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Abstract

Background: Understanding the biological differences between sexes in cancer is essential for personalized treatment and
prevention. We hypothesized that the extreme downregulation of chromosome Y gene expression (EDY) is a signature of can-
cer risk in men and the functional mediator of the reported association between the mosaic loss of chromosome Y (LOY) and
cancer.
Methods: We advanced a method to measure EDY from transcriptomic data. We studied EDY across 47 nondiseased tissues
from the Genotype Tissue-Expression Project (n¼371) and its association with cancer status across 12 cancer studies from
The Cancer Genome Atlas (n¼1774) and seven other studies (n¼7562). Associations of EDY with cancer status and presence
of loss-off function mutations in chromosome X were tested with logistic regression models, and a Fisher’s test was used to
assess genome-wide association of EDY with the proportion of copy number gains. All statistical tests were two-sided.
Results: EDY was likely to occur in multiple nondiseased tissues (P< .001) and was statistically significantly associated with
the EGFR tyrosine kinase inhibitor resistance pathway (false discovery rate¼0.028). EDY strongly associated with cancer risk
in men (odds ratio [OR] ¼ 3.66, 95% confidence interval [CI] ¼ 1.58 to 8.46, P¼ .002), adjusted by LOY and age, and its variability
was largely explained by several genes of the nonrecombinant region whose chromosome X homologs showed loss-of-
function mutations that co-occurred with EDY during cancer (OR ¼ 2.82, 95% CI ¼ 1.32 to 6.01, P¼ .007). EDY associated with a
high proportion of EGFR amplifications (OR ¼ 5.64, 95% CI ¼ 3.70 to 8.59, false discovery rate<0.001) and EGFR overexpression
along with SRY hypomethylation and nonrecombinant region hypermethylation, indicating alternative causes of EDY in
cancer other than LOY. EDY associations were independently validated for different cancers and exposure to smoking, and
its status was accurately predicted from individual methylation patterns.
Conclusions: EDY is a male-specific signature of cancer susceptibility that supports the escape from X-inactivation tumor
suppressor hypothesis for genes that protect women compared with men from cancer risk.

Men are more at risk and less likely to survive cancer than
women (1). Besides the different environments to which sexes
are exposed, sex-specific molecular processes are also impor-
tant to explain sexual dimorphism in cancer. For instance, sex
hormones are critically involved in cancer development, and
numerous loci in sex chromosomes are associated with cancer
susceptibility (2). In addition, the complete loss of chromosome
Y (LOY) is a frequent event in tumor cells (3–9) and a specific
risk factor for cancer in men when found in peripheral blood
cells (10–12). Given that LOY is the most common somatic mu-
tation in men, there is a need to understand whether uncon-
trolled mitosis can lead to LOY, or if LOY, as an age-related

condition (13,14), can predispose to cancer (15). A logical conse-
quence of the presence of LOY in a tissue would be the reduc-
tion of the overall transcription output of Y across the affected
tissue. As such, one should observe an association between the
extreme downregulation of chromosome Y (EDY) with cancer
that, if stronger than that of LOY, would indicate a directionality
from LOY to cancer via EDY.

Studies have shown a strong association between aneuploi-
dies in cancer and gene expression (16). Therefore, gene expres-
sion data have been used to identify the functional
consequences of aneuploidies (17). However, studies that mea-
sure the overall transcription output of an entire chromosome
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have not been reported. Therefore, we first proposed a method
to measure EDY from transcriptomic data, obtained by either
RNA-sequencing or expression microarrays, and then con-
firmed the biological suitability of the measure by analyzing
data from the Genotype Tissue-Expression (GTEx) Project over
multiple nondiseased tissues. Using The Cancer Genome Atlas
(TCGA) and several microarray studies, we then studied the as-
sociation between EDY and cancer risk in men. We also investi-
gated whether EDY status in tumors associated with differential
methylation across Y and with copy number alterations in auto-
somes. We thus tested the hypothesis that the novel transcrip-
tomic signature EDY is an important risk factor for cancer in
men.

Methods

Detection of EDY From Transcriptome Data

We analyzed expression data from chromosome Y in the form
of count data for RNA-sequencing and signal intensity for mi-
croarray experiments. For each individual, we measured the rel-
ative expression of the entire chromosome with respect to the
autosomes. Having N exons in chromosome Y, with xe read
count for the e-th exon, we computed

y ¼ Re¼1;::N log 2ðxe þ 1Þ=N

as a measure of the average expression of Y. Likewise, we
obtained the mean expression in autosomes

a ¼ Re¼1;::M log 2ðxe þ 1Þ=M;

where M is the number exons with count data in the autosomes.
The relative amount of an individual’s Y expression with re-
spect to the individual’s autosomes was then defined as

Ry ¼ y� a:

We considered EDY as the extreme phenotype of Ry given by
values lower than the 0.05 sample quantile, as has been done
for other extreme phenotypes (18). The adequacy to treat EDY
as a discontinuous extreme phenotype that is the consequence
of LOY is supported by the observation that treating LOY itself
as a continuous variable is suboptimal (19). In a study with K
patients, we then classified individual j as having EDY if

Ryj < medianðRyÞ � 1:2� IQRðRyÞ;

where IQR is the usual definition for the interquartile range of
Ry values over patients. The cutting threshold given by the ex-
pression above corresponds to the lower 5% of the data for dif-
ferent types of unimodal distributions. Given that the
interquartile range is robust for different distributions, in the
case of array intensity data, we used similar definitions for EDY,
computing the relative expression Ry from xe as the intensity
value at probe e.

Discovery and Validation Studies

We studied the frequency of EDY in 47 nondiseased tissues us-
ing the version-6 RNA-sequencing data from the GTEx project
(https://www.gtexportal.org/). Genome-wide single nucleotide
polymorphism (SNP) data were available for 298 men for whom
we could determine their EDY status. We studied the associa-
tion between EDY and cancer using the multiomic data for 28
TCGA cancer studies. We downloaded data from 10 642

samples: 5329 were from normal tissues and 5313 were tumor-
ous tissues. For validation, we downloaded from the
ArrayExpress Archive (www.ebi.ac.uk/arrayexpress) a large ex-
pression matrix of 27 871 arrays with accession number E-
MTAB-3732, the largest systematically annotated gene expres-
sion dataset of its kind. Gene expression data were searched in
the GEO repository (www.ncbi.nlm.nih.gov/geo) for case-control
studies of renal clear cell carcinoma and colorectal cancer.
Their accession numbers are GSE36895 and GSE44076. We also
downloaded transcriptomic data from two additional studies
(GSE4573 and GSE5123) on lung squamous cell carcinoma with
exposure to smoking. We downloaded normalized expression
data and used female samples to check the lower limit of EDY
detection in men. Probe annotation was made with the
Bioconductor biomaRt package.

We downloaded methylomic data from a case-control study
on kidney cancer with accession number GSE61441. Given the
strong pattern of methylation associated with EDY, we fitted an
elastic-net model to build a subject-wise predictor of EDY from
methylomic data using glmnet and caret R packages. The model
was trained in 90% of the TCGA cancer samples (n¼ 1174) and
validated in the other 10% of samples (n¼ 292). The model
hyperparameters (mixing and smoothing) were estimated using
10-fold cross-validation. The list of CpGs and coefficients to
build the predictive and an R function to get EDY prediction are
available at http://github.com/isglobalbrge/EDY. Further details
are in the Supplementary Methods (available online).

Statistical Analyses

All analyses were performed using packages from Bioconductor
version 3.8 and R version 3.5.2. Logistic regression models were
fitted for testing the association between EDY with different
outcomes, such as case-control status of the individuals or tu-
mor status of biological samples of cancer patients. We used
Bayesian regression models from the arm R package that gave
consistent estimates for low frequencies of patients with EDY.
Random effects meta-analyses were performed with the rma
package where heterogeneity between studies was tested with
a v2 test. All models were adjusted by age and cancer type when
available or needed. Main effect P values were two-sided and, if
needed, corrected for multiple comparisons by false discovery
rate (FDR). FDR and single-test P values less than .05 were con-
sidered statistically significant. The processed data and entire
computer code needed to completely reproduce our findings
have been made public in the figshare repository at https://fig-
share.com/projects/Extreme_down-regulation_of_chromo-
some_Y_and_male_disease/58514.

Results

EDY in Nondiseased Tissues

We first studied EDY in nondiseased tissues analyzing RNA-
sequencing data of 371 men across 47 tissues from the GTEx
Project. The average number of tissues per man was 12. We
detected 140 individuals with EDY in at least one tissue
(Supplementary Figure 1, available online). There was large vari-
ability of EDY frequency between tissues (mean [SD] ¼ 6.1%
[3.7%]) (Supplementary Table 1, available online). We found
high rates of individuals with EDY in more than one tissue and,
therefore, hypothesized whether EDY was likely to appear in
multiple tissues in a single individual, suggesting a genetic
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predisposition to it. Consequently, we first confirmed that indi-
viduals with EDY in one tissue were likely to show EDY in any
other tissue (permutation test of tissue labels, P< .001). Then,
because of the low power expected for the number of individu-
als, we performed enrichment analysis in genome-wide SNP
associations for EDY status. Enrichment analyses were per-
formed for a new variable EDY>1 tissue, defined as positive for
individuals where EDY was found in more than one tissue and
negative otherwise. Although no statistically significant associ-
ations were observed for EDY>1 tissue, we found that EDY>2 tissues

(n¼ 32) was statistically significantly enriched with SNPs in the
EGFR tyrosine kinase inhibitor resistance pathway (FDR ¼ 0.028).
In this case, we also observed suggestive genome-wide associa-
tions mapping to susceptibility genes for basophil percentage of
granulocytes (GRIP1) (21), lung and gastric cancers and smoke-
induced emphysema (MMP12) (22–24), and high- and low-
density cholesterol and triglycerides levels (GPAM) (25)
(Supplementary Figure 2, available online). Finally, in whole
blood, the single genotyped tissue in the GTEx Project where
LOY could be called, only one of the three individuals with posi-
tive EDY was detected with LOY. Therefore, this novel signature
EDY appears to be more common than LOY in nondiseased indi-
viduals, can be identified across tissues, and may have a genetic
basis linked to several autosomal loci.

EDY in 12 TCGA Cancer Studies

We analyzed genomic and transcriptomic data of 12 cancer
studies with normal and tumor samples of cancer patients from
the TCGA project to establish whether EDY explained more can-
cer variability than LOY (Supplementary Figure 3, available on-
line). We called LOY from genotype data and EDY from
transcriptomic data within each cancer study in all samples
(normal and tumor) (Table 1). EDY was obtained with respect to
the Ry distribution of samples with no loss and no gains in chro-
mosome Y (Figure 1). As expected, the proportion of agreement
between EDY and LOY status, comprising normal and tumor tis-
sues, was high but varied across all 12 cancer studies (87% [6%]).
Comparing cancer with normal samples, we observed that the
overall magnitude of the age-adjusted effect of EDY on cancer
status (odds ratio [OR] ¼ 8.33, 95% confidence interval [CI] ¼ 3.30

to 20.89, P¼ 6.9� 10–6) remained statistically significant after
adjusting by LOY within each cancer study (OR ¼ 3.66, 95% CI ¼
1.58 to 8.46, P¼ .002). Because all samples (normal and tumor)
were from cancer patients, there was no association between
age and cancer status of the samples (OR ¼ 0.99, 95% CI ¼ 0.98
to 1.00, P¼ .07). However, whereas we observed a statistically
significant association between LOY and age (OR ¼ 1.009, 95% CI
¼ 1.003 to 1.01, P¼ .001), we did not observe a statistically signif-
icant association between EDY and age (OR ¼ 1.003, 95% CI ¼
0.99 to 1.00, P¼ .2). Consistent with these findings, we observed
that the association between EDY and cancer was robust under
different age quartiles (age [16–57] years: OR ¼ 4.56, P< .001; age
[57–64] years: OR ¼ 5.03, P< .001; age [64–71] years; OR ¼ 3.76,
P< .001; age [71–90] years: OR ¼ 17.25, P¼ .008).

Transcriptome-wide analyses in tumor samples revealed
that the transcription levels of DDX3Y, EIF1AY, KDM5D, RPS4Y1,
UTY, and ZFY were statistically significantly downregulated
across all 12 cancers. Their joint downregulation explained 89%
of EDY’s variability and 88% of LOY’s variability (Supplementary
Figure 3, available online). Interestingly, these genes have four
remarkable features. First, they are located in pairs in three dis-
tant regions of the nonrecombinant region of Y (NRY) (Yp11.31:
from Mb 2.7 to Mb 2.9 / Yq11.21: from Mb 15.0 to Mb 15.6 /
Yq11.22: from Mb 21.8 to Mb 22.9), suggesting that they may
share regulatory elements. Second, the genes encode proteins
with important functions in cell cycle regulation: helicase
(DDX3Y), translation initiation (EIF1AY), histone demethylation
(KDM5D and UTY/KDM6C), transcriptional activation (ZFY), and
ribosomal assembly (RPS4Y1). Third, these genes have homologs
(DDX3X, EIF1AX, KDM5C, KDM6A/UTX) on the X chromosome
that escape X-inactivation. And fourth, male-biased loss-of-
function (LoF) somatic mutations have been found in four of the
X chromosome homologs of these genes across many cancers
(26). In line with this last feature, we observed that LoF muta-
tions in the four X chromosome homologs co-occurred with
LOY (OR ¼ 3.59, 95% CI ¼ 1.57 to 8.18, P¼ .002) and EDY (OR ¼
2.82, 95% CI ¼ 1.32 to 6.01, P¼ .007) during cancer.

Three further analyses in TCGA consistently showed that
EDY provided a stronger signature of cancer than LOY. First, the
meta-analysis between cancer status and the EDY derived from
the NRY gene signature was substantially more statistically

Table 1. EDY and LOY status in 12 cancer studies of TCGA.*

TCGA cancer study No. EDY, % LOY, % Agreement between EDY and LOY, %

Bladder urothelial carcinoma (BLCA) 246 31.3 41.5 85.0
Colon adenocarcinoma (COAD) 108 31.5 55.6 74.1
Esophageal carcinoma (ESCA) 98 49.0 45.9 80.6
Kidney chromophobe (KICH) 46 45.7 45.7 95.7
Kidney renal clear cell carcinoma (KIRC) 347 44.4 46.1 89.6
Kidney renal papillary cell carcinoma (KIRP) 165 77.0 77.6 95.8
Liver hepatocellular carcinoma (LIHC) 114 14.9 16.7 94.7
Lung adenocarcinoma (LUAD) 190 30.0 40.5 89.5
Lung squamous cell carcinoma (LUSC) 268 38.4 54.5 82.5
Prostate adenocarcinoma (PRAD) 413 11.1 7.7 91.8
Rectum adenocarcinoma (READ) 46 37.0 50.0 87.0
Thyroid carcinoma (THCA) 97 7.2 18.6 86.6

*EDY and LOY were estimated from transcriptomic and genomic data, respectively, obtained in both cancer and normal tissues. EDY was computed with respect to

samples with no gains or losses of chromosome Y. The proportion of agreement between the measures was high but substantial differences were also observed. BLCA

¼ bladder urothelial carcinoma; COAD ¼ colon adenocarcinoma; EDY ¼ extreme downregulation of chromosome Y gene expression; ESCA ¼ esophageal carcinoma;

KICH ¼ kidney chromophobe; KIRC ¼ kidney renal clear cell carcinoma; KIRP ¼ kidney renal papillary cell carcinoma; LIHC ¼ liver hepatocellular carcinoma; LOY ¼ loss

of chromosome Y; LUAD ¼ lung adenocarcinoma; LUSC ¼ lung squamous cell carcinoma; PRAD ¼ prostate adenocarcinoma; READ ¼ rectum adenocarcinoma; THCA ¼
Thyroid carcinoma; TCGA ¼ The Cancer Genome Atlas.
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significant than previous associations (OR ¼ 8.14, 95% CI ¼ 4.29
to 15.40, P< .001), remaining statistically significant after adjust-
ing by LOY (OR ¼ 3.61, 95% CI ¼ 1.51 to 8.63, P¼ .003). Second,
Bayesian network analyses indicated that the causal sequence
given by aging, LOY, EDY, and cancer was more probable than
that given by aging, cancer, LOY, and EDY (Figure 2F). Third, to-
tal EDY mediated 48.9% (95% CI ¼ 25.3% to 66.0%) of the age-
adjusted association between LOY and the cancer status of the
samples. Overall, these observations on TCGA data support a
possible cancer mechanism underlying LOY given by the simul-
taneous inactivation of NRY genes derived by EDY and their
functional homologs on chromosome X by LoF mutations.

Validation in Independent Studies

Using data from independent transcriptomic studies, we per-
formed numerous replication and consistency analyses

(Figure 3; Supplementary Table 2, available online). We first rep-
licated the EDY association with colorectal (OR ¼ 5.16, 95% CI ¼
1.30 to 20.45, P¼ .01) and kidney cancer (OR ¼ 20.09, 95% CI ¼
2.07 to 195.11, P¼ .009) in two independent transcriptomic case-
control studies, where tumor tissues were compared with nor-
mal tissues of cancer patients. In the kidney study, cancer was
not associated with age (OR ¼ 0.99, 95% CI ¼ 0.93 to 1.05, P¼ .8).
EDY was not associated with age either (OR ¼ 1.004, 95% CI ¼
0.94 to 1.06, P¼ .8), and, despite low numbers (12 case patients
and 17 control patients), the association between EDY and can-
cer appeared to be consistent between two age strata (age [35–
59] years: OR ¼ 14.9, 95% CI ¼ 1.11 to 201.05, P¼ .04, 5 case
patients, 8 control patients; age [59–83] years: OR ¼ 3.31, 95% CI
¼ 0.80 to 13.91, P¼ .09, 8 case patients, 6 control patients).
Because LOY in blood is a risk factor for cancer, we then con-
firmed that EDY in blood associated with cancer diagnosis in a
large Estonian population sample (OR ¼ 3.23, 95% CI ¼ 1.24 to
8.40, P¼ .01). We also aimed to determine the range of cancers
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Figure 1. Relative chromosome Y expression (Ry) shown as a function of age for 12 cancer studies from The Cancer Genome Atlas. The figure shows tumor (black) and

normal samples (blue). Samples with loss of chromosome Y (LOY), obtained from genotype intensity data, are shown in red triangles. Samples with extreme

downregulation of chromosome Y gene expression (EDY) (green triangles) are those with low values of Ry relative to samples with no chromosome Y losses or gains.

Although EDY and LOY status overlap, numerous individuals are observed with LOY but no EDY, particularly those with high values of Ry. Normal samples consis-

tently have high Ry values across studies.
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associated with EDY using a large collection of multi-disease ex-
pression arrays with 3771 diseased tissues and 3127 healthy-
male tissues (20). We observed strong positive associations for
eight cancer groups; negative associations for myeloma and
other types of leukemia; and no association for lymphoma, neu-
roblastoma, and prostate cancer (Figure 3). The range of cancers
associated with EDY largely overlapped with cancer status of
samples associated with LOY across all 28 cancer studies from
the TCGA. Interestingly, associations of LOY with leukemia and
prostate cancers were statistically nonsignificant
(Supplementary Table 3, available online). Finally, in line with
LOY’s association with smoking (27), we observed a statistically
significant association of EDY in lung cancer with the number
of cigarettes smoked per day (OR ¼ 1.07, 95% CI ¼ 1.02 to 1.12,
P¼ .003) in two studies (Figure 3) and confirmed the association
with heavy smoking (>1 pack/d, OR ¼ 18.77, 95% CI ¼ 1.02 to
345.32, P¼ .04) in a third study.

EDY Association With Copy Number Variants and
Methylation Patterns

To gain further insights on why EDY can be a stronger cancer
signature than LOY, we studied whether EDY showed biological
correlates in cancer that were independent of LOY. We analyzed
the copy number variant differences between EDY statuses in

3034 tumors across all TCGA studies in windows of 1.25 Mb
across the genome. Remarkably, we observed that, in individu-
als with no LOY, EDY was strongly associated with a higher pro-
portion of copy number gains of EGFR (OR ¼ 5.64, 95% CI ¼ 3.70
to 8.59, FDR< 0.001), whereas in individuals with LOY, EDY asso-
ciated with a lower proportion of copy number gains in regions
containing SOX4 (OR ¼ 0.29, 95% CI ¼ 0.17 to 0.47, FDR< 0.001),
NCOA2, and the short arm of chromosome 12 (12p) (Figure 4).
We also asked whether consistent differences in EDY were asso-
ciated with methylation across chromosome Y, stratifying by
LOY status and adjusting for tumor type. We thus observed a
highly reproducible pattern of methylation-probe associations
that was independent of LOY (Figure 4; Supplementary Table 4,
available online). We found statistically significant methylation
changes in the NRY regions deregulated in EDY, the highest as-
sociation being with hypomethylation surrounding SRY
(cg04169747, OR ¼ 0.96, 95% CI ¼ 0.95 to 0.97, FDR< 0.001) and
the highest changes being hypermethylation at KDM5D
(cg15329860, 95% CI ¼ 1.15 to 1.29, FDR< 0.001) (28) and EIF1AY
(cg08820785, OR ¼ 1.19, 95% CI ¼ 1.12 to 1.24, FDR< 0.001). In line
with the proportion of gains found in EDY, we observed statisti-
cally significant associations of EGFR and SOX4 expression lev-
els with reciprocal hypo- and hypermethylations of the same
CpG sites (Supplementary Tables 5–7, available online). In addi-
tion to the possible contribution of SRY hypomethylation, a
gene hypermethylated after sex differentiation early in develop-
ment (29), our data reinforce the role of NRY genes in cancer sex
bias (26). Given the strong pattern of methylation associated
with EDY, we used an elastic-net algorithm to build a subject-
wise predictor of EDY from methylomic data, trained in the 90%
of TCGA cancer samples and validated with 90.7% accuracy in
the other 10%. In an independent methylomic study, we exter-
nally validated the association between the methylation-
inferred EDY with kidney cancer (N¼ 92, OR ¼ 45.4, 95% CI ¼
2.11 to 977.32, P¼ .01) (Figure 3).

Discussion

We have provided the first evidence, to our knowledge, of a
path in men that leads from LOY and other genetic alterations,
such as EGFR pathway activation, to cancer development
through EDY. EDY is a male-specific signature of cancer suscep-
tibility that is strongly linked to LOY and chromosome Y meth-
ylation patterns as well as to environmental exposures such as
smoking (27). The high correlation between EDY and LOY con-
firmed that EDY is the most likely functional consequence of
LOY, yet additional risk was observed for individuals with EDY
and no LOY, suggesting that overall decrease of chromosome Y
transcript levels is a key element in the susceptibility to disease.
We found strong associations with cancer susceptibility compa-
rable with those of smoking. In the population-based Estonian
Genome Center of the University of Tartu study, the frequency
of EDY in blood in the general population (4.3%) and the fraction
of individuals diagnosed with any type of cancer (9.4%) yielded
an attributable risk of 16.2%, which is in range of the attribut-
able risk to cancer due to smoking (30), but further studies are
needed to refine these risk estimates.

In particular, our data provide additional evidence to support
the escape from X-inactivation tumor suppressor hypothesis
for genes that protect women compared with men from cancer
risk (26), pointing to specific genes that accumulate male-biased
mutations in cancer whose chromosome Y homologs on NRY
define EDY. These genes (DDX3Y, EIF1AY, KDM5D, RPS4Y1, UTY,

EDY

LOY

Cancer

Age

Driver model

Likelihood = −4745.3 

 BIC = 9550

EDY

LOY

Cancer

Age

Passenger model

Likelihood = −4763.7 

 BIC = 9587

Figure 2. Additive Bayesian network models for age, cancer, loss of chromosome

Y (LOY), and extreme downregulation of chromosome Y gene expression (EDY)

shown for 12 cancer studies from The Cancer Genome Atlas (TCGA). The left fig-

ure shows the driver model, where cancer depends on EDY, EDY on LOY, and

LOY on age. Maximum likelihood estimate and Bayes information criterion (BIC)

are shown on top. The right figure shows the passenger model, where EDY

depends on LOY, LOY on cancer, and cancer on age. In the TCGA studies, the

higher likelihood and lower BIC favor the driver model over the passenger

model.

A
R

T
IC

LE

A. C�aceres et al. | 917

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article/112/9/913/5697920 by Stang M

ongkolsuk Library user on 23 Septem
ber 2020

https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz232#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz232#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz232#supplementary-data


and ZFY) regulate the cell cycle through different mechanisms
and behave as dosage-sensitive tumor suppressors. In addition
to sex-biased LoF mutations on the gene copies of the X
chromosome, men would have a higher risk of first or second
hits affecting the NRY copies, revealed by EDY derived from
LOY and/or other genomic mechanisms associated with NRY
hypermethylation. One of the main mechanisms of NRY hyper-
methylation seems to be related to EGFR gene dosage and poly-
morphisms in the pathway. EGFR codes for Epidermal Growth
Factor Receptor, one of the four members of the ErbB family of
tyrosine kinase receptors whose catalytic activation leads to in-
crease DNA methyltransferase activity, resulting in increased
global DNA methylation in some cancers (31,32). Our data also
support a role for the EGFR pathway in the process of accumu-
lated DNA methylation affecting the Y chromosome in male
cancer progression.

Recent studies indicate that the risk factors of LOY include
aging, smoking, and air pollution (10,27,33). Given that they are
also risk factors for cancer, they can confound the association
between EDY and cancer. More detailed studies into the rela-
tionship of EDY with these and other cancer-related factors are
needed to determine their role in EDY vs LOY susceptibility.
Here, we observed that in tumor vs healthy and cancer vs con-
trol studies, EDY was not associated with age or likewise cancer.
In these studies, where age was matched, we observed that
LOY, however, had a statistically significant association with
age, suggesting neutral events deriving in LOY but not EDY. We
additionally observed in the TCGA study that adjustment for
smoking did not change the statistical significance of the

association between EDY and cancer. Although specific studies
are needed to characterize these and other risk factors of EDY,
our highly reliable predictions from methylation profiles indi-
cate a strong role of environmental exposures. The methylation
EDY predictor is available at http://github.com/isglobal-brge/
EDY, so its adequacy as a diagnostic or prognostic tool in differ-
ent male cancers can be further tested in longitudinal studies.
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Figure 3. Extreme downregulation of chromosome Y gene expression (EDY) shown as a marker of cancer status of biological samples and individuals. The figure shows

the association between EDY and cancer status across different independent studies with publicly available data. A) In The Cancer Genome Atlas (TCGA) study

(n¼1774), the odds ratio (OR) of EDY for tumor status of the biological samples of cancer patients was obtained from logistic-regression models adjusting by age for 12

different cancers. The overall estimate of the effect of EDY was computed by a random effects meta-analysis and its heterogeneity with a v2 test. P values are two-

sided. B) The association between EDY and cancer status of individuals was independently tested in colorectal (n¼142) and kidney (n¼29) cancer case-control studies

(GSE66836, GSE36895) and in a population sample of 550 individuals from the Estonian Genome Center of the University of Tartu study. C) A large transcriptomic data-

set (n¼6898) was used to assess EDY’s association with multiple cancer diagnoses (E-MTAB-3732). D) Two studies on lung squamous cell carcinoma (GSE5123, LUSC

from TCGA, total n¼243) were used to test the association between EDY and cigarettes smoked per day. CI ¼ confidence interval; LUSC ¼ lung squamous cell

carcinoma.
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