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BACKGROUND: Genetically predicted leukocyte telomere length (LTL) has been evaluated in several studies of childhood and adult
cancer. We test whether genetically predicted longer LTL is associated with germ cell tumours (GCT) in children and adults.
METHODS: Paediatric GCT samples were obtained from a Children’s Oncology Group study and state biobank programs in
California and Michigan (N= 1413 cases, 1220 biological parents and 1022 unrelated controls). Replication analysis included 396
adult testicular GCTs (TGCT) and 1589 matched controls from the UK Biobank. Mendelian randomisation was used to look at the
association between genetically predicted LTL and GCTs and TERT variants were evaluated within GCT subgroups.
RESULTS: We identified significant associations between TERT variants reported in previous adult TGCT GWAS in paediatric GCT:
TERT/rs2736100-C (OR= 0.82; P= 0.0003), TERT/rs2853677-G (OR= 0.80; P= 0.001), and TERT/rs7705526-A (OR= 0.81; P= 0.003).
We also extended these findings to females and tumours outside the testes. In contrast, we did not observe strong evidence for an
association between genetically predicted LTL by other variants and GCT risk in children or adults.
CONCLUSION: While TERT is a known susceptibility locus for GCT, our results suggest that LTL predicted by other variants is not
strongly associated with risk in either children or adults.
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BACKGROUND
Telomeres are DNA–protein structures consisting of a repeat
sequence (TTAGGG) that cap the ends of a chromosome and
function to stabilise and protect them from recombination and
deterioration [1]. As part of normal cell division, telomere length
shortens over time and when a critical length is reached, the cell
will undergo cellular senescence or apoptosis. Thus, telomeres are
thought of as a DNA biomarker of ageing and have been
associated with many age-related diseases [2–4]. However, cancer
cells have been shown to upregulate telomerase (the enzyme
responsible for adding new DNA onto telomeres) and bypass
cellular senescence, which enables a limitless replication potential
[5, 6]. Thus, several studies have suggested the maintenance of
telomere length plays a critical role in cancer susceptibility. For
example, epidemiological studies that have measured telomere
length directly have generally found shorter telomere length to be
associated with increased risk for multiple adult cancers including
lung cancer, melanoma and chronic lymphocytic leukaemia,
although the direction of the association has not been consistent
across studies [7–10]. Studies have also shown that telomere
length is highly variable across individuals starting at birth and is
associated with genetic variation, demographics, disease status

and environmental factors (e.g., tobacco smoking, ultraviolet
radiation) [11–16].
Germ cell tumours (GCTs) are heterogeneous tumours that arise

from the primordial germ cell (PGC) [17]. In children and
adolescents, GCTs occur in both males and females in the gonads
and in extragonadal locations [18]. In adults, testicular GCTs
(TGCTs) are the most common malignancy diagnosed in men
between the ages of 15 and 45 years [19]. The aetiology of GCTs in
children and adolescents is largely unknown. Studies of adult
TGCTs, which arise from the same precursor cell as paediatric
GCTs, support a role for inherited variation in risk suggesting
genetic factors may play a role in their aetiology [20, 21]. GWAS
have found susceptibility loci for TGCTs, including variants in TERT
(telomerase reverse transcriptase) which encodes a subunit of the
enzyme telomerase [22–25]. This raises the possibility that
germline genetic susceptibility in other variants related to
telomere length could be associated with risk for germ cell
tumours.
Measuring circulating telomeres directly in cancer cells is

problematic as it is unclear if disease status is the cause or the
consequence of shortened telomere length. Such reverse causality
is a potential explanation for the observed mixed results from
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studies of telomere length and cancer risk. In the past decade,
several studies have tried to overcome this limitation by
identifying genetic predictors of telomere length to be used in
prospective analyses [26–32]. A large-scale genome-wide associa-
tion study (GWAS) of over 37,000 individuals led to the
development of a robust genetic predictor of leukocyte telomere
length (LTL) using a set of seven common single-nucleotide
polymorphisms (SNPs) that together explain an estimated 1.23%
of the variance in LTL [27]. These SNPs are located in ACYP2, TERC,
NAF1, TERT, OBFC1, ZNF208 and RTEL1 and have been used as a
proxy for telomere length in a number of studies investigating
cancer risk [33, 34]. Recently, this study was updated to include
over 78,000 individuals and identified an additional thirteen SNPs
in or near SENP7, MOB1B, CARMIL1, PRRC2A, TERF2, RFWD3, TERT,
RTEL1, PARP1, POT1, ATM and MPHOSPH6 loci for a combination of
20 SNPs that together explain an estimated 1.71% of the variance
in LTL [32]. Seventeen of these SNPs have been used as
instrumental variables to study the association between geneti-
cally predicted LTL and risk for a wide range of cancers, including
adult testicular cancer [34].
Mendelian randomisation (MR) is a statistical method that

utilises known genetic determinants of the exposure, such as
SNPs, as instrumental variables (or proxies for exposures) to
examine the causal effect of an exposure (e.g., telomere length) on
health outcomes (e.g., cancer risk) without the limitations of
confounding, reverse causation, and various biases (e.g., measure-
ment error) [35]. Epidemiological studies have reported associa-
tions between genetically predicted LTL and increased risk for
multiple types of childhood and adult cancers [30, 36–38],
including three previous studies reporting inconsistent associa-
tions with adult TGCT [34, 39, 40]. These differences may be due to
the inclusion of TERT, the previously identified susceptibility locus
for adult TGCT, in the genetic instrument for predicted telomere
length [22, 23]. For example, Haycock et al. reported genetically
increased telomere length was associated with increased risk for
adult TGCT, not including TERT in their genetic predictor (OR [95%
CI]= 1.76 [1.02–3.04]; P= 0.040) [39]. In contrast, Gao et al.
reported a null association between shorter telomere length and
increased risk for adult TGCT including TERT (OR [95% CI]= 1.02
[0.95–1.11]; P= 0.549) [34]. More recently, when Brown et al.
removed TERT due to the previously identified TGCT association,
they reported a non-significant association between longer
telomere length and increased risk for TGCT (OR [95% CI]= 1.07
[1.02, 1.13]; P= 0.121) [40]. Notably, the established association
between TERT and the LTL lengthening risk allele is in the opposite
direction for the TGCT risk allele, which may explain why removing
TERT in the previous studies strengthened the association with the
other LTL variants. Genetically predicted LTL has not been
evaluated as a risk factor for paediatric and adolescent GCTs
to date.
In these analyses, we use MR methods to test whether

genetically predicted longer LTL is associated with GCTs in
children, adolescents and adults using two separate sets of SNPs
that are validated genetic predictors of LTL [27, 32]. Given
previous findings, we report associations both with and without
variants at the TERT locus. We also explored individual TERT variant
associations with paediatric, adolescent, and adult GCTs to
determine whether the previously reported association with adult
TGCT was also important in other groups of GCT patients [22–25].

METHODS
Study participants
Germ cell tumour epidemiology study (GaMETES). Children and adoles-
cents with GCTs were identified through the Children’s Oncology Group
(COG) Childhood Cancer Research Network and invited to participate in a
case–parent trio study as detailed previously [41, 42]. Briefly, children and
adolescents were eligible if they had a primary diagnosis of GCT between

July 1, 2008 and December 31, 2015, were <20 years of age at diagnosis,
and had at least one biological parent willing to participate and able to
complete a questionnaire in English or Spanish. Parents provided written
informed consent for participation in the study. Participants aged 18 years
or older provided informed consent for participation in the study. Assent
was obtained for children aged 8–17 years. Saliva DNA was collected from
children with GCTs and from their biological parents.

Newborn biobank samples. GCT cases and unrelated controls identified
through newborn biobanks in California and Michigan were also included
in the analysis. Neonatal blood spots (NBS) are routinely collected after
each live birth in all states as part of a Newborn Screening Program. Once
screening is complete, residual NBS are stored in relevant state biobanks
and are available for additional research in several states. Children and
adolescents who were later diagnosed with a GCT were identified through
linkage to the California and Michigan state cancer registries and vital
statistics birth/death files. Participants were selected if they had a primary
diagnosis of either an intracranial or extracranial GCT between January 1,
1990 and December 31, 2011 and were <20 years of age at diagnosis. In
addition, unaffected controls (matched on birth month and year [i.e., age],
sex, and race/ethnicity) were selected. One punch from the stored blood
spots measuring 1/8 inch was obtained from the California Biobank
Program (CBP) and the Michigan Neonatal Biobank (MNB) for each
selected case and control and shipped to the Molecular Epidemiology
Laboratory at the University of Minnesota for DNA extraction and
genotyping.
All study procedures were approved by the University of Minnesota

Institutional Review Board. The California Committee for the Protection of
Human Subjects and the Michigan Department of Health and Human
Services Institutional Review Board approved the use of the biobank
samples.

DNA extraction
We performed automated DNA isolation using an Autopure LS system
(Qiagen, Venlo, Netherlands) and a Puregene DNA Purification Kit (Gentra
Systems, Minneapolis, MN) according to the manufacturer’s protocols. DNA
yield was quantified in triplicate using real-time polymerase chain reaction
(ABI 7900 Prism; Applied Biosystems, Thermo Fisher Scientific, Waltham,
Massachusetts) (1:10 dilution). Extracted DNA was aliquoted and stored at
−20 °C until genotyping.

Genotyping and quality control
The University of Minnesota Genomics Center performed genotyping
using the Illumina CoreExome BeadChip (Illumina, San Diego) according to
the manufacturer’s specified protocol. Allele cluster definitions for each
variant were determined via Illumina’s GenomeStudio Genotyping Module
using the intensity data from only those study samples with high-quality
data (call rate > 0.98; log R ratio standard deviation < 0.25). A HapMap
sample was placed on each 96-sample plate. In addition, blind duplicate
samples were distributed among the plates to assess genotyping
concordance and detect plate effects. There was no evidence of plate-
specific genotype effects. Genvisis (http://www.genvisis.org) was used to
identify low quality/contaminated samples (N= 95), samples with sex
aneuploidy (N= 30) and trisomy 21 (N= 7). These samples were excluded
from all analyses.
Ancestry was inferred by performing a principal components analysis

(PCA) as implemented in EIGENSOFT [43, 44] that included HapMap
samples as anchors. The first two principal components from the analysis
were plotted and samples were assigned an ancestry of European, African
American, Asian or Hispanic based on where they clustered relative to the
three HapMap anchor populations. A second PCA was run within each of
these ancestry designations to obtain principal components to use as
covariates.

Genotyping imputation
To extend our genotype analysis, imputation for the paediatric GCT cases
and controls was performed using 194,512 haplotypes from the Trans-
Omics for Precision Medicine (TOPMed) Imputation Reference panel
(version TOPMed-r2; Eagle v2.49 and minimac3.7) accessed through the
TOPMed Imputation Server [45–47]. Prior to imputation, variants were
removed if: (1) the call rate was less than 98%; (2) missingness differed
between cases and controls (P < 1E-7); (3) allele frequencies or missingness
differed between males and females (P < 1E-7); (4) significant deviation
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from Hardy–Weinberg equilibrium was observed in the European founders
(P < 1E-7); or (5) significant deviation from expected when imputing the
variant from nearby markers using PLINK’s ---mishap test (P < 1E-7). In
addition, monomorphic variants and non-SNPs were dropped, leaving
364,538 variants for imputation.

SNP selection
We selected two different sets of independent SNPs that were previously
reported as validated predictors of LTL based on results from two large-
scale GWAS meta-analyses by Codd et al. and updated by Li et al. [27, 32].
We chose to include results that used the Codd et al. genetic predictor so
that we could facilitate comparisons with previously published literature as
Li et al. was recently published and has only one applicable published
study for comparison [34]. Genotyping and imputation information for
each variant is provided in Supplemental Table S1. One variant, MOB1B,
had an Rsq= 0.5887 but the minimum Rsq for the remaining variants was
0.8314.

Statistical analysis
Analysis was performed using two methods due to the differences in the
study design for the case–parent trio and case–control samples. GaMETES
study cases that were not part of a full trio were included in the
case–control analysis using controls matched on sex and ancestry from the
Geisinger Health System (GHS; dbGaP Study Accession: phs000957.
eMERGE_III_MyCode.v1.p1; HumanExome-12v1.1 array). Case–parent trio
data were analysed using the transmission disequilibrium test (TDT) as
implemented in the PLINK software package [48] (version 1.9), which by
design controls for population stratification [49]. Case–control data were
analysed using multivariable logistic regression adjusting for sex, principal
components (two PCs for European Ancestry, three PCs for Hispanic
ancestry, three for Asian ancestry and four PCs for African ancestry), and
study site. None of the ancestry-specific PCs were associated with GCT
status (we also repeated the analysis without PCs and the results did not
change). Analyses were stratified by ancestral population. Effect estimates
from the TDT analysis and the ancestry-specific multivariable logistic
regression analysis were combined using an inverse-variance-weighted
(IVW) meta-analysis using METAL [50]. Individual SNPs were evaluated for
heterogeneity across samples using Cochran’s Q-test in METAL [51] and for
significance using a Bonferroni-corrected p-value (0.05/number of SNPs in
the genetic predictor). Resulting estimates and summary statistics for the
LTL associated SNPs from Codd et al. and Li et al. were used for MR
analyses using the TwoSampleMR software package [52] in R. We ran the
analysis using code provided at https://mrcieu.github.io/TwoSampleMR/.
We present IVW, MR Egger, and weighted median estimates but consider
IVW as our primary model as is the standard approach and assumes all
variants are valid instruments. Individual TERT variant associations were
evaluated separately. Odds ratios (OR) and 95% confidence intervals (CI)
were calculated and correspond to the telomere lengthening alleles
reported in Codd et al. and Li et al. We also evaluated subgroup
associations by age at diagnosis (<11 years and 11–19 years), sex (male
and female), tumour location (extragonadal, intracranial, testis and ovary),
and tumour histology (germinoma, teratoma, yolk sac tumours (YST) and
mixed/other).

Sensitivity analyses
To validate the results from the IVW method, various additional MR
methods were applied as sensitivity analyses to examine potential
instrumental outliers and pleiotropy that would suggest a violation of
MR assumptions, including MR Egger, and weighted median regression
methods. MR relies on three main assumptions: the instrumental variables
are (1) associated with the exposure of interest; (2) not associated with any
confounder of the exposure-outcome association and (3) not indepen-
dently associated with the outcome [53, 54]. MR Egger is more robust for
the detection of a causal relationship in the presence of pleiotropy as it
relaxes the third MR assumption that the genetic variant is independent of
the outcome and it assumes that the correlation between the genetic
associations with the exposure (LTL) and the direct effects of the genetic
variants on the outcome (GCTs) is zero (referred to as the InSIDE
[INstrument Strength Independent of Direct Effect] assumption) and does
not require an intercept of zero [55]. Weighted median uses a weighted
empirical distribution function of each SNP ratio estimate and provides the
median estimate and a consistent estimate of true causal effect if at least
50% of the weight comes from valid instruments [56]. In addition, the MR

Egger intercept test was used to detect pleiotropy, Cochran’s Q-statistic to
detect heterogeneity with respect to IVW and MR Egger, and leave-one-out
analysis and MR-Radial regression were used to identify potentially
influential SNPs [57]. When heterogeneity was detected, we removed
outliers to avoid violating MR assumptions and repeated both the MR
analysis and the sensitivity analysis (Supplemental Table S2).

Replication analyses in UK Biobank testicular germ cell
tumours
The UK Biobank is a population-based prospective cohort study that
recruited more than 500,000 individuals aged 40–69 years from across the
United Kingdom (UK) as detailed previously [58, 59]. We selected unrelated
males <50 years of age who were diagnosed with testicular cancer (ICD-10
code C62) between January 1, 1971 and December 31, 2015 and had
existing genetic data available. Individuals were excluded from the analysis
if they were ≥50 years of age at diagnosis, had sex aneuploidy, or had
missing genotyping data. UK Biobank genotyping was conducted by
Affymetrix (High Wycombe, UK) using the UK Biobank AxiomTM Array by
Affymetrix (N= 49,950; UK BiLEVE; Santa Clara, CA) and the closely related
UK Biobank AxiomTM Array (N= 438,427) and was already imputed to The
1000 Genomes and Haplotype Reference Consortium (HRC) panels by the
data source. Four male controls were matched to each case based on age
(birth year and month) and ten genetic principal components (principal
components provided by UK Biobank, field 22009 [60]) using the methods
below. Logistic regression analysis was used to evaluate the association
between each SNP and TGCT in males <50 years of age and effect
estimates were meta-analysed and used for MR. Assuming a Type-1 error
rate (α) of 0.05 and a sample size of 1980 with 0.20 proportion of cases in
the replication sample, we estimated between 6 and 84% power using the
Codd et al. six SNP genetic predictor (variance explained 0.92%) and
7–94% power using the Li et al. 18 SNP genetic predictor (variance
explained= 1.22%) to detect an OR= 1.2–3.0 for the association between
LTL and TGCT. We estimated our statistical power in the replication analysis
using the online tool mRnd (http://cnsgenomics.com/shiny/mRnd/) [61].

Matching algorithm
Cases were matched to four controls each based on demographics and
metrics of genetic distance, with the goal of finding a set of controls with
the most similar genetic background that was the same sex and had
similar ages (age was only relevant for the UK Biobank data). This matching
was performed using the software MatchSamples (https://github.com/
PankratzLab/MatchSamples), which searches for the “n” nearest neighbour
controls for a given case across multiple dimensions. The dimensions, in
this case, were sex (0–1), age (for UK Biobank) and ten dimensions that
captured genetic ancestry.
MatchSamples implements a k-d tree data structure [62] to efficiently

perform the nearest neighbour search on numeric data (such as age and
principal components). If the same control is selected for multiple cases,
MatchSamples applies the Hungarian Algorithm [63] to optimally assign a
unique set of controls to each case. MatchSamples automatically
normalises all quantitative variables to have a mean of zero and a
standard deviation of one prior to matching. MatchSamples also has a
visualisation module that flags pairs where the distance metric is
significantly larger than average, which would indicate a poor genetic
match. This is often a problem when there are relatively few controls
available for each control, but this was not an issue with either the UK
Biobank or Geisinger data, where each case had hundreds or thousands of
possible matches.

RESULTS
A total of 1413 children and adolescents (610 COG case–parent trios,
74 COG case-only, 634 CBP and 95 MINNBB participants) with GCT
were included in the analysis (Table 1). In our analysis of individual
LTL-related SNPs and paediatric GCT risk, we observed an association
between the LTL lengthening allele and decreased risk for GCT in all
three TERT SNPs that reached statistical significance (P< 0.001; Table 2)
after controlling for multiple comparisons (P= 0.007 for Codd et al.
and P= 0.003 for Li et al.). A nominal association was observed for
five SNPs including TERC/rs170974795 (P= 0.018), PARP1/rs3219104
(P= 0.024), TERC/rs1093600 (P= 0.021), POT1/rs59294613 (P= 0.049),
and MPHOSPH6/rs7194734 (P= 0.026). No other associations were
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observed for the individual SNPs and paediatric GCT. In our analysis of
UK Biobank adult TGCT, we observed a nominal association between
four SNPs including all three TERT SNPs (P< 0.024) and TERF2/
rs3785074 (P= 0.004) with decreased risk for TGCT after controlling
for multiple comparisons.
Our primary model did not include variants in TERT as this

variant was previously identified as a risk variant in TGCT [22–25],
the risk allele associated with telomere lengthening is the opposite
allele associated with increased TGCT, and previous literature
reporting associations with TGCT use a genetic predictor, not
including TERT [39, 40]. In the overall paediatric GCT MR analysis
using the Codd et al. SNPs excluding TERT/rs2736100, we observed
a significant association between longer predicted LTL and
increased risk of paediatric GCT in the IVW and the weighted
median models (OR [95% CI]= 2.45 [1.16, 5.21] per kb of LTL; P=
0.019 and OR [95% CI]= 3.05 [1.22, 7.62]; P= 0.017, respectively;
Fig. 1a) but not with the MR Egger model (OR [95% CI]= 8.48 [0.40,
180.54]; P= 0.243). The scatter plot in Fig. 1b depicts the
relationship between the effect of each SNP associated with LTL
and their effect on paediatric GCT overlaid with the three MR
method slopes. The MR Egger intercept did not provide sufficient
evidence of pleiotropy. Cochran’s Q-statistic indicated no evidence
of instrumental heterogeneity in either the IVW or MR Egger
models and there was no influence of outliers according to the MR-
Radial models (Supplemental Table S2). In addition, the leave-one-
out analysis, which excluded each SNP and re-estimated the causal
effect using the IVW) method, identified ORs all similar in direction.
Therefore, the sensitivity analysis suggested no evidence of
heterogeneity or bias in the IVW estimate. Effect estimates for all
variants are in the same direction except for OBFC1/rs9420807. In
subgroup-specific analysis, effect estimates are all similar in
direction and magnitude with the exception of teratomas (Fig. 2a).
Individual MR results by paediatric GCT subgroup for the Codd
et al. SNPs are presented in Supplemental Fig. S1.

In the overall MR analysis using the Li et al. SNPs excluding TERT/
rs2853677 and TERT/rs7705526, we did not observe evidence of a
significant association between longer predicted LTL and increased
risk of paediatric GCT in our IVW (OR [95% CI]= 1.27 [0.51, 3.16]; P=
0.673) or weighted median models (OR [95% CI]= 2.52 [0.95, 6.68];
P= 0.064; Fig. 2c), but we do observe significance with the MR Egger
model (OR [95% CI]= 14.51 [95% CI: 1.26, 166.96]; P= 0.047). Here
the trend is less clear with about half the individual SNP MR effect
estimates in the positive direction (increased risk) and the other half
in the negative direction (decreased risk). However, Cochran’s Q-
statistic indicated evidence of instrumental heterogeneity in the IVW
model but not in the MR Egger model (Supplemental Table S2). This
suggested the IVW estimate violated its assumption (all variants are
valid instruments) and MR Egger was less likely to be biased as it
takes into account directional pleiotropy. The scatter plot in Fig. 1d
depicts the relationship between the effect of each SNP associated
with LTL and its effect on paediatric GCT overlaid with the three MR
method slopes. In subgroup-specific analysis, effect estimates are all
similar in direction and magnitude with the exception of adolescents
(11–19 years of age), extragonadal, ovary, and teratomas (Fig. 2b).
Individual MR results by paediatric GCT subgroup for the Li et al.
SNPs are presented in Supplemental Fig. S2.
Since TERT codes for an integral part of the telomerase enzyme

that increases the length of telomeres, it is rational to expect that
TERT’s association with GCT is mediated by changes in telomere
length. Therefore, we also performed an analysis of the full LTL
genetic predictors, including TERT. In the overall paediatric GCT
MR analysis using the seven Codd et al. SNPs that genetically
predict LTL, we did not observe evidence of a significant
association between longer predicted LTL and increased risk of
paediatric GCT in any of the three models (ORIVW [95% CI]= 1.10
[0.32, 3.80], P= 0.884; ORMR-Egger [95% CI]= 1.66 [0.004, 758.24],
P= 0.878; ORweighted median [95% CI]= 2.08 [0.78, 5.53], P= 0.143;
Supplemental Table S2). However, evidence of instrumental

Table 1. Characteristics of the paediatric germ cell tumour cases overall and by study.

Overall cases TDT analysis cases Case–control analysis cases

(N= 1413) (N= 610) (N= 803)

Sex

Male 866 (61.3) 311 (51.0) 555 (69.1)

Female 547 (38.7) 299 (49.0) 248 (30.9)

Location

Extragonadal 260 (18.4) 156 (25.6) 105 (13.1)

Intracranial 314 (22.2) 177 (29.0) 137 (17.1)

Ovary 314 (22.2) 150 (24.6) 165 (20.5)

Testis 525 (37.2) 127 (20.8) 396 (49.3)

Age group

<11 years 439 (31.1) 249 (40.8) 192 (23.9)

11–19 years 974 (68.9) 361 (59.2) 611 (76.1)

Race/ethnicity

African American 62 (4.4) 29 (4.8) 34 (4.2)

Asian 87 (6.2) 27 (4.4) 60 (7.5)

Hispanic 610 (43.2) 176 (28.9) 433 (53.9)

Non-Hispanic White 654 (46.3) 378 (62.0) 276 (34.4)

Tumour histologya

Germinoma 350 (24.8) 146 (23.9) 204 (25.4)

Teratomas 338 (23.9) 145 (23.8) 193 (24.0)

Yolk sac tumours 212 (15.0) 134 (22.0) 78 (9.7)

Mixed/other 490 (34.7) 162 (26.6) 328 (40.8)
aN= 23 cases were missing histology information.
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heterogeneity was observed within the seven Codd et al. SNP
genetic instrument, as identified by Cochran’s Q-statistic, in both
the IVW and MR Egger models, and MR-Radial models indicated
TERT/rs2736100 as the outlier responsible for the heterogeneity
(Supplemental Table S2). Similarly, in the overall MR analysis using
the 20 Li et al. SNPs that genetically predict LTL, we did not
observe a significant association between longer predicted LTL
and increased risk of paediatric GCT in any of the three models
(ORIVW [95% CI]= 0.68 [0.26, 1.75], P= 0.425; ORMR-Egger [95% CI]
= 1.88 [0.012, 30.69], P= 0.664; ORweighted median [95% CI]= 1.34
[0.45, 3.99], P= 0.594; Supplemental Table S2). However, evidence
of instrumental heterogeneity was observed by Cochran’s Q-
statistic and MR-Radial models indicated TERT/rs2853677 and
TERT/rs7705526 as the influential outliers responsible.

In our MR replication analysis of 396 UK Biobank adult TGCT
cases and 1584 controls using the Codd et al. six SNPs (excluding
TERT/rs2736100), we observed a positive trend between longer
predicted LTL and overall increased risk for adult TGCT in all three
MR models that was similar in magnitude to our discovery analyses
but did not reach statistical significance (ORIVW [95% CI]= 1.33
[0.31, 5.62], P= 0.698; ORMR-Egger [95% CI]= 11.45 [0.02, 5481.89],
P= 0.482; ORweighted median [95% CI]= 2.33 [0.52, 10.44], P= 0.270;
Fig. 3a). The MR Egger intercept (−0.157; P value= 0.519;
Supplemental Table S2) suggests no evidence of directional
pleiotropy with a non-significant P value although the non-zero
estimate may be indicative of possible directional pleiotropy. In
addition, Cochran’s Q-statistic does not show evidence of
heterogeneity in the analysis. Therefore, the sensitivity analysis
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Fig. 1 Association between individual single nucleotide polymorphisms (SNPs) that genetically predict leukocyte telomere length (LTL)
and paediatric germ cell tumour (GCT) risk: results from the Mendelian Randomization (MR) analysis. a, b Presents results using SNPs from
the Codd et al. [27] genetic instrument excluding TERT and c, d presents results using SNPs from the Li et al. [32] genetic instrument excluding
TERT. Forest plots (left) show the effect estimate per variant using MR Wald Ratio single SNP test, and overall MR estimates using MR Egger,
weighted median, and inverse-variance-weighted (IVW) estimators (N = 1413). Odds ratio is for every 1 kb increase in LTL. Scatter plots (right)
show the per-allele association with paediatric GCT risk (outcome) plotted against the per‐allele association with kb of LTL (exposure). The
vertical and horizontal grey lines represent the standard error for each SNP. The slope of the scatter plot is overlaid with the Mendelian
randomisation IVW estimate (solid black line), the MR Egger estimate (dotted black line) and the weighted median estimate (dashed black
line) of the effect of LTL on GCT risk.
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suggested that there is no evidence the assumption of IVW was
violated. Effect estimates for all variants are in the same direction
except for ACYP2/rs11125529, OBFC1/rs9420807 and RTEL1/
rs755017. In the MR analysis of the Li et al. 18 SNPs (excluding
TERT/rs2853677 and TERT/rs7705526), we observed discordant
results across the three MR models; for the IVW and MR Egger
models we observed a trend in the opposite direction than we did
for the Codd et al. genetic predictor (OR [95% CI]= 0.86 [0.25, 2.93]
per kb of LTL; P= 0.814; and OR [95% CI]= 0.19 [0.006, 6.201]; P=
0.195, respectively; Fig. 3c) indicating longer predicted LTL and
decreased risk for adult TGCT. Alternatively, the weighted median
model was similar in direction and magnitude as the Codd et al.
predictor (OR [95% CI]= 2.68 [0.60, 12.04] per kb of LTL; P= 0.198).
Similar to our discovery analysis, half the individual SNP MR effect
estimates were in the positive direction and the other half in the
negative direction although Cochran’s Q-statistic did not demon-
strate significant evidence of heterogeneity (P= 0.062). In addition,
we found little evidence for the presence of pleiotropy, as
indicated by the MR Egger intercept (Supplemental Table S2) for
the Li et al. genetic predictor on adult TGCT. The scatter plots in
Fig. 3b, d depicts the relationship between the effect of each SNP
associated with LTL and its effect on adult TGCT overlaid with the
three MR method slopes. Interestingly, comparing the individual
SNP MR effect estimates between our adult and paediatric
population, SNPs were in the opposite direction for seven SNPs
including PRRC2A/rs2736176, ATM/rs228595, DCAF4/rs2302588,
MPHOSPH6/rs7194734, RTEL1/STMN3/rs75691080, RTEL1/
rs34978822 and RTEL1/ZBTB46/rs73624724.
When we evaluated the three TERT SNPs removed from the LTL

predictors, which are all in moderate linkage disequilibrium with
one another (high D’ but lower R2; see Supplemental Table S3), we
observed a significant association between the LTL lengthening
allele and decreased risk for paediatric GCT for each SNP (P < 0.003
for all; Fig. 4). For all three TERT SNPs, the associations were
strongest in males, among the adolescent age group (age at
diagnosis 11–19 years), for tumours located in the testis, and for
tumours with mixed/other histology. The direction of effect for
point estimates overall and across the three TERT SNPs were
consistent except for intracranial tumours for TERT/rs2736100-C
(OR [95% CI]= 1.01 [0.80, 1.26]) and teratomas for TERT/

rs7705526-A (OR [95% CI]= 1.07 [0.83, 1.37]). Similar in magnitude
to our discovery sample, a significant association was observed
between the LTL lengthening allele and decreased risk for adult
testicular cancer in all three TERT SNPs (P < 0.024).

DISCUSSION
Using the largest collection of paediatric GCT cases available, we
identified significant associations between GCTs and the TERT risk
alleles previously found to be associated with adult TGCTs. In
contrast, we did not observe strong evidence for an association
between other variants associated with longer predicted LTL and
increased risk for GCT in children or adults. For paediatric GCTs, we
observed a weak but significant association with longer LTL using
the more commonly used Codd et al. LTL genetic predictor
excluding TERT in the primary IVW model (P= 0.019). In contrast,
when we use the newer Li et al. genetic predictor of LTL that
captures a slightly larger percent variation in LTL, we did not see a
significant association with increased risk for GCT in the IVW
model (P= 0.673) although the effect estimates were similar in
direction. The inconsistent results between genetic predictors may
be an indication of bias resulting from pleiotropy--where a SNP(s)
within the genetic predictor is associated with both telomere
length (exposure) and GCT (outcome), thus violating the assump-
tions necessary for valid causal inference [64]. We see some
suggestion of this in the sensitivity analysis of the Li et al. genetic
predictor, although when the TERT variants were removed from
the genetic predictor, the MR Egger intercept differs from zero
and is close to significance (−0.128; P= 0.054) thus suggesting
directional pleiotropy within the instrument and therefore
evidence of a biased IVW estimate. In the adult TGCT, we did
not observe consistent associations or direction in effect estimates
between LTL variants and TGCT risk using either LTL predictor.
Previous studies have identified associations between genetically

predicted telomere length and adult TGCT using different variants
in their genetic instruments and reported contradictory results
[34, 39, 40]. These differences may be due to the inclusion of TERT,
the previously identified susceptibility locus for adult TGCT [22–25],
in the genetic instrument for predicted telomere length. When TERT
is not included in the genetic predictor, increased telomere length is
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Fig. 2 Sub-group specific association between genetically predicted leukocyte telomere length (LTL) and paediatric germ cell tumour
(GCT) risk: results from the Mendelian Randomization (MR) analysis. a Presents results using single nucleotide polymorphisms (SNPs) from
the Codd et al. [27] genetic instrument excluding TERT and b presents results using SNPs from Li et al. [32] genetic instrument excluding TERT.
Forest plots (left) show the effect estimate per subgroup from the meta-analysis, and overall MR estimates using MR Egger, weighted median,
and inverse-variance-weighted (IVW) estimators (N = 1413). Odds ratio is for every 1 kb increase in LTL. Footnote: Sample size indicated in
parenthesis (n = #) represents the total number of cases which includes those in the complete trios and in the case–control analyses.
Subgroup analysis included trios, Hispanic and White case–control only samples to get stable estimates. African American and Asian case–
control samples were not included in subgroup analyses (only overall analyses) due to the small sample size.

S.S. Cigan et al.

307

British Journal of Cancer (2022) 127:301 – 312



associated [39] or suggestively associated [40] with TGCT. On the
contrary, when TERT is included in the genetic predictor, the
direction of effect flips and there is a null association between
shorter telomere length and increased risk for adult TGCT [34]. In
the present study, we report associations both with and without
variants at the TERT locus. Consistent with the literature, when TERT
is included in the Li et al. genetic predictor, we observed a null
association between shorter telomere length and increased risk for
GCTs. When we remove TERT from the Li et al. genetic predictor,
although still null, the effect estimate agrees with previously
reported associations between longer telomere length and GCT risk.
The direction of effect did not differ with the Codd et al. genetic
predictor, although it was strengthened when TERT was removed.

Furthermore, we observed inconsistent results across our two
populations using the two predictors of LTL and GCT risk. We
observed a trend for longer predicted telomere length being
associated with increased risk for paediatric GCT, but if this is a true
effect it appears to be weak, and statistical significance depends on
the variants included. Similarly, in adult TGCT we observed a weak
positive association that was not statistically significant with the
Codd et al. genetic predictor and a weak inverse association with
the Li et al. genetic predictor. The reason for the differences in
directionality and associations with the two genetic predictors is not
entirely clear but is likely related to the fact that the scores are made
up of different variants. Although both genetic predictors were
identified using a large GWAS meta-analysis, the Li et al. genetic
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Fig. 3 Association between individual single nucleotide polymorphisms (SNPs) that genetically predict leukocyte telomere length (LTL)
and UKB testicular germ cell tumour (TGCT) risk: results from the Mendelian Randomization analysis. a, b Presents results using SNPs from
the Codd et al. [27] genetic instrument excluding TERT and c, d presents results using SNPs from the Li et al. [32] genetic instrument excluding
TERT. Forest plots (left) show the effect estimate per variant using MR Wald Ratio single SNP test, and overall MR estimates using MR Egger,
weighted median, and inverse-variance-weighted (IVW) estimators (N = 396). Odds ratio is for every 1 kb increase in LTL. Scatter plots (right)
show the per-allele association with paediatric GCT risk (outcome) plotted against the per‐allele association with kb of LTL (exposure). The
vertical and horizontal grey lines represent the standard error for each SNP. The slope of the scatter plot is overlaid with the Mendelian
randomisation IVW estimate (solid black line), the MR Egger estimate (dotted black line) and the weighted median estimate (dashed black
line) of the effect of LTL on GCT risk.
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predictor explains a larger percent variance in telomere length.
However, this comes with some limitations as it also increases the
possibility of heterogeneity within the genetic instrument that we
observed in our sensitivity analysis. In addition, power was limited in
the replication set due to the much smaller number of cases.
Overall, these data suggest that telomere length variants other than
TERT do not make a significant contribution to paediatric or adult
GCT risk.
One driving principle of MR is that the genetic variants used in

the instrument are associated with the exposure of interest (e.g.,
telomere length), independent of the outcome (e.g., GCTs), and
not related to confounders in order to produce a non-biased
causal estimate [53, 54]. Our sensitivity analysis demonstrated that
for both genetic instruments, the TERT SNPs were responsible for
substantial heterogeneity. This could indicate a variety of potential
problems; most notably that TERT is exhibiting pleiotropic effects,
where TERT affects more than one trait. In fact, several GWA
studies have reported an association between TERT and adult
TGCT [22–25]. However, we cannot distinguish whether the effects
of TERT on TGCT are independent or mediated via LTL as we do
not have enough data. Future studies controlling for prediagnostic
measured telomere length could provide further insight.

It is important to note that the TERT risk allele associated with
shorter telomere length is the risk allele associated with testicular
cancer while most previous studies have reported associations
between longer predicted telomere length and cancer [30, 37–39].
We show a reduction in risk because we have modelled this
association using the risk allele associated with longer telomere
length for consistency in our overall analysis. We were able to
replicate these findings in the UK Biobank data using three
individual TERT SNPs from the LTL predictor. In the paediatric
GCTs, we also observed significant associations between these
variants and GCT overall, although the association appears to be
stronger in adolescent males with TGCT. This is likely due to
biological differences in paediatric and adult TGCTs. All germ cell
tumours arise from the PGC, however the precursor cells that give
rise to GCTs in adolescents and adults arise from PGCs at a more
advanced developmental stage than those that occur in children
[65]. To our knowledge, the exact biological mechanism and
functional impact by which TERT influences TGCT risk is
complicated and remains less clear. Tissue-specific expression
quantitative trait loci (eQTL) data from The Genotype-Tissue
Expression (GTEx) project demonstrates different allele-specific
expression levels associated with the TERT SNPs we evaluated,
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Fig. 4 Meta-analysis results for subgroup-specific associations between TERT single nucelotide polymorphisms (SNPs) and germ cell
tumor (GCT) risk. Odds ratios (OR and 95% CI) are presented as the risk allele associated with longer telomere length. a TERT SNP from Codd
et al. 2013 and b, c TERT SNPs from Li et al. 2020. Footnote: Sample size indicated in parenthesis (n = #) represents the total number of cases
which includes those in the complete trios and in the case–control analyses. Subgroup analysis included trios, Hispanic and White case–
control only samples to get stable estimates. African American and Asian case–control samples were not included in subgroup analyses (only
overall analyses) due to the small sample size.
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although expression differences were reported in the skin (not
sun-exposed suprapubic) for rs2736100 and rs253677 and small
intestine for rs7705526. No expression differences associated with
these SNPs were reported in testis tissue, the most relevant tissue
type for this analysis, or any other tissue types [66]. Furthermore,
Litchfield et al. did not report eQTL associations for TERT/
rs2736100 in normal testis tissue, TGCT tissue, or other tissue
types [23]. Larger sample sizes in relevant tissues are necessary to
draw conclusions on whether allele-specific expression of TERT is
directly related to longer LTL.
The activity of telomerase differs between germ cells and

somatic cells. Thus, the effect of telomere length and maintenance
may be different in the germline versus somatic cells or cancer
[67]. Telomerase is the ribonucleoprotein enzyme responsible for
synthesising telomere repeats onto the ends of chromosomes to
maintain telomere stability and length [68]. It is a multi-unit
complex consisting of two core components: the catalytic subunit
telomerase reverse transcriptase protein encoded by TERT and a
telomerase RNA TERC. While telomerase is present during normal
cell development, it is typically silenced in human somatic cells
after birth which leads to age-related telomere shortening. In
contrast, it has been reported that telomerase activity remains
active and TERT is expressed in the highly proliferative cells of the
germline and in cancer cells, including adult TGCT [69]. This
evidence likely explains why we see an association between TERT
and GCT but not between genetically predicted LTL and GCT and
suggests that TERT plays a dual role in cancer risk and telomere
biology but with opposite alleles. It is currently unknown how the
exact mechanism of these particular variants in TERT affects the
function of the resulting protein.
This is the first study to investigate the association between

genetically predicted LTL and paediatric GCT. This study has many
strengths including the use of an established racially and
ethnically diverse cohort of paediatric GCT, including case–parent
trios obtained through the COG, and cases and controls obtained
from newborn screening biobanks in California and Michigan. The
use of MR methods and validated genetic instruments to measure
the association between LTL and GCT risk eliminates the potential
of confounding or reverse causation associated with measuring
LTL directly and provides more precise effect estimates. The
results of this study should be interpreted with the following
limitations in mind. First, although we had a large sample size
overall, our power was limited to look at associations by subgroup.
Second, MR is subject to important assumptions and limitations
that may be violated, including a lack of pleiotropy, genetic
heterogeneity, linkage disequilibrium, and population stratifica-
tion [53]. We do not have enough data to show that TERT is
pleiotropic, so we report results both with and without SNPs in
TERT (rs2736100, rs2853677 and rs7705526), all of which demon-
strated heterogeneity. Third, the discovery GWAS that identified
the genetic instruments was conducted across a European
population and thus could attenuate the effect estimates on a
per SNP basis in other populations. In our population, we did not
observe heterogeneity across ancestries for either the
case–control meta-analysis or the combined case–control-TDT
meta-analysis for any SNP used in the genetic instruments. Fourth,
both the Codd et al. and Li et al. genetic predictor only explain a
small percentage of telomere length variation and therefore the
instruments used in this analysis are not fully accounting for
telomere length. Further, we have not considered the role of
telomere length in parental gametes (paternal sperm/maternal
egg) although literature suggests there is not a strong maternal or
paternal age effect on paediatric GCT [70–75].
In conclusion, the association with GCT and the variants in TERT

is quite robust across sex, age and tumour type. However, the
pattern is not as clear with the other variants associated with
telomere length where we did not observe consistent associations
in either children or adults. Since the TERT variants we found to be

associated with decreased risk of GCT are also associated with
longer LTL, our findings suggest that TERT is acting through a
pathway other than the direct lengthening of telomeres. These
results indicate further analyses of variants in genes relevant for
telomere function and maintenance are warranted to better
understand the potential role of telomere biology in GCTs.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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