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Abstract

Ependymoma is the third most common brain tumor in children, with well-described molecular characterization but
poorly understood underlying germline risk factors. To investigate whether genetic predisposition to longer telomere
length influences ependymoma risk, we utilized case—control data from three studies: a population-based pediat-

ric and adolescent ependymoma case—control sample from California (153 cases, 696 controls), a hospital-based
pediatric posterior fossa type A (EPN-PF-A) ependymoma case—control study from Toronto's Hospital for Sick Children
and the Children’s Hospital of Philadelphia (83 cases, 332 controls), and a multicenter adult-onset ependymoma case-
control dataset nested within the Glioma International Case-Control Consortium (GICC) (103 cases, 3287 controls).

In the California case—control sample, a polygenic score for longer telomere length was significantly associated with
increased risk of ependymoma diagnosed at ages 12-19 (P=4.0 x 10~3), but not with ependymoma in children
under 12 years of age (P =0.94). Mendelian randomization supported this observation, identifying a significant associ-
ation between genetic predisposition to longer telomere length and increased risk of adolescent-onset ependymoma
(ORpps=1.67;95% Cl 1.18-2.37; P=3.97 x 107%) and adult-onset ependymoma (Puig-£gger = 0.042), but not with risk of
ependymoma diagnosed before age 12 (OR=1.12; 95% CI 0.94-1.34; P=0.21), nor with EPN-PF-A (g ggger = 0.59).
These findings complement emerging literature suggesting that augmented telomere maintenance is important

in ependymoma pathogenesis and progression, and that longer telomere length is a risk factor for diverse nervous
system malignancies.
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Introduction

Ependymoma is the third most common brain tumor
in children, accounting for 5-10% of childhood brain
tumors, with more than half of all cases occurring in
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children under five years old. Most pediatric epend-
ymomas are intracranial in origin (90%), whereas a
greater proportion of adult-onset ependymomas occur
in the spinal cord (66%) [40]. The molecular characteri-
zation of ependymal tumors is well-described and may
inform a new era of precision diagnostics and targeted
therapies [25, 41]. Underlying germline risk factors that
predispose individuals to develop ependymoma remain
poorly understood, as the ability to perform genetic
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epidemiology studies of rare diseases is limited and
traditional genome-wide association study (GWAS)
approaches are underpowered. However, alternative
analytic approaches that use polygenic scores or Men-
delian randomization analyses to model genetic pre-
disposition to “intermediate phenotypes” hold promise
for advancing our understanding of genetic risk in rare
diseases, including childhood cancers [6, 48]. Telomere
length is perhaps the “intermediate phenotype” that
has been best-characterized for its association with
brain tumor risk, as genetic predisposition to longer
telomeres increases risk of both adult glioma [52, 53]
and meningioma [36]. Despite the known association
between genetic predisposition to longer telomere
length and certain adult-onset brain tumors, the asso-
ciation between ependymoma risk and telomere length
has not been evaluated in either children or adults.

Telomeres are nucleoprotein structures that protect
the ends of chromosomes during normal cellular DNA
replication; however, telomeres shorten with each repli-
cative cell division cycle until reaching a critically short
length, at which point cellular senescence or apoptosis
ensues [5, 16]. Telomere length is maintained during cel-
lular replication by the enzyme telomerase, encoded by
the TERT gene. Normally, telomerase is active in stem
and progenitor cells, yet activity is repressed in normal
somatic cells as an anti-proliferative mechanism [15].
An important hallmark of cancer is “enabling replicative
immortality,” which is necessary for sustained malignant
growth and which is often achieved by reactivating tel-
omerase expression in immortalized cells [26]. Cancer
cells are able to avoid senescence and apoptosis in part by
maintaining telomere length indefinitely. This is typically
achieved through telomerase reactivation or through a
homologous recombination-associated process referred
to as alternative lengthening of telomeres (ALT) [26, 37].
While dysregulated telomere biology has been implicated
in ependymoma progression and prognosis [46, 50, 51],
the TERT promoter mutations associated with telomer-
ase reactivation are uncommon in both childhood and
adult ependymomas, as are the ATRX mutations associ-
ated with ALT [9]. Individuals who are genetically pre-
disposed to longer telomere length or more efficient
telomere maintenance are at increased risk of adult
glioma and childhood neuroblastoma [53, 55], perhaps
due to an enhanced capacity for pre-malignant cells to
divide and acquire additional oncogenic mutations before
their telomere reserves are depleted [2, 56]. However, it
is unknown whether genetic predisposition to telomere
length contributes to ependymoma risk.

To investigate whether genetic predisposition to tel-
omere length influences ependymoma risk, we examined
the association between validated genetic instruments
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associated with longer leukocyte telomere length (LTL)
and ependymoma risk in case—control analyses [14].
We utilized both polygenic scores modeling genetic
predisposition to longer LTL and Mendelian randomi-
zation analyses to test for a causal association between
longer LTL and ependymoma risk. Because a previously
observed association between polygenic scores for tel-
omere length and neuroblastoma risk implicated effect
modification by age [55], we also performed age-stratified
analyses in groupings defined a priori. The current study
utilizes case—control data from three different collabo-
rations, including: (1) a population-based pediatric and
adolescent ependymoma case—control sample from Cali-
fornia, (2) a hospital-based pediatric posterior fossa type
A (PFA) ependymoma case—control study from Toronto’s
Hospital for Sick Children and the Children’s Hospital of
Philadelphia, and (3) a multicenter adult-onset epend-
ymoma case—control dataset nested within the Glioma
International Case-Control Consortium (GICC).

Methods

Ethics statement

The study was approved by Institutional Review Boards
at The University of California, Berkeley, The University
of California, San Francisco, the California Department
of Public Health, The Children’s Hospital of Philadelphia,
the University of Toronto Hospital for Sick Children, and
Baylor College of Medicine.

California Cancer Record Linkage Project (CCRLP) case-
control dataset

Blood samples from neonates born within the state of
California are collected by the California Department of
Public Health, Genetic Diseases Screening Branch for
the purpose of disease screening, with remaining sam-
ples archived at —20 °C since 1982 and made available
for approved research. We linked statewide birth records
from the California Department of Public Health for the
years 1982-2009 to data from the California Cancer Reg-
istry (CCR) for diagnosis years 1988—2011. Cases were
defined as patients diagnosed with ependymoma before
age 20, per CCR record of 2014 ICD-O-3 codes 9391-
9394. Controls were matched on race/ethnicity, sex,
month and year of birth from the pool of children born
in California during the same period and not reported
to CCR as having any childhood cancer. Included in
this analysis were 153 non-Hispanic white children with
ependymoma and 696 controls, as previously described
[62]. Subjects from other racial/ethnic backgrounds
were not included due to the questionable performance
of polygenic scores built with loci and effect estimates
derived from European-ancestry populations and applied
to Hispanic or African-American populations [24, 33],
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and further the lack of suitable GWAS of telomere length
in these populations [10]. Details on the linkage and use
of neonatal bloodspots for studying pediatric cancers
have been reported previously [57].

CCRLP DNA extraction and genotyping

Details on the use of neonatal bloodspots for DNA
extraction and genotyping have been reported previ-
ously [61]. In brief, DNA was extracted from a one-third
portion of a 12-mm dried blood spot using the QIAamp
DNA Investigator Kit (Qiagen), followed by addition of
280 pL of Buffer ATL and 20 pL of Proteinase K to each
sample. Samples were vortexed and then incubated in a
dry-bath shaker at 900 rpm and 56 °C for one hour. Sam-
ples were then briefly centrifuged, after which the lysate
solution was transferred to a new 2 mL microcentrifuge
tube, and the solid remnants discarded. 1 pL of 1 ng/uL
carrier RNA was added to the lysate, briefly vortexed,
and placed in the Qiagen Qiacube automated work sta-
tion for DNA isolation, yielding a purified DNA sample
in ATE buffer. DNA was genotyped on the Affymetrix
Axiom World Array (LAT), with average genotype con-
cordance >99% between duplicate samples on the same
plates. Quality-control procedures included -call-rate
filtering for single nucleotide polymorphisms (SNPs)
and samples, performed iteratively by removing SNPs
with call rates<92%, then samples with call rates <95%,
then SNPs with call rates<97%, then samples with call
rates < 96%. SNPs with significant departure from Hardy—
Weinberg equilibrium (P<1.0 x 107°) among controls
were excluded. Samples with mismatched reported
versus genotyped sex were also excluded. Identity-by-
descent (IBD) analyses were performed in PLINK on
cases and controls, with exclusion of one member of
any sample pair that had an identity-by-descent pro-
portion>0.18 [44]. Using SNP array data from the Hap-
Map phase III European reference panel samples, we
calculated ancestry-informative principal components
(PCs) and removed any sample showing evidence of
non-European ancestry (>3 SDs from mean CEPH val-
ues on PCs 1-3). We performed haplotype phasing and
imputation with SHAPEIT v2.79029 and Minimac3 soft-
ware using phased genotype data from the 2016 release
of the Haplotype Reference Consortium [17, 34]. SNPs
with imputation quality (INFO) scores < 0.60 or posterior
probabilities < 0.90 were excluded.

Toronto case-control dataset

A total of 83 pediatric ependymoma patients (median age
3 years) and 332 control children of non-Hispanic white
ethnicity were genotyped on the Illumina OmniExpress
array at the Center for Applied Genomics (CAG) at the
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Children’s Hospital of Philadelphia (CHOP). All epend-
ymoma patients were recruited onto study at The Hos-
pital for Sick Children at The University of Toronto and
had posterior fossa type A (PF-EPN-A) tumors, as deter-
mined by integrated analysis of DNA methylation, copy-
number, gene expression, and clinical parameters, as
previously described [41]. DNA was extracted from blood
where available, but a subset of patient DNA specimens
were extracted from tumor specimen to increase sample
size. Because PF-EPN-A are genetically bland and rarely
harbor either point mutations or copy-number altera-
tions, including in the regions of chromosomes 2, 3, 4,
5, 10, 17, 19, and 20 where SNPs used as genetic instru-
ments for telomere length are located, deviation from
constitutive genotypes appeared minimal [41]. GWAS
data underwent quality-control procedures as previ-
ously described [19, 32]. Genotypes were phased using
SHAPEIT?2 [18] and whole-genome imputation was per-
formed using IMPUTE2 [29] with 1000 Genomes Phase
3 release as the imputation reference panel [22]. Case—
control comparisons were performed using the frequen-
tist test with an additive model and score method to deal
with uncertainty as implemented in SNPTEST v2.4.1
[32], with adjustment for the ten five ancestry-informa-
tive PCs.

Glioma International Case-Control dataset (GICC)

GICC is the largest glioma study to-date including bio-
specimens and blood samples, conducted by the Genetic
Epidemiology of Glioma International Case-Control
Consortium [1]. Individual-level genotype and pheno-
type data are available for download from the Database
of Genotypes and Phenotypes (dbGaP, Study Accession
phs001319.v1.p1) after review and approval by the NCI
Data Access Committee. From the GICC data, a subset
of 103 adult ependymoma cases age 18-72 (with three
cases <age 20) and 3287 controls were selected. Subject
recruitment and control selection has previously been
described in detail [1].

Single SNP and polygenic score analyses

We investigated the individual effect of eight telomere-
length associated SNPs on ependymoma risk in the
CCRLP, Toronto, and GICC datasets. We also assessed
the combined effect of these SNPs in CCRLP cases and
controls, where individual-level genotype data were
available (for Toronto and GICC subjects, only SNP-
level summary statistics were available). SNPs were
chosen based on strong prior evidence of association
with LTL in previous GWAS publications demonstrat-
ing genome-wide significant associations (P<5 x 107
and excluding linked SNPs (R*<0.05) in order to avoid
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“double-counting” risk loci [14]. Although the propor-
tion of variation explained by the eight SNPs is individu-
ally small (~2%) [14], the genotypically-estimated relative
LTL across individuals ranged from 140 to 943 base pairs.
This 803 base-pair range corresponds to > 25 years of age-
related telomere attrition (based on an average LTL attri-
tion rate of 20—40 base pairs/year) [21]. We first assessed
single LTL SNP associations with ependymoma risk using
logistic regression, assuming an allelic additive model for
0, 1 or 2 copies of the allele for longer LTL. For CCRLP
subjects, we also constructed polygenic scores for longer
LTL by calculating the weighted sum of the number of
alleles corresponding to longer LTL (up to 16 alleles
from 8 unlinked SNPs) for each individual, in which the
weight was taken as the effect estimate from the LTL
GWAS from the ENGAGE Consortium Telomere Group
[14]. We performed a logistic regression analysis of the
standardized polygenic scores for longer LTL and epend-
ymoma risk, adjusting for sex and the top 10 principal
components. Resulting beta estimates are interpreted
as the difference in ependymoma risk per one standard
deviation increase in the LTL score. We also assessed the
differences in LTL and ependymoma association strati-
fied by age (<12 years old vs.> 12 years old) and tumor
location (spinal vs. intracranial) in CCRLP data. We used
PLINK to complete both the single SNP and polygenic
score association analyses.

Mendelian randomization analyses

Mendelian randomization (MR) is a causal inference
method in which genetic variants are used as instrumen-
tal variables, i.e. proxies for a risk factor of interest, to
evaluate the causal relationship between the risk factor
and an outcome of interest. In the two-sample summary
data MR approach, summary statistics for SNP-exposure
associations are obtained from a different set of samples
from those for the SNP-outcome association, assuming
both samples are drawn from the same underlying popu-
lation [11]. The polygenic score association analysis can
be considered a form of MR analysis in which the score
is considered an instrumental variable [12], assuming
that all variants contributing to the score are valid instru-
ments that do not violate any of the three MR assump-
tions. However, a formal application of the MR method,
along with various sensitivity analyses, are necessary as
prior studies show that risk score association analyses
can suffer from higher false positive rates due to hori-
zontal pleiotropy, a violation of the MR assumptions [28,
45]. Furthermore, in the absence of individual-level data
SNP data, the two-sample summary data MR method
can be useful for approximating the association between
a genetic score and an outcome of interest using sum-
mary statistics. Our MR analyses used summary statistics
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for the association with ependymoma risk of the same
8 SNPs used in our polygenic score model, adjusted for
sex and 10 principal components. We used the inverse-
variance weighted (IVW) method, along with the (1) MR-
Egger method, which provides consistent estimates in the
presence of horizontal pleiotropy given that pleiotropic
effects are independent of instrument strength across all
variants; [7], (2) the weighted median method [8], which
provides consistent estimates even when up to 50% of the
information comes from invalid instruments; and (3) the
mode-based method [27], which provides consistent esti-
mates even when a majority of instruments are invalid,
to assess the causal association between LTL and epend-
ymoma risk in CCRLP data, Toronto data, and GICC
data. We used the MendelianRandomization R package
for these analyses [59].

Results

From the CCRLP dataset, a total of 153 non-Hispanic
white pediatric ependymoma patients and 696 controls
were available for analyses after linkage, newborn bloods-
pot DNA extraction, genotyping, QC procedures, and
SNP imputation. Demographics and clinical features of
the CCRLP ependymoma cases are shown in Additional
file 1: Table S1. Demographic details on the Toronto
(n=283 cases, 332 controls) and the GICC (n=103 cases,
3287 controls) case—control datasets have been previ-
ously described [1, 62].

A total of eight SNPs previously associated with LTL
at genome-wide significant levels and independently
replicated by Codd et al. [14] were successfully geno-
typed in all three ependymoma datasets: rs11125529
(ACYP2), 1s10936599 (TERC), r1s7675998 (NAFI),
rs2736100 (TERT), rs9420907 (OBFCI), rs3027234
(CTCI), rs8105767 (ZNF208), and rs755017 (RTELI).
Two nominally significant associations (Py,gjusted <0-05)
were observed in the CCRLP age-stratified analysis for
patients >12 years old at diagnosis at rs10936599 in
TERC (OR=1.98; 95% CI=1.06, 4.06; P=0.043) and
at rs7675998 in NAF1 (OR=2.15; 95% CI=1.09, 4.74;
P=0.039), but no associations were observed for CCRLP
patients< 12 (Additional file 1: Table S2). One nomi-
nally significant association (P<0.05) was observed in
the Toronto PF-A case—control sample at rs9420907 in
OBFCI (OR=1.71; 95% CI=1.07, 2.73; P=0.026), but
no single-SNP associations were observed in the GICC
adult ependymoma data (Additional file 1: Table S3).

The association between a polygenic score for longer
LTL and pediatric ependymoma risk was assessed using
logistic regression, adjusting for sex and 10 PCs. Among
all California cases and controls age <19, a non-sig-
nificant association was observed (OR=1.12; 95% CI
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0.94-1.34; P=0.207, Table 1). When cases were stratified
by age at diagnosis, using cutoffs defined a priori based
on previous observations in neuroblastoma [55], a signifi-
cant association was observed between longer LTL score
and increased risk of ependymoma in CCRLP patients
diagnosed at> 12 years of age (OR=1.67; 95% CI 1.18-
2.37; P=3.97 x 1073). However, the LTL score was not
associated with ependymoma risk in patients<12 years
old (OR=1.12; 95% CI 0.94-1.34; P=0.21). In a case—
case comparison to test for etiologic heterogeneity by
age at diagnosis, the LTL score was significantly higher
in adolescent-onset ependymoma patients (12—19 years
of age) compared with childhood-onset ependymoma
patients (0—12 years of age) (P=0.021). When further
stratified by tumor location, longer LTL was associated
with increased risk of both intracranial and spinal epend-
ymoma diagnosed at>12 years of age (P=0.048 and
0.024, respectively). However, longer LTL was not associ-
ated with increased risk of intracranial ependymoma in
children diagnosed before age 12 (P=0.53), and longer
LTL was inversely associated with risk of spinal epend-
ymoma in children under 12 (P=8.9 x 10~?) (Additional
file 1: Table S4). When intracranial ependymoma were
further restricted to supratentorial tumors, longer LTL
was again significantly associated with increased risk in
those diagnosed at> 12 years of age (P=0.024), but no
among those diagnosed before 12 years of age (P=0.86)
(Additional file 1: Table S4).

Formal Mendelian randomization analyses were con-
ducted to make causal inferences about the association
between telomere length and ependymoma risk in all
three datasets. The MR results complemented the poly-
genic score analyses in CCRLP data, with IVW MR esti-
mates suggesting a significant causal association between
longer LTL and increased ependymoma risk in patients
diagnosed at> 12 years of age (P =6.3 x 107°). Sen-
sitivity analyses supported this link, finding no evi-
dence of directional pleiotropy with MR Egger tests
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(PpR-intercept = 0-67). A similar positive association was
observed in GICC adult ependymoma data using the
MR Egger estimate (Pyp pgo. =0.042), where a non-zero
intercept term suggested the presence of directional
pleiotropy (Pyg.intercept = 0-059). Weighted-median and
mode-based MR analyses also show positive associa-
tions in CCRLP adolescent (age>12) and in GICC adult
ependymoma, although effect sizes were smaller and sev-
eral confidence intervals included the null (Table 2).

In contrast to the CCRLP adolescent and the GICC
adult ependymoma patients, no associations between
LTL and ependymoma risk were observed for the CCRLP
patients< 12 years of age or among the Toronto pediat-
ric PF-A patients (median age, 3 years) in any of the MR
estimates. We visualized the per-allele association of
ependymoma risk (y-axis) plotted against the per-allele
association with LTL (x-axis), with the slopes of the fitted
lines equal to the IVW and MR Egger estimates (Fig. 1).
The intercept is fixed at the origin for the IVW method
and unconstrained for MR Egger. The slope is relatively
flat for Toronto PF-A patients (Fig. 1a) and the CCRLP
patients < 12 (Fig. 1b) using both IVW and MR Egger esti-
mates, but is clearly positive in CCRLP patients age > 12
for both IVW and MR Egger (Fig. 1c). The slope for the
adult ependymoma analysis is relatively flat for the IVW
estimate, but a significant positive slope was observed for
the MR-Egger estimate (Fig. 1d).

Discussion

Our results suggest that a genetic predisposition to
longer telomere length increases the risk of adolescent
and adult-onset ependymoma, but not risk of epend-
ymoma diagnosed in children younger than 12 or in very
young children with the EPN-PF-A molecular subtype.
In addition to polygenic score analyses, the MR results in
particular suggest that longer telomere length is a causal
risk factor underlying adolescent ependymoma develop-
ment. Although intracranial tumors are more common

Table 1 Association between a polygenic score for longer telomere length and risk of ependymoma in the California
Cancer Record Linkage Project case-control dataset (ages 0-19)

Logistic regression model Cases/controls OR (95% Cl)® P-value
All patients combined 153/696 1.12 (0.94-1.34) 0.207
Childhood-onset® 114/69 099 (0.81-1.21) 0939 Pesse.
_ b
Adolescent-onset® 39/696 167 (1.18-237) 3.97 x 1073 case=0.021

Nominally significant P values < 0.05 in bold

2 Adjusted for sex and 10 principal components

b p-value corresponding to the association between a polygenic score for longer telomere length and age at diagnosis (< 12 vs.> 12) in a case-only analysis of

ependymoma patients
¢ less than 12 years of age at diagnosis
4 12-19 years of age at diagnosis
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Table 2 Mendelian randomization analysis of the association between longer LTL score and ependymoma risk in CCRLP,

Toronto, and GICC case-control datasets

MR Estimate Pediatric EPN-PF-A (Toronto)? Childhood-onset® (CCRLP) Adolescent-onset® (CCRLP)  Adult-onset® (GICC)
OR (95% Cl) P-value OR(95% Cl) P-value OR(95% Cl) P-value OR(95% Cl) P-value
VW 0.51(0.03,8.7) 0.64 0.93(0.15,5.7) 094 91.7 (36,23 % 10°) 0.0063 2.01(0.34,12.0) 043
Weighted median 061 (0.03,13.3) 0.76 0.82(0.08,7.9) 0.85 368(4.1,33%x 10  0.010  2.82(0.27,29.0) 0.38
Mode-based 067 (0.02,22.5) 0.82 0.30 (0.02, 4.9) 040 690 (042,1.1x 10% 0084  4.05(0.30,4.01) 0.30
MR Egger 183 (1.0x 107°, 0.59 0.08(2.8x 1074 23.1) 038 793 (002,32 10") 0.22 294 (123,70 x 10% 0042
33x10'9
(Intercept) 0.61(0.13,2.94) 045 1.19(0.81,1.8) 037 0.86 (0.43,1.7) 067 0.70 (0.48,1.01) 0.059

Adjusted for subject sex and 10 ancestry-informative principal components

Nominally significant P values <0.05 in bold

2 Sample size for Toronto posterior fossa type A pediatric ependymoma case-control study includes 83 cases and 332 controls

b Sample size for CCRLP childhood-onset case-control subset includes 114 cases (age < 12 years) and 696 controls

¢ Sample size for CCRLP adolescent-onset case—control subset includes 39 cases (age 12-19 years) and 696 controls

4 Sample size for Glioma International Case-Control Consortium (GICC) case—control study includes 103 cases (ages 18+) and 3287 controls

in children and spinal ependymomas are more common
in adults [30], we observed that the association between
genetic predisposition to longer LTL and adolescent-
onset ependymoma risk was consistent in both the
intracranial and spinal subgroups, as well as among the
supratentorial tumors. Our findings contribute to the
growing literature implicating longer telomere length as
a risk factor for nervous system tumors in both children
and adults [53, 55], and in a number of other non-nerv-
ous system cancers including lung, melanoma, chronic
lymphocytic leukemia, and osteosarcoma [38, 52, 60].

Although the histopathologic distribution of primary
CNS tumors differs in children and adults, childhood
and adult-onset brain tumors likely share some common
etiologic factors. Although adult-onset cancers are often
linked to lifestyle and environmental risk factors while
heritable and in utero exposures predominate in pediat-
ric cancers, very few non-genetic risk factors have been
identified for CNS malignancies [39]. While pediatric
ependymomas have distinct genomic profiles from their
adult counterparts, most notably in the epigenetically-
driven EPN-PF-A subgroup that was not associated with
telomere length in our analyses, telomerase reactivation
has been observed to varying degrees across epend-
ymoma subgroups and ages of onset [23, 30, 35].

We previously proposed that longer telomere length
increases cancer risk by augmenting capacity for sus-
tained cellular replication, allowing pre-malignant cells
to accumulate the mutations necessary to resist apop-
tosis and enable replicative immortality [54], muta-
tions such as hypermethylation of the TERT promoter
[13, 23]. Our observation that genetic predisposition
to longer LTL is associated with adolescent-onset and
adult-onset ependymoma, but not childhood-onset
ependymoma, supports this multi-step model of

tumorigenesis in patients ages 12 and up. Longer tel-
omere length may be an important mediator of epend-
ymoma risk in adolescents and adults, where the tumor
is more dependent upon acquiring somatic driver
mutations and does not arise from an epigenetically
dysregulated developmental cell lineage [26, 35].

In addition to polygenic score tests, we performed
formal MR analyses to assess potential causal asso-
ciations. These approaches are particularly useful for
investigating the genetic epidemiology of pediatric
malignancies given sample size limitations that hinder
traditional GWAS approaches. Polygenic score analy-
ses test genetic propensity for a phenotype, rather than
a single variant, and have improved power over both
single-SNP analyses and MR approaches [42, 43, 45].
Importantly, formal MR analyses can confirm the rela-
tionship between polygenic scores (longer LTL) and the
outcome of interest (ependymoma) and provides a test
of causal inference under valid assumptions that can be
evaluated with various sensitivity analyses. MR analy-
ses implied a causal relationship between longer tel-
omere length and adolescent-onset ependymoma and
there was no evidence of directional pleiotropy based
on the null MR Egger intercept test. Our MR results
lend support to a causal relationship between longer
LTL and adolescent-onset ependymoma, complement-
ing the polygenic score analyses.

In the analysis of GICC adult-onset ependymomas,
longer LTL was positively associated with ependymoma
risk in all MR models, although the IVW, weighted-
median, and mode-based MR associations were not sta-
tistically significant. However, the MR Egger intercept
test suggested that directional pleiotropy may be present.
This directional pleiotropy, wherein genetic variants
have pleiotropic effects that—on average—differ from
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zero, can result in biased IVW, weighted median, and
mode-based estimates [7, 27]. Importantly, the MR Egger
estimate, which is unbiased in the case of directional plei-
otropy, suggested a positive causal association with LTL,
consistent with the polygenic score and MR associations
in adolescent-onset patients. Thus, the MR Egger esti-
mate results suggest that genetic predisposition to longer
LTL may be a risk factor for adult-onset ependymoma,
although causal inference is complicated by the appar-
ent presence of directional pleiotropy. Based on Fig. 1d,
the primary source of this directional pleiotropy appears
to be rs3027234 in CTCI. CTC1 is one of three members
of the CST complex that binds to single-stranded DNA

and is required to protect telomeres from DNA degrada-
tion. In addition to a role in telomere protection, the CST
complex has a more general role in DNA metabolism at
non-telomeric sites and was shown to protect DNA dou-
ble-strand breaks from end resection, leading to repair
by non-homologous end joining rather than homologous
recombination [3].

Of note are the extreme magnitudes of the MR effect
estimates in our analyses, which resulted in odds ratios
(ORs) ranging from 91 to 368 per standard deviation of
longer LTL score, with correspondingly large 95% confi-
dence intervals. MR estimates are useful for testing causal
relationships, but have limited utility in determining the
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exact size of a causal effect [47]. Our MR effect estimates
may be inflated due to various reasons, such as age-spe-
cific variation in SNP-exposure or SNP-outcome asso-
ciations, or under-estimation of genetic associations with
the exposure compared to the outcome. Importantly, the
large ORs observed in our analysis could also be a result
of unstable estimates due to small sample sizes. However,
a previous comprehensive MR study across multiple can-
cer types suggests that larger MR associations tend to be
seen for tissue sites with lower rates of stem cell division,
such as the brain, with the largest such estimate observed
for glioma (OR, 5.27). Thus, we do not rule out the pos-
sibility that longer LTL may have a large magnitude of
effect on ependymoma risk in adolescents and adults.

The role of telomere maintenance has been exten-
sively investigated in ependymoma, although our study
appears to be the first to investigate germline modi-
fiers of telomere length in ependymoma etiology. The
telomerase enzyme is normally expressed in stem and
progenitor cells to maintain telomere length, but is
suppressed in somatic tissues. Telomerase activity is
reactivated in many cancer subtypes, including epend-
ymomas [4, 9, 13, 23, 31]. Telomerase activity has been
linked to ependymoma progression, recurrence, and
survival, and has been implicated as an important prog-
nostic marker and therapeutic target [23, 50, 51], where
telomerase inhibition has demonstrated anti-tumori-
genic effects in in vitro and xenograft models of pedi-
atric ependymoma [4, 58]. Telomere dysfunction has
also been linked to chromothrypsis, a form of genomic
instability characterized by tens to hundreds of clus-
tered DNA rearrangements, which was previously asso-
ciated with greater telomere length in medulloblastoma
and ependymoma [20]. TERT promotor mutations that
reactivate telomerase in glioblastoma have occasion-
ally been identified in adult ependymoma, but not in
children [4, 9, 31]. In pediatric ependymoma, hyper-
methylation of the TERT promotor has consistently
been associated with telomerase reactivation [13, 23],
indicating that epigenetic mechanisms of telomere
maintenance may also enable replicative immortality in
ependymoma cells. Germline variants, including meth-
ylation quantitative trait loci (meQTLs), may accelerate
or even enable such epigenetic reactivation. Our results
build upon this body of literature by demonstrating that
constitutively longer telomere length/inherently better
telomere maintenance is associated with ependymoma
predisposition in adolescents and adults.

A strength of this study is that our age-stratified find-
ings in the CCRLP dataset were supported by inde-
pendent datasets of molecularly-subgrouped pediatric
cases (Toronto) and adult-onset cases (GICC). How-
ever, our study has limitations. Ependymoma is a rare
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malignancy, so our study is limited by its relatively
modest sample size. Despite being better powered to
observe a significant association in the childhood-
onset ependymoma cases, we still detected a significant
association in the smaller subset of adolescent-onset
ependymoma cases. There are also limitations to our
MR analyses, including the issue of horizontal pleiot-
ropy, discussed earlier, and potential violations of MR
assumptions. The assumptions include: (1) a consist-
ent log-linear association between telomere length and
cancer risk; (2) that LTL-associated variants have simi-
lar associations in ependymal cells; and (3) that the LTL
variants derived from an adult population have similar
associations in children and adolescents. Violations of
any of these assumptions would likely result in a bias
toward the null, so the significant associations observed
in our data are more likely to be attenuated than to be
inflated. However, we cannot rule out the possibility
that LTL variants used in this study are less associated
in a pediatric population [49], resulting in a null asso-
ciation among the Toronto EPN-PF-A and CCRLP <12
subsets.

In summary, we leverage a polygenic score and MR
framework to examine whether longer telomere length
may be a risk factor for ependymoma across age strata.
Our findings indicate that genetic predisposition to
longer LTL is associated with increased risk of adoles-
cent- and adult-onset ependymoma, but not with child-
hood ependymoma, including EPN-PF-A. These findings
complement emerging literature suggesting that dys-
regulated telomere maintenance is important for epend-
ymoma pathogenesis and that longer telomere length is a
risk factor for several different nervous system malignan-
cies. Future studies should work to incorporate germline
data into genomic and epigenomic profiling of epend-
ymoma tumors to explore the relationship between herit-
able variation and telomerase activity in somatic cells.
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