sex-unspecific cancers (3, 4). The 

molecular mechanisms behind these observations are not well understood, but LOY, being a 

male specific, smoking-induced risk factor, could provide a missing link and help explaining 

these sex differences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The association between smoking status and the level of LOY (i.e. mLRR-Y) in three 

independent cohorts. In all cohorts, these unadjusted analyses indicate that the current 

smokers (Yes) (table S5) had a significantly higher degree of mosaic loss of chromosome Y 

(LOY) in blood, compared to non-current smokers (No), composed of never- and previous-

smokers. *** and * denotes p-values lower than 0.001 and lower than 0.05, respectively 

(Kolmogorov–Smirnov tests: TwinGene D=0.15 p=1.131e-11; ULSAM D=0.15 p=0.0006; 

PIVUS D=0.23 p=0.0203). The definitions used for LOY-scoring and the entire ranges of 

mLRR-Y data observed in each cohort are shown in figs. S3-S5.
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Fig. 2. 
Differences in degree of LOY between different smoking categories within TwinGene (A) 

and ULSAM (B) as defined in table S5. In TwinGene (A) there was a significant difference 

between four smoking categories (ANOVA; F(3,4137)=22.2, p-value=3.028e-14) and results 

from post-hoc analysis adjusting p-values for multiple testing using a Tukey HSD test are 

displayed. In ULSAM (B) there was also a significant difference between three smoking 

categories (ANOVA; F(2,1107)=12.2, p=5.812e-06) and post-hoc analysis is shown. In both 

cohorts, the current smokers had a significantly higher degree of LOY compared to all other 

categories. The average degree of LOY in the previously regular smokers was not 

significantly different from the average degree of LOY in the never smokers in both cohorts. 

Panel C visualize a dose response effect within current smokers in TwinGene with men 

smoking the most packyears also being associated with higher degree of LOY, as defined in 

fig. S5 (Kolmogorov–Smirnov test: D=0.2244, p=0.0010).
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