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Abstract

Purpose: To estimate the absolute number of adult survivors of childhood cancer in the US 

population who carry a pathogenic or likely pathogenic variant in a cancer predisposition gene.

Methods: Using the Surveillance, Epidemiology, and End Results (SEER) Program, we 

estimated the number of childhood cancer survivors on December 31, 2016 for each childhood 

cancer diagnosis, multiplied this by the proportion of carriers of pathogenic/likely pathogenic 

variants in the St. Jude Lifetime Cohort (SJLIFE) study, and projected the resulting number onto 

the US population.

Results: Based on genome sequence data, 11.8% of 2,450 SJLIFE participants carry a 

pathogenic/likely pathogenic variant in one of 156 cancer predisposition genes. Given this 

information, we estimate that 21,800 adult survivors of childhood cancer in the US carry a 

pathogenic/likely pathogenic variant in one of these genes. The highest estimated absolute number 

of variant-carriers are among survivors of central nervous system tumors (n=4,300), particularly 

astrocytoma (n=1,800) and other gliomas (n=1,700), acute lymphoblastic leukemia (n=4,300), and 
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retinoblastoma (n=3,500). The most frequently mutated genes are RB1 (n=3,000), NF1 (n=2,300), 

and BRCA2 (n=800).

Conclusion: Given the increasing number of childhood cancer survivors in the US, clinicians 

should counsel survivors regarding their potential genetic risk, consider referral for genetic 

counseling and testing and, as appropriate, implement syndrome-specific cancer surveillance or 

risk-reducing measures.

INTRODUCTION

Survivors of childhood cancer are at increased risk to develop subsequent neoplasms (SNs) 

across their lifespan. Indeed, the overall cumulative incidence of invasive SNs among 

childhood cancer survivors is approximately 8% at 30 years post diagnosis, representing a 

6.0-fold increase above rates observed in the general population1. Moreover, approximately 

47% of survivors who develop one SN will develop an additional neoplasm within 20 years2. 

While much of the increase in SN risk is driven by exposure to the radiotherapy and specific 

chemotherapeutic agents that are administered to treat the primary cancer, some increase in 

risk may be due to an underlying cancer predisposition.

With recent advances in next generation sequencing technologies, it has become feasible for 

medical and research centers to analyze samples from large series of patients to identify 

pathogenic/likely pathogenic (P/LP) germline variants. Among children newly diagnosed 

with cancer, the frequency of P/LP germline variants in cancer predisposition genes is 

reported to be 8.5% following analysis of 60 genes with autosomal dominant (AD) 

inheritance and high penetrance,3 10% following analysis of 112 genes with AD or 

autosomal recessive (AR) inheritance.4 and 7.6% following analysis of 162 genes with AD 

or AR inheritance.5 In the St. Jude Lifetime Cohort (SJLIFE6), a longitudinal study of 

survivors of childhood and adolescent cancers, 5.8% of 3006 survivors harbored a P/LP 

variant in one of 60 AD cancer predisposition genes with moderate to high penetrance 

(SJCPG60, see Supplement Table 1) while an additional 5.9% carried a P/LP variant within a 

further list of 96 genes associated with AD cancer predisposition with moderate to low 

penetrance, autosomal recessive or X-linked inheritance. When compared to community 

controls, the prevalence of harboring a SJCPG60 gene variant was approximately 10-fold 

(95%CI=2.6–39.9) higher among survivors.

Although childhood cancers are considered rare, improving survival rates have resulted in an 

expanding survivor population with an elevated lifetime risk of developing SNs.7 As this risk 

is likely driven in part by underlying heritable factors, the aim of this study was to estimate 

the burden of P/LP cancer predisposing germline variants among childhood cancer survivors 

in the US using published data from the SJLIFE study. Specifically, we utilized SJLIFE data 

to estimate the absolute number of adult (≥18 years old) 10-year survivors of childhood 

cancer in the US population who carry a P/LP variant in a SJCPG60 gene, or in one of an 

additional 96 cancer predisposition genes (hereafter referred to as SJCPG156, see 

Supplemental Table 1).
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METHODS

Using age-, sex-, calendar year-, and diagnosis-specific incidence and survival data from the 

Surveillance, Epidemiology and End-Results progam,8 we estimated the number of variant-

carriers among adult 10-year survivors of childhood cancer diagnosed under 15 years of age 

between 1960–2006 in the US. Specifically, for each cancer type, a five-year survivor cohort 

of SEER cases was created by modeling the annual survival probability for the first five 

years after diagnosis, using a piecewise-exponential model as a function of year of diagnosis 

(natural cubic splines with knots at 1980, 1988, 1996, and 2004), the major determinant of 

the five-year survival, with an extrapolation to diagnosis years of 1960–1972. We then used 

a multivariable piecewise-exponential model on the five-year survivor cohorts (a cohort from 

each diagnosis year) to estimate the annual survival probability after five years from 

diagnosis as a function of sex, age at diagnosis, year of diagnosis, and attained age (natural 

cubic splines with five knots whose locations differed by diagnosis), and the interaction 

between age at diagnosis and year of diagnosis. The survival probability on December 31, 

2016, for each subject was estimated by the product of annual survival probabilities obtained 

from the above model and summed over all SEER cases who would be over 18 years old if 

alive. This number was divided by the proportion of the US population covered by SEER 

registries to project the number of survivors of a given cancer type in the US.

The estimated number of US survivors was multiplied by the proportion of variant-carriers 

with the corresponding cancer diagnosis in SJLIFE. For these analyses, we used data from a 

SJLIFE report by Wang et al. (2016) in which whole genome sequencing (mean coverage 

per sample 36.8X) was performed on blood samples provided by SJLIFE participants and 

germline variant pathogenicity was classified according to the American College of Medical 

Genetics and Genomics guidelines.9,10All survivors who were variant carriers were counted 

in analyses. regardless of whether their primary, or subsequent, cancer diagnoses were 

considered concordant with their particular variant. The P/LP variant-carrier proportion in 

the SJCPG156 gene subset, as well as that in the SJCPG60 subset (AD, with moderate to high 

penetrance), was calculated. The SJLIFE protocol was approved by the Institutional Review 

Board.

RESULTS

Prevalence of P/LP germline mutations for cancer predisposition genes was based on 2,450 

survivors in the SJLIFE cohort; 52% were male, 84% were white, 15% were black, and 1% 

of Hispanic ethnicity. The median age at diagnosis was 5.7 (range: 0.0–14.9) years and 

median attained age 35.6 (range: 18.0–68.6) years. The P/LP variant-carrier proportion was 

11.8% (95%CI 10.6% to 13.1%; 309 variants in 289 survivors) and 6.1% (95%CI 5.2% to 

7.1%; 149 variants in 149 survivors) for the SJCPG156 and SJCPG60 genes, respectively.

Based on the overall frequency of carriers observed in SLIFE, we estimated that there are 

approximately 21,800 survivors who harbor (one or more) P/LP variants in a cancer-

associated predisposing gene (SJCPG156; Table 1) among 171,300 10-year adult survivors of 

pediatric cancer in the US as of December 31, 2016 (see Supplemental Table 2). The 

estimated number of variant carriers for the SJCPG60 subset is 12,500. The estimated 
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number of variant carriers among males and females are 11,100 and 10,700 (SJCPG156), 

respectively. Within specific cancer diagnoses, the highest estimated absolute number of 

SJCPG156 variant carriers are survivors of central nervous system tumors (CNS; n=4,300), 

particulary astrocytoma (n=1,800) and other gliomas (n=1,700), acute lymphoblastic 

leukemia (n=4,300), and retinoblastoma (n=3,500).

Figure 1 shows the estimated number of US survivors with P/LP variants according to 

specific genes by cancer diagnosis. Genes with the highest estimated numbers of survivors 

are RB1 (n=3,000), NF1 (n=2,300), and BRCA2 (n=800). Cancer predisposition syndromes 

and available family history information for among SJLIFE participants who carry a 

SJCPG60 P/LP variant are summarized in Supplementary Table 3.

DISCUSSION

Although childhood cancers are considered rare, survival rates have steadily improved over 

the past several decades, with an overall survival rate near 85%.11 Accordingly, there is a 

growing population of childhood cancer survivors who have elevated risks of developing 

additional cancers relative to general population, and who require changes in medical 

management to maximize their own health outcomes as well as the health outcomes of their 

offspring. Our data suggest that more than 20,000 10-year survivors of pediatric cancer carry 

a P/LP variant in a cancer-associated predisposing gene. Our findings are medically relevant 

as they provide an estimate of the absolute number childhood cancer survivors, who if 

identified through appropriate genetic counseling and testing, could potentially benefit from 

long term cancer surveillance. Identification of childhood cancer survivors who harbor 

cancer-predisposing variants is important for multiple reasons. First, while increased cancer 

surveillance will not prevent SNs from occurring, it will enable their early detection and 

treatment of specific cancers, thereby enhancing the chances for cure. Knowledge of a 

cancer-predisposing variant can inform the clinical care and choice of therapeutic agents 

used to treat a SN, such as avoidance of radiation therapy, to minimize toxicities and further 

enhance long-term outcome. Second, some predisposed survivors may benefit from 

preventative measures, such as prophylactic removal of at-risk organs. Third, early detection 

of SNs that reduces the need for intensive treatments may lower healthcare costs associated 

with treatment of SNs. Fourth, as germline variants are inherited in the vast majority of 

cases, it is likely that for most survivors who harbor a P/LP variant, one parent, as well as 

additional close relatives such as a sibling or offspring might also be affected and could also 

benefit from additional cancer surveillance and/or interventions. Finally, quantification of 

the burden of cancer predisposition among pediatric cancer survivors can assist health care 

providers, researchers and policy makers to develop the health services and resources needed 

to provide genetic counselling and cancer surveillance for this high-risk population.

In this study, the highest estimated absolute number of variant carriers, stratified according 

to primary childhood cancer diagnosis, occurred among survivors of CNS and intraspinal 

neoplasms and lymphoid leukemia. The estimated number of US survivors of CNS and 

intraspinal neoplasms carrying a P/LP variant in a SJCPG156 and SJCPG60 gene were 

approximately 4,300 and 2,900, respectively. Our finding is consistent with recent genome 

sequencing efforts among newly-diagnosed children which suggest that variants within 
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predisposition genes are common within certain CNS subtypes, including choroid plexus 

carcinoma (25.0%), medulloblastoma (13.5%), and high-grade -(7.9%−9.1%), and low-

grade (7.9%) glioma.3 Lymphoid leukemia predominantly consisting of ALL, represented 

the second largest group in absolute number of SJCPG156 variant carriers (N=4,000) despite 

a modest frequency of variant carriers (10.4%). This observation is likely due to a 

combination of factors including the high prevalence of ALL, the most common cancer 

among children, and that survival rates for this cancer have improved dramatically over time.
12

A high frequency of variant carriers for either gene list were observed among retinoblastoma 

survivors, consistent with the known biology of this tumor where approximately 40–50% of 

cases arise because of a dominantly inherited pathogenic variant in the RB1 gene.13,14 

Although a high frequency of variant carriers were observed among survivors of epithelial 

neoplasms and melanomas (SJCPG156, 12.8%) and hepatic tumors (SJCPG60, 11.8%), , they 

reflected a relatively small number of variant carriers (1,400 and 200, respectively) because 

of the low incidence rate in the pediatric age range.

In these analyses, we estimated that the most frequently mutated SJCPG60 genes (in absolute 

numbers) among survivors of childhood cancer included RB1, NF1, and TP53, as well as 

BRCA1 and BRCA2. It is perhaps not surprising that RB1, NF1, and TP53 accounted for a 

substantial proportion of mutated genes (~50% of SJCPG60 genes and ~25% of SJCPG156 

genes) in the US childhood cancer survivor population given that these genes have well-

established etiological links with specific childhood cancers. In contrast, the occurrence of 

BRCA1 and BRCA2 among the most frequently mutated SJCPG60 genes was unexpected as 

these genes are generally not considered to predispose to childhood cancers. Currently it 

remains unknown whether these unexpected variants are causal for the primary cancer or SN 

diagnoses, or simply incidental findings. A recent report found that pediatric.adolescent non-

Hodgkin lymphoma survivors had a five-fold excess risk of BRCA2 mutations.15 

Nevertheless, the current analysis remains important because it estimates the size of a high-

risk population of survivors with potential implications for cancer surveillance and/or 

preventive interventions. Beyond the implications for survivors, their first degree relatives 

may also benefit from genetic counselling. Given that the genes considered in our analyses 

have well-established associations with cancer risk, and that the variants within these genes 

were rigorously assessed using a widely accepted framework for variant classification, we 

believe our results to be a reasonable estimate of the burden of cancer predisposition among 

the 10-year survivors of childhood cancer in the US.

Limitations of this study include potential bias in the modeling of survival probabilities, 

including the use of SEER to represent the US population and extrapolation to diagnosis 

years of 1960–1972 when SEER data were not available. However, SEER data had 8.3% 

censoring: thus, survival was estimated for a small portion of the SEER survivor data. 

Second, our analyses are based on the assumption that the SJLIFE population was 

representative of all survivors in the US. While the SJLIFE population is similar to other 

survivor groups,16 the frequency of gene variants in the SJLIFE cohort may be biased as it 

reflects individuals treated at a single institution. Third, for rare cancers such as chronic 

leukemias, estimates may have been unstable given the low numbers of survivors treated for 
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these cancers in SJLIFE. Fourth, we could not assess potential differences of variant carrier 

rates by race due to the small numbers of non-Caucasian survivors with variants in each 

childhood cancer diagnosis group. Finally, because the variant-carrier rates we applied are 

from adult 10-year survivors, we cannot estimate the prevalence for younger survivors with 

shorter time since diagnosis. However, had we removed our restrictions (≥18 years of age, 

10-year survivor) we would have estimated there to be approximately 276,000 individuals 

currently living in the US diagnosed with cancer before the age of 15 years since 1960. 

From this, we conservatively estimate that approximately 35,000 survivors carry a P/LP 

variant in a SJCPG156 gene and 20,000 survivors carry a variant in a SJCPG60 gene.

With the substantial number of childhood cancer survivors in the US estimated to carry a 

P/LP variant in a cancer-predisposing gene, clinicians should monitor for signs (e.g., 

phenotypic characteristics or tumor types suggestive of an underlying syndrome and/or 

family history of cancer) indicating an increased predisposition to cancer, as these 

individuals may benefit from referral to cancer predisposition programs or providers for 

genetic counselling services and genetic testing.17,18 Having estimates of the total number of 

survivors with a P/LP variant provide an important context for consideration of the potential 

demands on health care providers and services relative to genetic counselling and 

surveillance, as well as the broader public health perspective. Implementation of appropriate 

cancer surveillance and risk-reducing strategies may improve health outcomes among 

variant-carriers and provide important information regarding risk for family members.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

~ approximately more than or equal to

≥ more than or equal to

% percent

AD autosomal dominant

ALL acute lymphocytic leukemia

AR autosomal recessive
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BAM compressed binary SAM file

BRCA1 Breast cancer 1, early onset

BRCA2 Breast cancer 2, early onset

CI confidence interval

CNS central nervous system tumors

et al and others

gVCF joint genotype calls

n number

NF1 neurofibromin 1

P/LP pathogenic/likely pathogenic

RB1 RB transcriptional corepressor 1

SEER Surveillance, Epidemiology, and End Results

SJLIFE St. Jude Life Cohort

SNs Subsequent neoplasms

TP53 tumor protein 53

US United States
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Figure 1: The estimated number of US survivors with pathogenic/likely pathogenic SJCPG60 
variants according to specific genes and by initial cancer diagnosis.
Genes are ranked in the order from highest to lowest estimated number of survivors. a) 

Epithelial neoplasms and melanomas; b) Non-Hodgkin lymphoma, Burkitt lymphoma, 

miscellaneous lymphoreticular neoplasms and unspecified lymphoma; c) Medulloblastoma 

and primitive neuroectodermal tumor; d) Ependymoma and choroid plexus tumors; e) 

Several individuals carried two P/LP variants, accordingly, the estimated number of affected 

genes among the US survivor population is higher than the estimated number of survivors 

who carry P/LP variants in the US; f) SJCPG60 - 60 genes with well-established associations 

with monogenic cancer risk inherited in an autosomal dominant fashion at moderate to high 

penetrance. These 60 genes are a subset of the SJCPG156; g) SJCPG156 - 156 genes with 

well-established associations with cancer risk inherited in an autosomal dominant, 

autosomal recessive or X-linked fashion.
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