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Abstract

Aberrant telomere lengthening is an important feature of cancer cells in adults and children. In addition to somatic 
mutations, germline polymorphisms in telomere maintenance genes impact telomere length. Whether these telomere-
associated polymorphisms affect risk of childhood malignancies remains largely unexplored. We collected genome-wide 
data from three groups with pediatric malignancies [neuroblastoma (N = 1516), acute lymphoblastic leukemia (ALL) (N = 958) 
and osteosarcoma (N = 660)] and three control populations (N = 6892). Using case–control comparisons, we analyzed eight 
single nucleotide polymorphisms (SNPs) in genes definitively associated with interindividual variation in leukocyte telomere 
length (LTL) in prior genome-wide association studies: ACYP2, TERC, NAF1, TERT, OBFC1, CTC1, ZNF208 and RTEL1. Six of 
these SNPs were associated (P < 0.05) with neuroblastoma risk, one with leukemia risk and one with osteosarcoma risk. The 
allele associated with longer LTL increased cancer risk for all these significantly associated SNPs. Using a weighted linear 
combination of the eight LTL-associated SNPs, we observed that neuroblastoma patients were predisposed to longer LTL than 
controls, with each standard deviation increase in genotypically estimated LTL associated with a 1.15-fold increased odds of 
neuroblastoma (95%CI = 1.09–1.22; P = 7.9 × 10−7). This effect was more pronounced in adolescent-onset neuroblastoma patients 
(OR = 1.46; 95%CI = 1.03–2.08). A one standard deviation increase in genotypically estimated LTL was more weakly associated 
with osteosarcoma risk (OR = 1.10; 95%CI = 1.01–1.19; P = 0.017) and leukemia risk (OR = 1.07; 95%CI = 1.00–1.14; P = 0.044), 
specifically for leukemia patients who relapsed (OR = 1.19; 95%CI = 1.01–1.40; P = 0.043). These results indicate that genetic 
predisposition to longer LTL is a newly identified risk factor for neuroblastoma and potentially for other cancers of childhood.

Introduction
The etiology of cancer in children and adolescents is largely 
unknown, although recent reports suggest that 5–10% of cases 

may result from an underlying germline mutation in a gene 
linked to autosomal dominant cancer predisposition syndromes 

http://www.oxfordjournals.org/
mailto:kyle.walsh@ucsf.edu?subject=
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgw037/-/DC1
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(1). Carcinogenesis in the remaining patients is believed to result 
from the combination of low-penetrance risk alleles, environ-
mental factors and stochastic processes (2). Genome-wide 
association studies (GWAS) have identified a number of low-
penetrance risk alleles that are associated with four of the most 
common cancers of childhood: acute lymphoblastic leukemia 
(ALL) (3), osteosarcoma (4), Wilms tumor (5) and neuroblastoma 
(6). Furthermore, the combination of targeted fine mapping and 
resequencing, combined with functional genomics approaches, 
have successfully identified the causative alleles underlying 
several of the associations observed in GWAS of ALL and neu-
roblastoma (7–9).

GWAS of adult cancers have shown that inherited single 
nucleotide polymorphisms (SNPs) in telomere-related genes are 
associated with numerous malignancies (10–13). Human telom-
eres, composed of a tandem hexanucleotide repeat (TTAGGG), 
are many kilobases long in newborns but shorten an average 
of 20–40 base-pairs annually (14,15). Very large GWAS analyses 
have identified eight genes that are reproducibly associated 
with interindividual variation in leukocyte telomere length 
(LTL), including SNPs in: ACYP2, TERC, NAF1, TERT, OBFC1, CTC1, 
ZNF208 and RTEL1 (16,17). Recent Mendelian randomization 
studies indicate that these LTL-associated SNPs influence adult 
cancer risk, with genetic predisposition to longer telomere 
length associated with increased risk of adult glioma, mela-
noma and lung cancer (18–20).

Telomeres are repetitive DNA sequences that cap and protect 
chromosomes. These repeats are lost with each somatic cellu-
lar division. When a chromosome’s telomeres become depleted, 
future mitoses will result in the loss of integral genomic DNA, 
inducing replicative senescence and apoptosis (21). Telomere 
attrition helps to prevent cancer by limiting the replicative 
potential of somatic cells. However, if adequate oncogenic 
mutations are acquired before reaching replicative senescence, 
unlimited proliferation may result. Thus, long telomeres may 
increase the risk of cancer by allowing more time and more divi-
sions in which a cell can accumulate mutations before it reaches 
this critical apoptotic checkpoint (22).

Unlike adult cancers, GWAS have not implicated polymor-
phisms in telomere-maintenance genes in pediatric cancer predis-
position (23). While it is possible that telomere biology does not 
play a significant role in pediatric cancer predisposition, it is also 
possible that the effect sizes are smaller than those observed in 
adult cancers and, therefore, are less amenable to detection by 
GWAS. Because GWAS of pediatric cancers typically have smaller 
sample sizes than those of adult cancers, the power to detect risk 
loci of moderate effect size is additionally limited. Furthermore, 
real SNP associations may be restricted to specific molecular sub-
types of cancer, as previously observed for ALL risk loci (24,25). 
While the effect of individual alleles in telomere-maintenance 
genes is likely small, the combined effect of numerous such poly-
morphisms could potentially be quite large and could help identify 
the ‘missing heritability’ of pediatric cancers (26). In the context 
of GWAS, missing heritability refers to the inability of SNP asso-
ciations to account for the heritability of the disease under study. 
The source of this missing heritability is a current conundrum 
in human genetics, but is most often attributed to rare genetic 

variants, gene × environment interactions, epistasis and very low-
penetrance variants that GWAS are underpowered to detect.

To determine whether common genetic variants associ-
ated with interindividual variation in telomere length confer 
risk for cancers of childhood and adolescence, we analyzed 
eight independent SNPs in patients with ALL, osteosarcoma, 
neuroblastoma and a shared set of controls (N  =  3134 total 
cases, 6892 controls). These eight SNP have previously been 
definitively associated with interindividual variation in LTL in 
a GWAS of 37 684 individuals of European ancestry conducted 
by the ENGAGE Consortium Telomere Group (16). In addition to 
single variant analyses, we also constructed a weighted linear 
combination of subject genotype at the eight SNPs to create a 
summary score that quantifies genotypic contributions to dif-
ferences in LTL across patients and controls. Because SNP geno-
types are present since birth, case–control comparisons are not 
confounded by the effect that age, chemotherapy or other factors 
may have on both telomere length and cancer risk, eliminating 
the possibility of reverse causation. This Mendelian randomiza-
tion approach for examining the relationship between telomere 
length and cancer risk has been previously applied to adult can-
cers, but not to cancers of childhood (18–20).

Methods

Ethics statement
The genome-wide meta-analysis of mean LTL obtained approval by local 
ethics committees, as outlined previously (16). All other genomic data were 
obtained from dbGaP, Illumina’s iControlDB database and the Wellcome 
Trust Case-Control Consortium following approval from the respective 
agency and local approval for data security policies and procedures.

Pediatric cancer patients and controls
The ALL Relapse GWAS dataset used for the analyses described in this study 
were obtained from dbGaP study accession phs000638.v1.p1 (Genome-Wide 
Association Study of Relapse of Childhood acute lymphoblastic leukemia) 
and include a total of 958 non-Hispanic white children (age < 21) diagnosed 
with ALL. Children were recruited under COG protocols P9904 and P9905, 
as described previously (27,28). The osteosarcoma GWAS dataset used 
for the analyses described in this study were obtained from dbGaP study 
accession phs000734.v1.p1 (A Genome-wide Association Study (GWAS) 
of Risk for Osteosarcoma) and contain 660 non-Hispanic white patients 
diagnosed with osteosarcoma, as described previously (4). These patients 
were predominantly children and adolescents (aged < 21), although 
the dbGaP dataset did not provide individual-level age data and did not 
restrict to a specific age range. The neuroblastoma GWAS data described 
in this study were obtained from dbGaP study accession phs000124.v2.p1 
(Neuroblastoma Genome-Wide Association Study). Neuroblastoma cases 
include 1513 non-Hispanic white children and adolescents (age < 19) diag-
nosed with neuroblastoma, identified through the COG Neuroblastoma 
Tumor Bank and the Children’s Hospital of Philadelphia.

The Geisinger control GWAS dataset used for the analyses described 
in this study were obtained from dbGaP study accession phs000381.v1.p1 
(eMERGE Geisinger eGenomic Medicine (GeM)—MyCode Project Controls) 
and includes 1167 non-Hispanic white control subjects provided by the 
Geisinger MyCode® Project. An additional 3166 non-Hispanic white 
Illumina iControls were included in analyses, as described previously 
(18). Control genotype data for a third set of 2559 European-ancestry 
control samples were obtained from the Wellcome Trust Case–Control 
Consortium (WTCCC). WTCCC samples have previously been described 
in detail (29). Although control populations included both children and 
adults, adjustment for age differences is unnecessary in the gene-based 
case–control analyses conducted here.

Genotyping and imputation
Genotype data for case and control subjects were downloaded from dbGaP, 
Illumina’s iControlDB database and The Wellcome Trust Consortium. 

Abbreviations 

ALL acute lymphoblastic leukemia 
GWAS genome-wide association studies 
LTL leukocyte telomere length 
SNP single nucleotide polymorphisms
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All subjects were genotyped on a standard commercial genome-wide 
SNP array, including: the Affymetrix 6.0 array (ALL patients, Wellcome 
Trust controls), the Illumina OmniExpress array (osteosarcoma patients, 
Geisinger controls) and the Illumina HumanHap550 (neuroblastoma 
patients, Illumina iControls). SNP array data for each case set and each 
control set were cleaned individually using Plink (30). SNPs with call rates 
< 0.98 were removed from analyses. Following removal of poorly perform-
ing SNPs, subjects with genotyping call rates < 0.97 were removed. Within 
each case and control dataset, ancestry-informative principal compo-
nents were calculated using Eigenstrat and HapMap reference samples 
(31). Mean values of the first five principal components were calculated 
among HapMap CEPH samples. Subjects that fell more than 3 SDs from the 
mean CEPH values were excluded from further analyses. This successfully 
removed all subjects that self-identified as non-European in each dataset, 
and also removed additional subjects showing evidence of non-European 
ancestry. Following removal of subjects with non-European ancestry, 
SNPs with Hardy–Weinberg equilibrium P < 0.0001 among controls were 
removed from the three control datasets. SNP data from the three case 
groups and three control groups were subsequently merged using 43 664 
genotyped SNPs common to all panels to identify and exclude duplicate 
subjects and cryptically related individuals (proportion of genome identi-
cal by descent > 0.20).

Within the three cancer patient datasets and the three control data-
sets, we imputed 100 kb regions centered on eight SNPs previously asso-
ciated with LTL in GWAS (16,17,32,33): rs11125529 (ACYP2), rs10936599 
(TERC), rs7675998 (NAF1), rs2736100 (TERT), rs9420907 (OBFC1), rs3027234 
(CTC1), rs8105767 (ZNF208) and rs755017 (RTEL1). Imputation was per-
formed using the Impute2 v2.1.2 software and its standard Markov chain 
Monte Carlo algorithm and default settings for targeted imputation (34). 
All 1000 Genomes Phase 3 haplotypes were provided as the imputation ref-
erence panel (35). All SNPs had imputation quality (info) scores >0.90 and 
posterior probabilities >0.95. Individuals with imputed genotype probabil-
ities <0.80 were excluded from analyses to prevent allele misclassification 
and minimize the effect of SNP imputation on case–control analyses. In 
the Affymetrix 6.0 datasets (ALL, Wellcome Trust controls), the top LTL SNP 
was directly genotyped on-array for ACYP2, TERT, OBFC1, CTC1 and ZNF208 
and was imputed for the other three genes. In the Illumina OmniExpress 
datasets (osteosarcoma, Geisinger controls), the top LTL SNP was directly 
genotyped on-array for TERC, TERT and RTEL1 and was imputed for the 
remaining genes. In the Illumina HumanHap550 datasets (neuroblastoma, 
Illumina iControls), the top LTL SNP was directly genotyped on-array for 
TERC, TERT and OBFC1 and was imputed for the remaining genes.

Statistical analyses
For single locus SNP associations, allele frequencies in cancer patients were 
compared to those in the pooled control dataset using logistic regression in 
SNPTESTv2 under an allelic additive model (36), adjusting for the first five 
ancestry-informative principal components from Eigenstrat. To account 
for potential errors in imputation, a missing data likelihood score-test was 
applied to produce standard errors which account for the additional uncer-
tainty inherent in the analysis of imputed genotypes. Additionally, sensitiv-
ity analyses were conducted wherein cases were compared only to controls 
genotyped on the same genotyping platform to account for potential differ-
ences in genotyping or imputation across arrays.

To investigate the combined effect of the eight LTL-associated SNPs, 
we created a weighted linear combination by summing the number of 
‘long LTL’ alleles that an individual possesses and weighting each allele 
by its effect size in data from the ENGAGE Consortium Telomere Group 
(16). The effect size used for weighting was expressed as the number 
of additional base-pairs of telomere length associated with each allele, 
adjusted for age and sex, as calculated and previously reported by the 
ENGAGE Consortium Telomere Group (16,18). The number of base-pairs 
was used because the model can be interpreted as the relative difference 
in estimated LTL across individuals. The weighted model assigns a value 
of ‘0’ to an individual who possesses 0 of the alleles associated with longer 
LTL, while an individual possessing all sixteen alleles (two alleles at each 
of eight SNPs) would have a value of ‘1215’. These differences in geno-
typically estimated LTL were compared between pediatric cancer patients 
and controls using logistic regression, adjusted for the first five ances-
try-informative principal components from Eigenstrat (31). Odds ratios 

correspond to the change in cancer risk relative to a one standard devia-
tion (131.8 bp) increase in genotypically estimated LTL, with the standard 
deviation defined among the pooled controls. To control for the family-
wise error rate, null hypotheses for the weighted linear combination were 
tested using the Bonferroni–Holm approach and an alpha of 0.05.

Results
After removing subjects with poor call rates, duplicate samples, 
cryptically related individuals and subjects with non-European 
ancestry, a total of 10 026 subjects had complete data for all 
eight LTL-associated SNPs (3134 cases, 6892 controls). The cancer 
cases included 958 ALL patients, 1516 neuroblastoma patients 
and 660 osteosarcoma patients. The 6892 controls included 1167 
Geisinger controls, 3166 Illumina iControls and 2559 Wellcome 
Trust controls. The weighted linear combination of the 8 LTL-
associated SNP (16 LTL-associated alleles) ranged from a mini-
mum value of 115 bp to a maximum value of 1075 bp in controls, 
representing a 960 bp range in estimated LTL across individu-
als. Because the weighted sum estimates LTL differences using 
unlinked autosomal SNPs, present since birth, there was no 
association between the weighted sum and either subject age or 
sex among controls. The mean value of the weighted sum was 
similar in all three control groups (Geisinger controls = 540 bp, 
Illumina iControls=541 bp, Wellcome Trust controls = 544 bp).

When comparing SNP genotypes in neuroblastoma cases and 
controls, the allele associated with longer LTL was associated 
with increased neuroblastoma risk for all eight SNPs (Figure 1a). 
For six of the eight SNPs, this association had uncorrected 
P  <  0.05, including: rs11125529 in ACYP2 (OR  =  1.14; 95%CI  =   
1.01–1.28; P  =  0.028), rs7675998 in NAF1 (OR  =  1.11; 
95%CI  =  1.01–1.22; P  =  0.033), rs9420907 in OBFC1 (OR  =  1.16; 
95%CI = 1.04–1.29; P = 0.0066), rs3027234 in CTC1 (OR = 1.10; 95%CI = 1.00– 
1.22; P = 0.049), rs8105767 in ZNF208 (OR = 1.13; 95%CI = 1.03–
1.23; P  =  0.0071) and rs755017 in RTEL1 (OR  =  1.14; 95%CI  =   
1.01–1.28; P = 0.034).

The weighted linear combination of the 8 LTL-associated 
SNPs was significantly greater in neuroblastoma cases than 
controls (560 versus 542 bp, Figure 2) after adjusting for multiple 
comparisons using the Bonferroni–Holm procedure (P < 0.05/3). 
Each standard deviation increase in genotypically estimated LTL 
(131.8 bp) was associated with a 1.15-fold increase in the odds 
of neuroblastoma (95%CI  =  1.09–1.22; P  =  7.9 × 10−7) (Figure  1a). 
Results were similar when neuroblastoma cases were exclu-
sively compared to Illumina iControls, also genotyped on the 
Illumina HumanHap550 platform (OR = 1.16; 95%CI = 1.09–1.23).

Although the effect size of each individual SNP was small in 
neuroblastoma case–control comparisons (allelic ORs < 1.20), the 
combined effect of all 8 SNPs was substantially larger (Figure 1a). 
Dividing the weighted linear combination into quintiles, individ-
uals in the fifth quintile of genotypically estimated LTL (>653 bp) 
had a 1.50-fold increased risk of neuroblastoma compared to 
individuals in the first quintile (<432 bp) (95%CI  =  1.25–1.80; 
P = 1.43 × 10−5). Risk of neuroblastoma increased with each quin-
tile in an approximately linear fashion (r = 0.94; Ptrend = 0.017).

In case-only analyses, the weighted sum did not differ when 
patients were stratified by ploidy (diploid versus hyperdiploid), 
MYCN amplification, International Neuroblastoma Staging 
System tumor stage (1, 2a, 2b, 3, 4, 4s) or Shimada Histology 
Index (favorable versus unfavorable), but did differ according 
to age at diagnosis (Ptrend = 0.024). When case-control compari-
sons were stratified according to the patient’s age at diagnosis 
(<18 months, 18 months–12 years, 12–19 years), the effect of each 
standard deviation increase in genotypically estimated LTL was 
largest in the adolescent group (OR = 1.46; 95%CI = 1.03–2.08), 
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followed by children (OR = 1.15; 95%CI = 1.07–1.24), then infants 
(OR = 1.13; 1.05–1.23).

In analyses of osteosarcoma patients and controls, one of the 
eight SNPs was associated with osteosarcoma risk at P < 0.05: 
rs9420907 in OBFC1 (OR = 1.22; 95%CI = 1.05–1.42; P = 0.0029). For 
seven of the eight SNPs, including rs9420907, the allele associ-
ated with longer LTL was associated with increased osteosar-
coma risk (Figure 1b). The weighted linear combination of the 
eight SNPs was significantly greater in osteosarcoma cases than 
controls (554 versus 542 bp, Figure 2) after adjusting for multiple 
comparisons using the Bonferroni–Holm procedure (P < 0.05/2). 

Each 1 standard deviation increase in genotypically estimated 
LTL was associated with a 1.10-fold increase in the odds of 
osteosarcoma (95%CI = 1.01–1.19; P = 0.017). Results were similar 
when analyses were limited to patients and controls genotyped 
on the Illumina OmniExpress (OR = 1.09; 95%CI = 0.99–1.21).

In case–control analyses of ALL risk, the allele associated with 
longer LTL was associated with increased ALL risk at six of the 
eight SNPs that were modeled. With the exception of rs2736100 in 
TERT (OR = 1.10; 95%CI = 1.00–1.21; P = 0.047), these associations has 
uncorrected P > 0.05 (Figure 1c). When the effect of all eight LTL-
associated SNPs were combined into a single summary variable, 

Figure 1. Forest plot showing the effect of alleles previously associated with longer leukocyte telomere length on risk of (A) neuroblastoma (N = 1516), (B) osteosar-

coma (N = 660) and (C) acute lymphoblastic leukemia (N = 958) compared with 6892 controls. Odds ratios > 1.0 indicate that the allele associated with longer telomere 

length is associated with an increased risk of cancer. Allelic odds ratios are plotted with 95% confidence intervals. The overall estimate is for the combined effect of all 

eight SNPs, where the odds ratio relates to the change in cancer risk for a one standard deviation increase in genotypically estimated leukocyte telomere length, with 

standard deviation determined in the controls. 
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the weighted linear combination was significantly greater in ALL 
cases than controls (550 versus 542 bp, Figure 2) after adjusting 
for multiple comparisons using the Bonferroni–Holm procedure 
(P < 0.05/1). One standard deviation increase in genotypically esti-
mated LTL was associated with a 1.07-fold increase in the odds 
of ALL (95%CI = 1.00–1.14; P = 0.044). Results were similar when 
analyses were limited to patients and controls genotyped on the 
Affymetrix 6.0 platform (OR = 1.07; 95%CI = 0.98–1.15). The effect 
of the weighted linear combination was stronger in the 15% of 
ALL patients that experienced a relapse (OR = 1.19; 95%CI = 1.01–
1.40; P = 0.043), suggesting that longer LTL may be a risk factor for 
more refractory ALL subtypes. Unfortunately, molecular subtype 
data were unavailable for these analyses.

Discussion
Our results indicate that a genetic predisposition to longer tel-
omere length may be a risk factor for several pediatric cancers, 
including ALL, osteosarcoma and neuroblastoma. The effect 
appears strongest in neuroblastoma, where the allele associated 
with longer telomeres was more common in neuroblastoma 
patients than in control subjects for all eight SNPs analyzed. Six 
of these eight SNPs were associated with neuroblastoma risk at 
P  <  0.05, suggesting that many genetic loci of relatively weak 
effect may combine to impact telomere biology and neuroblas-
toma risk. The two SNPs that were not associated with neuro-
blastoma risk at P < 0.05 are located in TERT and TERC, genes 
which encode the two components of telomerase. Telomerase, 
an enzyme capable of synthesizing telomeric repeats onto the 
ends of the chromosomes, can counteract replicative telomere 
attrition. Heritable genetic variation in TERT and TERC is strongly 
associated with telomere length in adults, but it is unknown 
whether it impacts telomere length in children. Although tel-
omere length in healthy tissues is known to differ between 
newborns (14), future work is needed to understand the role of 
inherited genetic variation in establishing telomere length at 
baseline versus maintaining telomere length throughout life.

The issue of ‘missing heritability’ is often raised in discus-
sions of GWAS approaches for cancer research (26), referring to 
the inability of SNP associations to account for the heritability 

of the disease under study. A potential source of this missing 
heritability is very low-penetrance variants that GWAS are 
underpowered to detect. We observe strong evidence that low-
penetrance variants in telomere-related genes contribute to 
neuroblastoma risk. In case–control analyses of neuroblastoma, 
all allelic odds ratios were <1.20 and P values ranged from 0.0066 
to 0.26. However, when all eight SNPs were combined into a 
single summary variable, this variable was much more signifi-
cantly associated with neuroblastoma risk (P  =  7.9 × 10−7). This 
reflects a major strength of our approach: the ability to combine 
numerous SNPs into a single variable that directly informs on 
the biology of the disease. Intriguingly, a recent study of ger-
mline mutations in pediatric cancer revealed that patients with 
neuroblastoma had the lowest prevalence of high-penetrance 
germline mutations (4.0%) (1), suggesting that common low-
penetrance variants, such as SNPs in telomere-related genes, 
may underlie a large proportion of neuroblastoma cases.

Mendelian randomization is an epidemiologic technique 
wherein genetic variants known to influence an exposure of inter-
est (e.g. LTL) are used as surrogate markers to investigate the 
effect of that exposure on a disease (37). Although each of the LTL-
associated variants explains only a small proportion of the total 
variance in telomere length across individuals (16), a summary 
variable made by combining the eight SNPs accounted for a 960-
bp difference in LTL. Assuming an annual telomere attrition rate of 
~30 bp/year in leukocytes, this translates to more than 30 years of 
age-related telomere attrition (15). Although Mendelian randomiza-
tion reduces confounding and bias, study results can be influenced 
by linkage disequilibrium, population stratification and pleiotropy 
(38). Because we analyzed unlinked SNPs on separate autosomes, 
linkage disequilibrium is unlikely to influence our results. By care-
fully excluding individuals with non-European ancestry and adjust-
ing for ancestry-informative principal components in all analyses, 
inflation of test statistics due to population stratification is unlikely. 
There remains a possibility that pleiotropy could underlie the asso-
ciation between telomere length variants and cancer risk observed 
in our data. Additional functions of the ACYP2, TERC, NAF1, TERT, 
OBFC1, CTC1, ZNF208 and RTEL1 genes merit additional study.

We observe a strong association between common 
genetic variants associated with telomere length and risk for 

Figure 2. Boxplots of genotypically estimated leukocyte telomere length (LTL) in three pediatric cancer datasets (acute lymphoblastic leukemia, neuroblastoma and 

osteosarcoma) and three control datasets. The vertical dotted line shows the average value in the pooled control sets (542 bp). Crosses show sample means; center lines 

show sample medians. Box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range (IQR) from the 25th and 75th percentiles. 

Outliers are represented by dots. Height of the boxes is proportional to the square root of the sample size. Sample sizes in each dataset are listed on the left. The notches 

in boxes are defined as ±1.58*IQR/sqrt(n) and give roughly 95% confidence intervals for sample medians. Estimated LTL was significantly longer in leukemia patients 

(P = 0.044), neuroblastoma patients (7.9 × 10−7) and osteosarcoma patients (P = 0.017) than in combined control samples.
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neuroblastoma. This effect was largest in adolescent cases (aged 
12–19), but was also significant in infants and children. Although 
GWAS have not previously implicated SNPs in telomere main-
tenance genes in predisposition to pediatric cancers, frequent 
TERT gene rearrangements were recently identified in high-risk 
neuroblastoma tumor genomes (39,40). These somatic muta-
tions reactivate telomerase, thereby enabling cancer cells to 
lengthen their telomeres and escape replicative senescence. It 
will be valuable to investigate whether LTL-associated alleles 
confer different risk for TERT-mutated versus TERT wild-type 
neuroblastoma. This has been previously observed in adult 
glioma (41), suggesting that inherited and acquired variants in 
telomere-maintenance genes may confer cancer risk synergisti-
cally (42).

Both neuroblastoma and osteosarcoma harbor somatic 
mutations in ATRX, leading to telomere extension through a tel-
omerase-independent mechanism known as alternative length-
ening of telomeres (43,44). Unfortunately, valuable molecular 
data for the ALL and osteosarcoma patients were not available 
for analysis. However, the observation that genotypically esti-
mated LTL conferred greater risk in ALL patients that experi-
enced a relapse suggests that longer LTL may be a risk factor for 
more refractory molecular subtypes.

Somatic alterations of TERT and ATRX have not been reported 
in ALL, although somatic mutation of ACD, a shelterin-complex 
gene involved in telomere protection, has been observed to 
lengthen telomeres in childhood leukemia cells (45). These prior 
observations suggest that telomere biology is important in sev-
eral malignancies of childhood, in-line with observations from 
adult cancers. Our analyses support this conclusion by identify-
ing inherited genetic variants associated with longer telomere 
length that confer risk for neuroblastoma, and potentially, for 
additional cancers of childhood.
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