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Summary

Background—Carriers of cancer predisposing variants (CPVs) are at an increased risk to
develop subsequent malignant neoplasms (SMNs) among childhood cancer survivors. We aim
to investigate whether CPVs contribute to the risk of SMN-related late-mortality.

Methods—CPVs affecting 60 genes associated with well-established autosomal-dominant
cancer-predisposition syndromes were characterized through whole-genome or whole-exome
sequencing for 12469 (6172 male and 6297 female) survivors, including 4402 from the St.

Jude Lifetime Cohort (SJLIFE) and 8067 from the Childhood Cancer Survivor Study (CCSS).
SMNs were graded using the National Cancer Institute Common Terminology Criteria for Adverse
Events (CTCAE). Cause-specific late-mortality was based on linkage with the National Death
Index and systematic cohort follow-up. Fine & Gray subdistribution hazard models estimated
SMN-related late-mortality starting from the first biospecimen collection, where non-SMN-related
mortality was treated as a competing risk.

Findings—Among all survivors, 641 (5.1%) carried CPVs, which were significantly associated
with increased severity of SMNs (CTCAE-grade=4 vs. CTCAE-grade<4: Odds Ratio=2.15, 95%
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Cl=1.18-4.19, P=0.0085). A total of 263 (2.1%) SMN-related deaths, and 426 (3.4%) non-SMN-
related deaths occurred. Cumulative SMN-related mortality at 10-years from the first biospecimen
collection was higher in CPV carriers (SJLIFE: 3.7% [95%CI =1.2-8.5]; CCSS: 6.9% [4.1-10.7])
vs. non-carriers (SJLIFE: 1.5% [1.0-2.1]; CCSS: 2.1% [1.7-2.5]). After adjusting for genetic
ancestry, sex, age at diagnosis and cancer treatment exposures, carrying a CPV was associated
with an increased risk of SMN-related mortality (SJLIFE: subdistribution hazard ratio [95% CI]
=3.40 [1.37-8.43], P=0.0082; CCSS: 3.58 [2.27-5.63], P<0.0001).

Interpretation—Childhood cancer survivors with a CPV are at a significantly increased risk

of SMN-related mortality, further highlighting the importance of genetic counseling and clinical
genetic testing for CPVs. Identifying survivors at higher risk of SMNs and implementing early
personalized cancer surveillance and prevention strategies may reduce the substantial SMN-related
mortality.

Keywords

cancer predisposing variants; childhood cancer survivors; subsequent malignant neoplasms; late-
mortality; survivorship care

Introduction

Despite improvement in five-year survival for children and adolescents diagnosed with
cancerl-2, this high-risk population still experiences a nine-times greater risk for deaths
after surviving 5 years than the age-sex-matched general population3. Among all causes

of death, recurrence or progression of the primary cancer accounts for the majority of

early deaths (within five years from diagnosis)*, whereas subsequent-malignant-neoplasms
(SMNs) represent the most prominent contributor to late-mortality (five or more years

from diagnosis)*®. Recent studies have investigated the influence of treatment modalities
on mortality risk over time or across treatment eras®, however, there is a paucity of

research addressing the host genetic factors associated with late-mortality, particularly those
underlying the SMN-related late-mortality”:8.

Cancer treatments (e.g., radiotherapy (RT) and chemotherapy) play a significant role in the
excessive risk of SMNs observed among long-term survivors of childhood cancer®10, We
have previously demonstrated that pathogenic/likely pathogenic cancer predisposing variants
(CPVs) also contribute to the increased risk for SMN development!l, where CPV carriers
exhibit a 1.8-times higher rate of developing any subsequent neoplasm compared with
non-carriers in the St. Jude Lifetime Cohort Study (SJLIFE). Here, we expand the sample
size to more than 12,000 in total by adding additional survivors from the Childhood Cancer
Survivor Study (CCSS)12-14 to investigate potential contribution of CPVs to SMN-related
late-mortality among long-term childhood cancer survivors who may have received prior
genotoxic exposures including RT and different chemotherapeutic agents.
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Study Participants

Procedures

Two retrospectively-constructed cohort studies with prospective follow-up of five-year
childhood cancer survivors with corresponding germline whole-genome or whole-exome
sequencing data were included in the current analysis, i.e., the SJLIFE and the

CCSS. SJLIFE, which enrolls five-year survivors of childhood cancer diagnosed and
treated at St. Jude Children’s Research Hospital (SJCRH) from 1962 to 2012, involves
periodic comprehensive clinical assessments of survivors as previously described'2. CCSS
participants are five-year survivors of childhood cancer diagnosed between 1970 and 1986
(the original CCSS cohort) and between 1987 and 1999 (the expansion CCSS cohort) at
one of the 31 institutions in North America who provide periodic self-reported outcomes.
Participants from both St. Jude Lifetime Cohort (SJLIFE) and Childhood Cancer Survivor
Study (CCSS) provided informed consent. If a survivor was enrolled in both studies, he/she
is excluded from the CCSS study in the current analysis to avoid duplication of data. The
SJLIFE study was approved by the St. Jude Institutional Review Board (IRB), and the
CCSS was approved by the IRB of each participating center. In both studies, self- and/or
proxy-report questionnaires were used to assess demographic characteristics. The age at
childhood cancer diagnosis is younger than 21 years for CCSS and 25 years for SILIFE.
There is no limit on attained age for eligibility. Both studies validate SMN and deaths
through review of medical records and National Death Index (NDI) search, respectively.
Cumulative dose of chemotherapy exposures within five years from initial childhood cancer
diagnosis, including alkylating agents, anthracyclines, and epipodophyllotoxins!®, were
abstracted from medical records. Body-region-specific RT exposures within five years from
childhood cancer diagnosis were determined from radiation oncology treatment records1®.
Therapy for a relapse or a secondary tumor that occurred five years after the original
childhood cancer diagnosis was not considered.

Whole-genome sequencing (WGS, 30 folds) was performed for 4402 survivors in the
SJLIFE cohort with DNA derived from peripheral blood mononuclear cells'’, and 2839
survivors in the CCSS expansion cohort with DNA derived from buccal/saliva samples

as previously described!®. The entire collection of WGS data for the SILIFE and CCSS
expansion cohorts is accessible from St. Jude Cloud (https://stjude.cloud), and whole-exome
sequencing (WES, 40 folds) data of 5451 survivors from the CCSS original cohort was
downloaded from dbGaP (phs001327.v2). Because 218 survivors are participants in both
SJLIFE and CCSS studies (confirmed by the genotype concordance rate >98% based

on pairwise comparisons for 5451 x 4402 pairs), survivors from the CCSS cohort were
excluded. Five additional CCSS survivors with no date of death were also excluded.

Finally, a total of 12469 survivors (4402 in SJLIFE, 5228 in the CCSS original cohort

and 2839 in the CCSS expansion cohort) with DNA sequencing data were included in the
current analysis (Fig. 1). All participants provided written informed consent for biospecimen
collection for research purposes. In SILIFE, self-reported SMNs were verified by review

of pathology reports and medical records. Grading procedures were previously outlined!3
for the spectrum of benign and malignant subsequent neoplasms experienced by childhood
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cancer survivors and mapped using histology-based International Classification of Diseases
for Oncology, Third Edition (ICD-0-3), in combination with lesion site and surgical
International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM)
codes. In CCSS, self-reported SMNs were also confirmed with pathology reports and

the grading procedures were previously described!®. Essentially, basal cell carcinoma was
graded a 2, thyroid carcinoma a 3, and all other cancers a 4 if the person lived, and a

5 if the person died. The grading used in our analyses represents the maximum grade

at the last follow-up. The NDI, which provides underlying causes of death for deceased
patients according to the criteria of the International Classification of Diseases, 9" and

10t Revisions (ICD-9 and ICD-10), served as the primary source for cause of death.

The latest available NDI search cutoff dates were December 315, 2016 for SILIFE and
December 315!, 2017 for CCSS. For CCSS, NDI was the only source of cause of death.

For SILIFE, additional death events were ascertained with systematic cohort follow-up
continuing until December 31%t, 2019, where medical records were reviewed and adjudicated
to determine the specific cause of death, differentiating SMN-related death from death due
to other causes, e.g., recurrence/progression of primary malignancy, cardiovascular or other
health conditions. Our recently published SJLIFE study examined the NDI-based cause

of death with and without medical record reviews and found no appreciable difference
between the two’. CPVs in a set of well-established 60 cancer predisposition genes (denoted
as SJCPGg) have been previously curated among 3006 SJLIFE survivors!. Sequencing
variants for the remaining 1396 SJLIFE survivors and 8067 CCSS survivors were analyzed
by following the same approach:20, Germline data from the non-cancer cohort from the
Genome Aggregation Database (gnomAD)?! and the ClinVar22 database were utilized to
facilitate pathogenicity classification.

Statistical Analyses

Late-mortality was evaluated from time of the first biospecimen collection (blood for
SJLIFE and saliva/buccal for CCSS survivors) until either death or December 315t, 2019
for SJILIFE and December 315!, 2017 for CCSS. Standardized mortality ratios (SMR) and
absolute excess risk (AER) were calculated to quantify the difference of mortality risk,
among all survivors, CPV carriers and non-carriers, in each cohort as compared with
mortality rates in the U.S. population using National Center for Health Statistics data23,
matched by age, calendar year, and sex. The Gray method?* was used to estimate the
cumulative incidence of all-cause late-mortality as well as SMN-related mortality (with all
other causes treated as competing risk events) for CPV carriers versus non-carriers, and
assess the statistical significance of the differences in cumulative incidence by CPV status
for SILIFE and CCSS separately.

To calculate the associations between CPV status and all-cause mortality, a multivariable
Cox proportional hazard regression model was fit with the CPV carrier status as an
independent variable and covariates including genetic ancestry, sex, age at primary
childhood cancer diagnosis, and cancer treatment exposures. Survivors with missing
covariate information were excluded from regression models. The time-scale was years since
the first biospecimen collection. All survivors alive at the last follow-up were censored.
Because of the high correlations among the body-region-specific radiotherapy variables
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(appendix 2 p 3), only chest-RT was included in the model. The adjusted hazard ratios
(HRs) were estimated by the partial maximum likelihood method with 95% confidence
intervals (CI) included. Two-sided p-values were calculated using the standard large-sample
inference methods. To calculate the association of SMN-related mortality with CPV status,
the Fine & Gray competing risk method?® was used to estimate the subdistribution hazard
ratios (SUbHRS) by treating other-cause deaths as competing risks; survivors with unknown
cause of deaths were excluded from this analysis. On the contrary, for the association of
other-cause mortality, SMN-related deaths were treated as competing risks. Fixed-effects
meta-analysis using the inverse variance-weighted average method (IVW) was performed to
combine the estimates for the two cohorts. 12 and Ppe based on the Cochran’s Q statistic
were calculated for measurement of heterogeneity. As a post-hoc analysis, cause-specific
hazard ratios (csHRs) were also estimated using Cox regression model by censoring the
competing risk. As post-hoc sensitivity analyses, models adjusting for time from childhood
cancer diagnosis to the first biospecimen collection or the overall effect of radiotherapy

and chemotherapy were evaluated, and results were compared. Furthermore, the association
between CPV status and SMN-related mortality by chest RT (doses =20Gy vs. not exposed
and doses <20Gy) as well as the association between CPV status and SMN-related mortality
by exposures to alkylating agents (doses in the 2nd and 3rd tertile vs. not exposed and doses
in the 1st tertile) were evaluated using appropriate contrast statement in PROC PHREG

in SAS 9.4. Associations between CPV status and severity grades of SMN were based

on Fisher’s exact test. A two-sided p value of less than 0-05 was considered statistically
significant.

Analyses were conducted using SAS software (SAS 9.4, Cary NC, USA)and R 4.1.2 (R
Foundation for Statistical Computing, Vienna, Austria)25, weighted by inverse probability of
sampling to account for the under-sampling of acute lymphoblastic leukemia survivors in the
CCSS expansion cohort.

Role of the funding source

Results

The funder of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report.

A total of 12,469 survivors who underwent WGS or WES were derived from SJLIFE and
CCSS cohorts (Fig. 1). Of these eligible survivors (4402 in SJLIFE and 8067 in CCSS) with
genetic data (Table 1), childhood cancer was mostly diagnosed between 0 and 4 years old
with 1881 (42.7%) and 3012 (37.3%) for SILIFE and CCSS studies, respectively, followed
by 5-9 years, 10-14 years and =15 years; the oldest age at childhood cancer diagnosis

was 23.6 years for the SILIFE study and 21.0 years for the CCSS study; 2090 (47.5%)
among SJLIFE and 4207 (52.2%) among CCSS were females; 3463 (78.7%) in SILIFE and
6874 (85.2%) in CCSS were non-Hispanic White; acute lymphoblastic leukemia was the
most common childhood cancer in both SJLIFE (1259, 28.6%) and CCSS (1949, 24.2%),
followed by central nervous system (CNS) tumors and Hodgkin lymphoma. 2123 (48.2%)
survivors in SJLIFE and 4140 (51.3%) survivors in CCSS were treated with chest-RT;
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2473 (56.2%) received alkylating agents in SILIFE, and 3481 (43.2%) in CCSS; 2451
(55.7%) received anthracyclines in SJLIFE, and 3102 (38.5%) in CCSS; 1488 (33.8%)
received epipodophyllotoxins in SJILIFE and 818 (10.1%) in CCSS. Detailed population
characteristics were shown separately by the sub-cohorts (i.e., CCSS expansion cohort vs.
the CCSS original cohort) (appendix 2 pp 4-5). Population characteristics for sequenced
survivors and not-sequenced survivors were also provided in the appendix 2 pp 6-7.

Among all survivors, 641 (5.1%, 95% CI = 4.8%-5.5%) were CPV carriers, with 294
(6.7%) in SILIFE and 347 (4.3%) in CCSS (Table 1; appendix 2 pp 8-29). The distribution
of primary cancer diagnoses among survivors with the top 17 genes most frequently
harboring CPVs in the combined cohort is provided in Fig. 1a, with #B1 (n=107), NFI
(n=104), BRCAZ (n=58), BRCA1 (n=41) and T7P53 (n=34) ranked at the top. Prevalence
of CPV carriers by childhood cancer diagnosis among survivors in the combined cohort

is shown in Fig. 1b. The childhood cancer diagnosis with the highest prevalence of CPV
carriers was retinoblastoma (RB) (110, 42.5%), followed by CNS tumors (161, 7.7%) and
various solid tumors such as soft tissue sarcoma (STS) (64, 6.9%).

By following up survivors in CCSS from its inception in 1994 until December 31 2017
and from its initiation on April 27, 2007 in SILIFE until December 31 2019, a total of
1,157 survivors developed SMNs (298 in SJLIFE and 859 in CCSS) with 83 carrying a
CPV (Table 1). CPV status was significantly associated with increased severity of SMNs
(CTCAE-grade=4 vs. CTCAE-grade<4: Odds Ratio [OR] =2.15, 95% CI =1.18-4.19,
P=0.0085) in the combined cohort and the association was consistent between the two
cohorts (SJLIFE: OR =2.54, 95% CI =0.83-10.44, P=0.12; CCSS: OR =2.01, 95% ClI
=0.98-4.53, P=0.050) (Table 2). The most common SMNSs diagnosed were breast cancer
(250, 21.5%) and thyroid cancer (224, 19.3%) (appendix 2 p 30). The distribution of SMN
types differed by CPV status in SILIFE and CCSS (appendix 2 pp 31-32). A total of

263 SMN-related deaths occurred, including 44 in SILIFE and 219 in CCSS. There was
substantial heterogeneity in SMN types with the most common type of SMN resulting in
death being CNS tumors (47, 17.9%) (appendix 2 p 33). If considering 426 other-cause
deaths (103 in SJLIFE and 323 in CCSS) and 76 unknown-cause deaths (27 in SJLIFE and
49 in CCSS), a total of 174 died in SILIFE (attained age at death: median [interquartile
range, IQR] = 44.9 [34.8-52.5] years) and a total of 591 in CCSS (43.9 [36.7-51.1] years)
based on the current data, where the duration of follow-up in SJLIFE is shorter and survivors
are younger in SJLIFE (attained age at censoring: 33.2 [24.5-42.2] years) than in CCSS
(40.3 [34.3-47.6] years) (Table 1).

The SMR for death due to SMNs was 4.7 (95% ClI, 3.4-6.4) in SILIFE and 6.3 (95% ClI,
5.5-7.2) in CCSS (appendix 2 p 34), with CPV carriers having a more than three-times SMR
compared to non-carriers (16.5 vs. 4.3 in SJLIFE; 18.2 vs. 5.9 in CCSS). In contrast, the
SMR for other-cause mortality was only modestly higher among CPV carriers (3.4 vs. 2.3

in SILIFE; 3.9 vs. 2.3 in CCSS). In addition, an overall AER for SMN-related mortality
(SJLIFE: 1.2, 95% CI =0.8-1.7; CCSS: 2.2, 95% CI =1.9-2.6) was observed per 1,000
person years of follow-up and it was much higher among CPV carriers (3.3 in SJILIFE and
6.3 in CCSS) than non-carriers (1.1 in SJLIFE and 2.0 in CCSS).
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The cumulative incidence of SMN-related mortality among CPV carriers were significantly
higher as compared to non-carriers in SILIFE (Fig. 2a) and CCSS (Fig. 2b). At 10 years
from the first biospecimen collection, the cumulative incidence of SMN-related mortality
was more than two-times higher among CPV carriers (3.7%, 95% Cl =1.2-8.5) as compared
to non-carriers (1.5%, 95% CI =1.0-2.1) in SJILIFE (appendix 2 p 35), and it was more

than three-times higher among CPV carriers (6.9%, 95% CI =4.1-10.7) as compared to non-
carriers (2.1%, 95% CI =1.7-2.5) in CCSS (appendix 2 p 36). In addition, the cumulative
incidence of all-cause mortality was higher for CPV carriers (appendix 1 p 1; appendix 2 pp
35-36).

In a multivariable regression analysis of SMN-related mortality combining the two cohorts,
statistically significantly increased risk was observed for older age at childhood cancer
diagnosis, exposure to chest-RT, and moderate to high exposure (2" or 3" tertile) to
alkylating agents. Lower risk was observed for survivors who received low to moderate (15t
or 2" tertile) exposure to anthracyclines (appendix 2 pp 37-38). Similarly, significantly
increased rates of all-cause mortality were observed among survivors treated with chest-
RT and alkylating agents, but decreased risk of all-cause mortality were observed among
survivors treated with low to moderate anthracyclines. In addition, moderate to high dose
(2"d or 3'd tertile) of epipodophyllotoxins was also associated with decreased risk of all-
cause mortality (appendix 2 pp 37-38).

After adjusting for genetic ancestry, sex, age at diagnosis, cancer treatment exposures, CPV
carriers had a higher risk for SMN-related and all-cause mortality compared to non-carriers
(Table 3). In the meta-analysis to combine both cohorts, the estimated subHR for SMN-
related mortality was 3.54 (95% CI =2.36-5.32, £<0.0001), 1.61 for other-cause mortality
(95% CI =1.07-2.42, P=0.021) and the estimated HR for all-cause mortality was 2.31 (95%
Cl =1.76-3.02, £<0.0001), which was consistent in both the SILIFE cohort (SMN-related
mortality: subHR =3.40, 95% CI =1.37-8.43, P=0.0082; all-cause mortality: HR =1.89,
95% CI =1.08-3.30, P=0.025; and other-cause mortality: subHR =1.18, 95% CI =0.50-2.80,
P=0.70) and the CCSS cohort (SMN-related mortality: subHR =3.58, 95% CIl =2.27-5.63,
£<0.0001; all-cause mortality: HR =2.45, 95% CI =1.80-3.33, /A<0.0001; and other-cause
mortality: subHR =1.76, 95% CI = 1.11-2.78, £=0.016). To rule out of potential problem of
delayed entry, we extended the model by adjusting for time from childhood cancer diagnosis
to the first biospecimen collection as a covariate (appendix 2 p 39-43), and the association
between CPV status and SMN-related mortality were similar in the SILIFE cohort (SubHR
=3.80, 95% CI =1.47-9.82, £=0.0058) and the CCSS cohort (subHR =3.73, 95% CI| =2.37—
5.88, £<0.0001). To calculate cause-specific HR, we analyzed Cox regression models by
censoring the competing events in the SJILIFE cohort (SMN-related mortality: csHR =3.36,
95% CI =1.36-8.32, P=0.0087; other-cause mortality: csHR =1.19, 95% CI =0.50-2.85,
P=0.69) and the CCSS cohort (SMN-related mortality: csHR =3.71, 95% CI =2.34-5.86,
P<0.0001; other-cause mortality: csHR =1.85, 95% CI =1.16-2.92, P=0.0091) (appendix 2
pp 44-47). Another alternative modeling adjusting for the overall effect of radiotherapy and
chemotherapy was analyzed and the association between CPV status and late-mortality was
similar (appendix 2 pp 48-49).
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The SMN-related late-mortality occurred among 28 CPV carriers (6 in SILIFE and 22 in
CCSS) with substantial heterogeneity in types of SMNs (>10, including 9 CNS tumors
among others), types of childhood cancer diagnoses (n=9, including 5 CNS and 5 Hodgkin
lymphoma survivors among others), and cancer predisposition genes (n=17, including 8
NFI1and 6 7P53among others) (appendix 2 p 50): the small counts prevented us from
carrying out stratified analyses by SMN types, specific childhood cancer diagnosis or cancer
predisposition genes.

In addition, the association between CPV status and SMN-related mortality was statistically
significant (subHR =3.67, 95% CI =2.23-6.05, £<0.0001) among those who received none
and less than 20 Gy of chest-RT but not in those who received = 20 Gy of chest-RT (subHR
=1.52, 95% CI =0.45-5.10, P=0.50), with moderate heterogeneity (Pye;=0.17 and /°=47.1%)
between the two subgroups (appendix 1 p 2; appendix 2 p 51). SubHR was elevated for

CPV carriers who received moderate to high dose of alkylating agents (2" and 3" tertiles)
(subHR =3.85, 95% CI =1.94-7.63, P=0.00011) compared to none or low dose (1% tertile)
(subHR =2.83, 95% CI =1.50-5.34, £=0.0014), but the effect sizes were not statistically
significantly different (Pper=0.49) (appendix 1 p 2; appendix 2 p 51).

Discussion

By combing the two largest cohorts of childhood cancer survivors with germline genome/
exome sequencing data, in this study, we comprehensively examined the prevalence and
spectrum of CPVs by specific cancer diagnosis and cancer predisposition gene. The
prevalence of 6.7% for CPV carriers among 4,402 SILIFE survivors is slightly higher than
5.8% (95% Cl, 5.0% to 6.7%) that was previously reported based on a subset of 3,006
SILIFE survivorsl, and is much higher than the 4.3% for CCSS, primarily due to the
different composition of childhood cancers in these two survivor cohorts. For instance, the
highest prevalence of CPV carriers was found in survivors of childhood retinoblastoma (RB)
(42.5%), a tumor type not included in the CCSS cohort. The difference of cancer diagnosis,
along with the facts that SJCRH conducted clinical trials in treating childhood ALL

with epipodophyllotoxins and the SILIFE study enrolled patients treated more routinely
with epipodophyllotoxins, leads to a much higher percentage of survivors treated with
epipodophyllotoxins in SILIFE than CCSS (Table 1).

To extend our previous finding that childhood cancer survivors who are CPV carriers

have an increased risk to develop SMNs!!, we assessed the contribution of CPVs to SMN-
related late-mortality independent of genetic ancestry, sex, clinical and treatment risk factors
based on time to event analysis, and found that the hazard of SMN-related mortality was
significantly higher among CPV carriers compared to non-carriers. Notably, the overall
strong association was primarily driven by survivors who received none or <20Gy chest-RT
and the association was null among those who received 220Gy chest-RT. It is possible that
high-dose of RT may obfuscate the CPV effect on risk of developing SMNs and hence
SMN-related late-mortality, although the estimated subHR was not significantly different
between those with high-dose of RT and those with no or low-dose RT. The findings suggest
the potential importance of simultaneously considering both germline susceptibility and
treatment exposures in determining the mortality risk with better precision among survivors
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of childhood cancer. Importantly, we found that CPV carriers tend to develop SMNs with
CTCAE-graded >4 vs. those with CTCAE-graded <4 as compared to non-carriers, which
more likely lead to SMN-related mortality. Based on this, we postulate that increasing
surveillance and screening for carriers of CPV (especially, in genes with higher SMN
penetrance and syndromes for which there is documented efficacy of screening??+28) may
facilitate detecting SMNs at earlier stages, so the survivors of childhood cancer might fare
better after SMNSs. A personalized approach such as the one outlined for early detection
and prevention of breast cancer including intensified screening for certain risk groups

and prophylactic treatment for those deemed at the highest risk?°. However, substantial
heterogeneity in SMN types among those who died from SMNs suggested that the genetic
contribution to SMN-related mortality is complex and the observed increased risk for SMN-
related mortality among CPV carriers was not driven by one or a few specific SMNSs.

Our study has the following limitations. First, WGS/WES data were available only for study
participants who were alive at the first biospecimen collection, which can be variable with
respect to follow-up length after cohort entry (5 years from childhood cancer diagnosis),
may not represent all five-year survivors and potentially imposes certain bias, and CPVs
associated with increased risk of early-mortality (e.g., relapse of a childhood cancer or
subsequent acute myeloid leukemia) may be underrepresented. It has also been previously
suggested that primary childhood cancer can be coded as cause of death, which may lead

to lower estimates of SMN-related mortality3. Thus, the prevalence of CPV carriers and

the association between CPV status and late-mortality risk are likely underestimated in

our analysis, compared to the analysis involving all survivors. Second, while our specific
treatment stratified analysis suggested different genetic effect effects within different
treatment groups (e.g., none or chest-RT <20Gy vs. 220Gy), the substantial genetic
heterogeneity and limited sample size prevented us from conducting more stratified analyses
(e.g., by primary diagnosis groups or specific genes) and dissecting the contributions of
CPV by considering gene-treatment interactions. Third, CPV carriers in the CCSS cohort
were at a higher risk for SMN-related mortality than carriers in the SJLIFE cohort (rate of
cumulative incidence of SMN-related mortality: 6.90% vs. 3.65% after 10 years since the
first biospecimen collection), which could be partially due to survivors being older in CCSS
(attained age: 40’s vs. 30’s in SJILIFE). Nevertheless, the adjusted genetic effect (CPV
status) on risk of SMN-related mortality appeared to be very similar in SJLIFE and in CCSS
(subHR: 3.40 vs. 3.58). Future studies are warranted to explore other factors underlying

the difference between the lifetime data among these two childhood cancer cohorts as well
as different treatment modalities for the SMNs. Finally, because survivors are relatively
young (median age at censoring and median length of follow-up since the first biospecimen
collection were 33.2 years and 7.4 years in SILIFE, and 40.3 years and 12.6 years in CCSS,
respectively), mortality risk associations with CPV carrier status may change with increasing
age and extended follow-up.

Collectively, our findings provide compelling evidence of increased SMN-related late-
mortality among childhood cancer survivors who are CPV carriers. Thus, these results
have critical implications surrounding the provision of genetic counselling and testing

and informing future clinical recommendations for precision medicine for this growing
population. Identifying survivors at the highest risk for the development of SMN and
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implementing early personalized cancer surveillance and prevention strategies may reduce
the substantial SMN-related late-mortality among long-term childhood cancer survivors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

We previously characterized the prevalence and spectrum of pathogenic/likely pathogenic
(P/LP) variants in 60 genes associated with well-established autosomal-dominant cancer-
predisposition syndromes, and demonstrated that carriers of germline cancer predisposing
variants (CPVs) had an increased risk of developing subsequent malignant neoplasms
(SMNs) independent of cancer treatment effects among survivors of childhood cancer.
Given that SMNs represent the most prominent contributor to late-mortality (five or

more years from diagnosis), it remained to be determined whether CPVs contribute

to the risk of SMNs-related late-mortality. We systematically searched PubMed from
database inception to Jan 4, 2022 with the terms “[childhood cancer or pediatric

cancer] and [germline mutation or germline variant] and [cancer predisposition gene]

and [sequencing] and [subsequent neoplasm or subsequent cancer or subsequent
malignancy] and [mortality]” for research articles without language restriction in which
the association of CPVs with SMN-related late-mortality was assessed in survivors of
childhood cancer through next-generation sequencing. No published studies were found
on this topic.

Added value of this study

To our knowledge, this is the first time to comprehensively evaluate the contribution

of CPVs to risk of SMN-related late-mortality among survivors of childhood cancer by
combining the two largest cohorts of childhood cancer survivors with existing genome/
exome sequencing data. We found that childhood cancer survivors who are CPV carriers
have a significantly increased risk of SMN-related late-mortality. Accordingly, our study
provides important new insights into the host genetic factors associated with the risk

of SMN-related mortality, a significant adverse late effect following childhood cancer
diagnosis.

Implications of all the available evidence

Our findings add substantial new information regarding the contribution of CPVs to
the risk of SMN-related late-mortality among long-term survivors of childhood cancer,
highlighting the importance of clinical germline testing for the presence of CPVs.
Identifying survivors at the highest risk for SMNs and implementing early personalized
cancer surveillance and prevention strategies may significantly reduce the burden of
SMN-related late-mortality.
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3,006 survivors from 1,396 survivors from
SJLIFE round1 WGS SJLIFE round2 WGS
(Wang et al, JCO, 2018) (Qin et al, JCO, 2020)

2,839 survivors from
CCSS Expansion Cohort WGS

(Chen et al, JAMA Network Open, 2022)

5,451 survivors from
CCSS Original Cohort WGS
(dbGaP: phs001327.v2)

4,402 survivors from SJLIFE
(Qin et al, JCO, 2020)

Exclude 218 survivors
who participated in
SJLIFE and 5 with

no date of death

5,228 survivors from CCSS

8,067 survivors from CCSS

12,469 survivors in the combined cohort

Fig. 1.

Flow-chart illustrates how the combined cohort was derived from multiple sources.
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Fig. 2.
(a) Distribution of primary cancer diagnoses among 17 genes harboring CPV most

frequently in the combined cohort; (b) Prevalence of CPV carriers by childhood cancer
diagnosis.
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Fig. 3. Cumulative incidence of SMN-related late-mortality among CPV carriers vs. non-carriers
in SILIFE (a); and CCSS (b).

Note: There were 27 SILIFE survivors and 49 CCSS survivors who died with unknown
causes were excluded from the calculation of cumulative incidence of SMN-related
mortality where other-cause deaths were treated as a competing risk.
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Table 1
Characteristics of the study populations
Variable Category SJLIFE, N (%) CCSS, N (%)
overal SV G owerat  CPV_ T
N=4402 o6y N=4108 N=8067 Neaar (n3)  NET720
(93.3) (95.7)
Race/Ethnicity Missing 2(0.0) 0(0.0) 2 (0.0
C‘v"l,]ﬁy“pamc 3463 (78.7)  227(77.2)  3236(78.8)  6874(85.2)  290(83.6) 6584 (85.3)
g‘;’ar“:'k""Spa“ic 700 (15.9) 46 (15.6) 654 (15.9) 224 (2.8) 12 (3.5) 212 (2.7)
Other 237 (5.4) 21(7.1) 216 (5.3) 969 (12.0) 45(13.0) 924 (12.0)
Sex Female 2090 (47.5) 154 (52.4) 1936 (47.1) 4207 (52.2)  184(53.0) 4023 (52.1)
Male 2312 (52.5) 140 (47.6)  2172(529) 3860 (47.8) 163 (47.0) 3697 (47.9)
Diagnosis Acute
lymphoblastic 1259 (28.6)  36(12.2)  1223(29.8) 1949 (24.2) 69(19.9) 1880 (24.4)
leukemia
g{esrt‘;ﬁ‘]' (’g&"g)us 648 (14.7)  63(21.4) 585 (14.2) 1431 (17.7) 99 (285)  1332(17.3)
:;ﬁngr'fgﬂqa 467 (10.6) 8(2.7) 459 (112) 1037 (12.9) 263) 1015 (13.1)
Other
malignancies” 2028481 187(636)  1841(448)  3650(452)  157(452)  3493(452)
Chest RT None 2230 (50.7) 143 (48.6) 2087 (50.8) 3401 (42.2)  162(46.7) 3239 (42.0)
>0 to <20 1418 (322)  128(435) 1290 (31.4) 2696 (33.4)  118(34.0) 2578 (33.4)
>=20 705 (16.0) 17 (5.8) 688 (16.7) 1444 (17.9) 41(11.8) 1403 (18.2)
Unknown 49 (1.1) 6 (2.0) 43 (1.0) 526 (6.5) 26 (7.5) 500 (6.5)
Alkylating agents No 1917 (435) 175 (59.5) 1742 (42.4) 3780 (46.9)  183(52.7) 3597 (46.6)
Yes 2473(56.2) 118 (40.1)  2355(57.3)  3481(43.2)  128(369) 3353 (43.4)
Unknown 12 (0.3) 1(0.3) 11(0.3) 806 (10.0) 36(10.4) 770 (10.0)
Anthracyclines No 1947 (44.2) 201 (68.4) 1746 (425) 4368 (54.1)  205(59.1) 4163 (53.9)
Yes 2451(55.7)  93(31.6) 2358 (57.4)  3102(38.5)  115(33.1) 2987 (38.7)
Unknown 4(0.1) 0(0.0) 4(0.1) 597 (7.4) 27 (7.8) 570 (7.4)
Epipodophyllotoxins No 2906 (66.0) 219 (74.5) 2687 (65.4) 6810 (84.4) 286 (82.4) 6524 (84.5)
Yes 1488 (33.8)  73(24.8)  1415(344)  818(10.1) 38(11.0) 780 (10.1)
Unknown 8(0.2) 2(0.7) 6(0.1) 439 (5.4) 23 (6.6) 416 (5.4)
Age at diagnosis Overall (median, 6.3 (0.0- 2.3 (0.0- 66(00- ;400010 55(00- 7.5 (0.0-
range) 23.6) 20.4) 23.6) 20.8) 21.0)
0-4 1881 (42.7) 197 (67.0) 1684 (41.0) 3012 (37.3)  162(46.7) 2850 (36.9)
5-9 958 (21.8)  35(11.9)  923(225) 1852 (23.0) 74(21.3) 1778 (23.0)
10-14 905 (20.6)  41(139)  864(21.0) 1769 (21.9) 61(17.6) 1708 (22.1)
>=15 658 (14.9) 21(7.1) 637 (155) 1434 (17.8) 50 (14.4) 1384 (17.9)
Age at first biospecimen, 26.3(20.4- 22.0(15.3-  26.5(20.6— 30.6 28.8(23.2-  30.7 (25.2-
median (IQR) 33.9) 29.3) 34.1) (25.2,36.3) 34.5) 36.3)
B Tags wime veme sz sy 2y
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Variable Category SJLIFE, N (%) CCSS, N (%)
CPV non- CPV non-
Overall ca?:igrs carriers Overall czg’fi}s/rs carriers
N=4402 N=294 (6.7) N=4108 N=8067 N=347 (4.3) N=7720
B ' (93.3) B ' (95.7)
Follow up time since Censoring 7.5(3.1- 6.0 (2.6— 7.5 (3.2- 13.5(2.2- 8.1(2.1- 13.5(2.2-
the first biospecimen, 9.5) 9.1) 9.5) 16.9) 16.6) 16.9)
median (IQR)
Death 4.9 (2.7- 4.2 (3.2- 5.1(2.6- 8.9 (4.6-13.0) 6.9 (3.7- 8.9 (4.7-
7.3) 5.5) 7.3) A ' 13.0) 13.0)
Attained age, median Censoring 33.2(245- 28.2(18.3-  33.6 (25.0- 40.3 (34.3- 38.0(31.8-  40.4 (34.4-
(IQR) 42.1) 36.9) 42.4) 47.6) 45.8) 47.7)
Death 449 (34.8-  40.7(29.6-  45.9(35.4— 43.9 (36.7- 40.7 (34.6- 443 (37.1-
52.5) 49.4) 52.9) 51.1) 45.7) 51.4)
SMN Yes 298 (6.8) 26 (8.8) 272 (6.6) 859 (10.6) 57 (16.4) 802 (10.4)
Late-Mortality SMN-related 44 (1.0) 6(2.0) 38(0.9) 219 (2.7) 22 (6.3) 197 (2.6)
Unknown cause 27 (0.6) 3(1.0) 24 (0.6) 49 (0.6) 3(0.9) 46 (0.6)
Other cause 103 (2.3) 7(2.4) 96 (2.3) 323 (4.0) 20 (5.8) 303 (3.9)

Abbreviations: CPV, cancer predisposing variant; RT, radiotherapy; SILIFE, St. Jude Lifetime Cohort Study; CCSS, Childhood Cancer Survivor
Study; IQR, Inter-Quartile Range; SMN, subsequent malignant neoplasm.

*
Other malignancies included acute myeloid leukemia, germ cell tumor, neuroblastoma, non-Hodgkin lymphoma, retinoblastoma, sarcoma, Wilms

tumor and other rare types.
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Table 2.
Associations between CPV status and severity grades of SMN.

CPV carriers, n (%) CPV non-carriers, n (%) Statistical Test
Cohort CTCAE-grade >=4 CTCAE-grade <4 CTCAE-grade>=4 CTCAE-grade <4 Odds Ratio 95% ClI p#
SILIFE 22 (84.6) 4(15.4) 186 (68.4) 86 (31.6) 2.54 0.83-1044  0.12
cess® 47 (82.5) 10 (17.5) 562 (70.1) 240 (29.9) 2.01 0.98-453  0.050
Combined 69 (83.1) 14 (16.9) 748 (69.6) 326 (30.4) 2.15 1.18-4.19  0.0085

Abbreviations: CPV, cancer predisposing variant; SILIFE, St. Jude Lifetime Cohort Study; CCSS, Childhood Cancer Survivor Study CTCAE,
Common Terminology Criteria for Adverse Events.

*
Five with missing CTCAE-grade were not included: one was CPV carrier and four were non-carriers

#Fisher Exact test.
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Table 3.
Associations between CPV Status and Late-Mortality.

Cohort SMN-related mortality Other-cause mortality All-cause mortality
sub  95%Cl P-value Sub 95%Cl P-value HR 95% Cl  P-value
HR HR

SJLIFE 340 1.37-8.43 0.0082 1.18 0.50-2.82 0.70 1.89 1.08-3.30 0.025

CCSS 358 2.27-5.63 <0001 176 1.11-278 0.016 245 1.80-3.33 <.0001

Combined ™ 354 236-532 <0001 161 1.07-242 0.021 231 176-3.02 <.0001

Abbreviations: SJILIFE, St. Jude Lifetime Cohort Study; CCSS, Childhood Cancer Survivor Study; HR, hazard ratio; subHR, subdistribution hazard
ratio; SMN, Subsequent Malignant Neoplasm.

*
Combined via fixed-effects meta-analysis based on two study specific models adjusting for genetic ancestry, sex, age at childhood cancer

diagnosis, cancer treatment and exposures (chest-RT, alkylating agents, anthracyclines and epipodophyllotoxins). The follow-up started from the
first biospecimen collection.
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