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Abstract

Studies have suggested mosaic loss of chromosome Y (mLOY) in blood-derived DNA is common
in older men. Cohort studies investigating mLOY and mortality have reported contradictory
results. Previous work found a 1.6 Mb deletion of the AZFcregion on the Y chromosome (the
“gr/gr” deletion) is associated with both male infertility and increased risk of testicular germ cell
tumors (TGCT). We investigated whether mosaic loss across the entire Y chromosome was
associated with TGCT. We obtained blood and buccal-derived DNA from two case-control studies:
the NCI Familial Testicular Cancer Study (FTC; cases=172, controls=163) and the NCI US
Servicemen's Testicular Tumor Environmental and Endocrine Determinants Study (STEED;
cases=506, controls=611). We utilized 15 quantitative polymerase chain reactions (QPCR)
spanning the Y chromosome to assess mLOY. Multivariate logistic regression models adjusted for
study batch effects detected no significant overall relationship between mean chromosome Y T/R
ratio and TGCT (OR=0.34, 95% C1=0.10-1.17, P=0.09). When restricted to familial TGCT cases,
a significantly lower T/R ratio was observed in cases compared with controls (0.993 vs 1.014, P-
value=0.01). Our study suggests mLOY, as measured by 15 probes spanning the Y chromosome,
could be associated with familial TGCT, but larger studies are required to confirm this
observation.
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Introduction

In the United States, testicular germ cell tumors (TGCTSs) affect approximately 5.3 out of
100,000 men with a peak incidence occurring among men 15 to 40 years of age(1, 2).
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Established TGCT risk factors include family history of TGCT, undescended testis,
contralateral TGCT, impaired fertility and 25 GWAS susceptibility loci(3-5). Evidence also
suggests a 1.6 Mb deletion in the AZFcregion (known as the gr/gr deletion) of chromosome
Y, which has previously been associated with male infertility, could be associated with
TGCT risk(6). Men harboring a gr/gr deletion are estimated to have a two- and three-fold
increased risk of sporadic and familial TGCT, respectively. It remains to be determined if
other regions of the Y chromosome are important contributors to TGCT risk.

Genetic mosaicism is the presence of two or more populations of cells with acquired genetic
differences in an individual who developed from a single zygote. The phenotypic
consequences of mosaicism can be quite broad, ranging from no apparent health effects to
life-threatening disorders such as cancer, and are dependent on: (1) where in the genome the
alteration occurs, (2) the developmental timing of the alteration, (3) the tissue type involved
and (4) the overall percentage of cells affected in a tissue(7, 8). Large scale (>2Mb) genetic
mosaicism is relatively rare in autosomes (<1% frequency in most populations), making it
difficult to perform sufficiently powered studies to adequately asses associations with cancer
risk(9-11). Mosaicism of the sex chromosomes is more common than that observed in
autosomes, with frequencies of X mosaicism observed at four times the autosomal rate, and
frequencies of Y mosaicism reaching =15 percent in smokers and in men over 75 years
old(12-14). Thus, mosaic loss of chromosome Y (mLQOY) is a relatively frequent event
which may be a useful biomarker and potentially a metric of overall genomic maintenance
capacity or stem cell diversity. While one group has suggested that the presence of mLOY
could be associated with risk of cancer mortality(12), a larger subsequent study has not
confirmed this hypothesis(14). These studies were performed looking at a range of cancers
and did not focus specifically on TGCT.

In this study, we characterized the frequency of mLOY in TGCT cases and controls. Our
goal was to investigate whether mosaic loss across the entire Y chromosome could be
associated with risk for TGCT.

Materials and Methods

Blood- or buccal-derived DNA samples for this analysis originated from two TGCT
retrospective case-control studies: the National Cancer Institute (NCI) Familial Testicular
Cancer Study (FTC)(15, 16) and the NCI United States Servicemen's Testicular Tumor
Environmental and Endocrine Determinants Study (STEED)(17, 18). The FTC contributed
172 familial TGCT cases and 163 controls for analysis, while STEED contributed 506
sporadic TGCT cases and 611 controls resulting in a combined study sample size of 678
TGCT cases and 774 controls. Both studies were reviewed and approved by the Institutional
Review Board of the NCI, and all participants provided written informed consent prior to
study participation.

A previously-validated quantitative polymerase chain reaction (QPCR) panel with markers
spanning the Y chromosome was used to evaluate potential mLOY(14). Mosaic
chromosome Y loss across the entire Y chromosome was assessed using a ratio of Y
chromosome marker signal to an autosomal single copy gene signal, RPPH1. Ratios below 1
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are considered evidence of mosaic chromosome Y loss, whereas ratios above 1 suggest
evidence of mosaic chromosome Y gain. Fifteen gPCR gene assays spanning the p and g
arms of the Y chromosome were included in the qPCR panel to enable assessment of loss
across the Y chromosome (Supplemental Table 1). This was a pre-designed assay to detect
mLOY and did not include any markers for the gr/gr deletion. Each target assay was run in
duplex with RPPH1 as the reference gene, known to be present in a single copy in the
human genome(19). A serial dilution of pooled male gDNA with no detectable Y
chromosome loss and pooled female gDNA was made across 7 target ratios to use as an
internal standard curve and to guide the analysis. Assay control samples (3 target ratios,
prepared similarly to the standard curve) were applied to the assay plates to indicate overall
quality of assay performance.

A total of 5 ng of sample DNA as measured by Quant-iT PicoGreen dsDNA quantitation
(Life Technologies, Grand Island, NY), was transferred to LightCycler-compatible 384-well
plates (Roche, Indianapolis, IN) and dried down. Duplex qPCR was performed using 5 uL
reaction volumes consisting of: 2.5 uL of LightCycler 480 Probes Master Mix (Roche,
Indianapolis, IN), 2.0 uL of MBG Water, 0.25 uL of VIC-dye labeled 20X TagMan® Copy
Number Reference Assay, human, RNase P (Life Technologies, Grand Island, NY), and 0.25
uL of FAM-dye labeled target-specific 20X TagMan® Copy Number Assay (Life
Technologies, Grand Island, NY). Thermal cycling was performed with a LightCycler 480
(Roche), in which PCR conditions consisted of: 95°C hold for 5 minutes, denature at 95°C
for 15 seconds, anneal at 60°C for 30 seconds, and fluorescence data collection for 45
cycles. All TGCT case and control samples were assayed in triplicate on each plate.

LightCycler software (Release 1.5.0) was used for initial analysis of the raw data. Utilizing
absolute quantification analysis with the second derivative maximum method and high
confidence detection algorithm, single target sequences were quantified and expressed as a
target to reference (T/R) ratio, based on the internal standard curve, for each well. Final
probe-specific T/R ratios for each individual were calculated as the average across the
triplicate results. The resulting overall chromosome Y T/R ratio was calculated as the
average across all 15 final probe-specific T/R ratios. Variability across the 15 probe T/R
ratios within an individual was low with an overall average standard deviation of 0.088.
Samples were run in 3 batches, with the FTC study in one batch and the STEED study split
between two batches. Inter-batch variability was adjusted for in multivariate analyses. All
statistical tests and regression modeling was carried out using R statistical software (R
Foundation for Statistical Computing, Vienna, Austria). All reported P-values are two-tailed
and are presented without correction for multiple testing.

Chromosome Y gPCR assays for 15 genes spanning the Y chromosome were completed for
678 TGCT cases and 774 cancer-free controls (Table 1). Control T/R ratios were observed to
significantly differ among batches, with a significant mean T/R ratio difference noted
between controls in batch 1 and batch 3 (1.014 vs 1.077, P-value=1.24x10~9) and controls in
batch 2 and batch 3 (1.000 vs 1.077, P-value=6.52 x10718), but no significant mean T/R
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difference was observed between controls in batch 1 and batch 2 (1.014 vs 1.000, P-
value=0.09) (Figure 1A).

When comparing average T/R ratios between TGCT cases and controls, a significant
difference in mean T/R ratio was observed in the FTC samples that comprised batch 1
(0.993 vs 1.014, P-value=0.01; Figure 1B). No significant difference in average T/R ratio
between TGCT cases and controls was observed for the STEED samples in either batch 2
(1.000 vs 1.000, P-value=0.97; Figure 1C) or batch 3(1.067 vs 1.077, P-value=0.34; Figure
1D).

An analysis of individual gPCR markers found mean differences in T/R ratio between TGCT
cases and controls for 9 of the 15 markers in FTC (ZFY, AMELY, USP9Y, DDX3Y,
TMSB4Y, NLGN4Y, CYorfl5A, CYorfl5B, and E/IF1AY) and only 1 marker (KDM5D) in
STEED batch 2 (Supplementary Table 2). For the 9 statistically significant qPCR markers in
the FTC study, 7 showed lower T/R ratios in TGCT cases when compared with controls.
Merging all batches of case and control samples together and statistically adjusting for batch
effects indicated that TGCT cases (on average) had lower T/R ratios compared with controls
(1.018 vs. 1.034), a difference that was not statistically significant (OR=0.34, 95% CI1=0.10-
1.17, P=0.09).

Prior studies have used a threshold approach for calling mLOY in which samples falling
below a defined threshold can be categorized as having mLOY (12-14). We chose a
conservative threshold of 1.5 standard deviations less than the mean T/R ratio in the control
samples. Applying this thresholding approach for calling mLQOY resulted in 8 men in batch
1, 7 in batch 2 and 1 man in batch 3 with evidence of mLOY. We did not observe any
statistically significant differences in frequency of mMLOY in TGCT cases samples when
compared with control samples, with P-values equal to 0.16, 1.00, and 1.00 for batch 1, 2,
and 3, respectively.

Evidence in our study suggested men with familial TGCT in the FTC study, but not men
with sporadic TGCT in the STEED study, may have elevated rates of mosaic Y loss
compared with controls. We therefore investigated 123 TGCT cases in the FTC with
available clinical data to examine whether any TGCT-related clinical characteristics were
associated with mean T/R ratio. There was no statistically significant relationship between
age-at-first-TGCT diagnosis and mean T/R ratio (P-value=0.54). A modest association was
observed between the occurrence of bilateral TGCT (commonly thought of as a marker of
familial risk(20, 21)) and T/R ratio, with lower T/R ratios being associated with increased
risk of bilateral TGCT (P-value=0.02). We found no association between surgery or
exposure to chemotherapy or radiation associated with T/R ratio across the Y chromosome
(P-values=0.27, 0.80 and 0.69, respectively).

Discussion

Our analysis of 15 gPCR markers spanning the Y chromosome detected lower mean T/R
ratios in familial TGCT cases compared with controls. We did not observe a significant
difference in T/R ratios between sporadic TGCT cases and controls. These findings suggest
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higher frequencies of mLOY may be present in men at risk of familial TGCT risk, although
replication of these findings is needed.

There is an ongoing controversy whether mLOY is associated with increased overall cancer
mortality(12, 14). While cancer mortality is a composite of both cancer incidence and cancer
survival, it remains to be established whether mLOY has an influence on cancer risk, cancer
survival or a combination of both. A recent investigation on mLOY and cancer risk has
provided limited support for the relationship between cancer risk and mLOY(14).
Interestingly, both studies grouped together a range of cancer diagnoses, where in our study,
we have only examined TCGT. Our analysis suggests that if mLOY has an effect on
combined familial and sporadic TGCT risk, its effects are likely minimal and therefore
would explain only a limited proportion of TGCT risk, since only about 2% of TGCT cases
have a positive family history.

A small deletion of chromosome Y, known as the gr/gr deletion, has been associated
previously with TGCT risk(6), with a stronger effect size for familial TGCT (OR=3.2) than
sporadic forms (OR=2.1). Our study employed a previously-validated gPCR assay for
detecting mLOY that did not include an assay for the gr/gr deletion. Although our study did
not capture variation specifically in the gr/gr deletion region, we observed a similar
differential in T/R ratios for familial TGCT cases versus controls than that observed for the
sporadic TGCT cases. We also observed an interesting association in bilateral TGCT cases,
which tend to have a higher degree of heritability, in which bilateral TGCT cases were more
likely to have lower T/R ratios than non-bilateral TGCT cases. Future studies targeted at
better understanding the role of the gr/gr deletion in TGCT risk are needed to isolate
whether the effect observed is specific to deletions of the gr/gr region of the Y chromosome
or if the gr/gr deletion serves as a surrogate haplotype for larger chromosome Y deletions
that have greater relevance for TGCT risk. Such a study would be challenged by the low
absolute frequencies of gr/gr in familial (3%) and sporadic cases (2%) and in controls
(1.3%), which would mandate large sample sizes to achieve adequate statistical power.

Our investigation studied a unique collection of 678 cases of TGCT, a relatively rare solid
tumor. We had the advantage of investigating both familial as well as sporadic forms of
TGCT. While we were unable to obtain prospectively collected blood or buccal DNA
samples collected prior to TGCT diagnosis, we found no association with potential
confounders in the familial TGCT cases such as surgery, chemotherapy or radiation
exposure that may have influenced T/R ratio measurements. Our study offers preliminary
findings on the relationship between mLOY and TGCT that presents association P-values
that are unadjusted for multiple testing. A biological connection linking detected mLQOY in
blood or buccal tissue DNA to carcinogenesis in the testes is currently unavailable, but a
hypothetical link could include mLOY acting as a surrogate for the overall capacity to
maintain one’s genome against endogenous and exogenous agents capable of inducing DNA
damage or preventing appropriate repair(8). Future studies with large sets of prospectively-
collected TGCT cases are needed for more definitively establishing the relationship between
mLOY in blood- or buccal-derived DNA and TGCT risk.
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In conclusion, we used a previously validated panel of 15 gPCR markers spanning the Y
chromosome to investigate a potential relationship between mLOY and TGCT risk. We
report a significantly lower mean T/R ratio only in familial TGCT cases compared with
controls. While further replication is needed, these findings suggest mLOY could be
associated with familial TGCT risk.

Supplementary Material
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Figure 1.
Plots of average T/R ratios across all 15 chromosome Y qPCR markers for (A) cancer-free

controls across all three batches, (B) FTC familial TGCT cases and controls in batch 1, (C)
STEED sporadic TGCT cases and controls in batch 2 and (D) STEED sporadic TGCT cases
and controls in batch 3. TGCT case kernel density distributions are plotted as dashed lines
and cancer-free controls are plotted as solid lines. The solid gray line indicates 1.5 standard
deviations below the control mean T/R ratio and is used as the calling threshold for
categorizing men as mosaic chromosome Y loss.
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