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ARTICLE

Germline predisposition to pediatric Ewing sarcoma
is characterized by inherited pathogenic variants
in DNA damage repair genes

Riaz Gillani,1,2,3,4 Sabrina Y. Camp,2,5 Seunghun Han,2,6 Jill K. Jones,6 Hoyin Chu,2,5 Schuyler O’Brien,7

Erin L. Young,7 Lucy Hayes,7 Gareth Mitchell,7 Trent Fowler,7 Alexander Gusev,5,8 Junne Kamihara,1,3,4

Katherine A. Janeway,1,2,3,4 Joshua D. Schiffman,7,9,10 Brian D. Crompton,1,2,3,4,14

Saud H. AlDubayan,2,5,11,12,14,* and Eliezer M. Van Allen2,5,13,14,*
Summary
More knowledge is needed regarding germline predisposition to Ewing sarcoma to inform biological investigation and clinical practice.

Here, we evaluated the enrichment of pathogenic germline variants in Ewing sarcoma relative to other pediatric sarcoma subtypes, as

well as patterns of inheritance of these variants. We carried out European-focused and pan-ancestry case-control analyses to screen

for enrichment of pathogenic germline variants in 141 established cancer predisposition genes in 1,147 individuals with pediatric sar-

coma diagnoses (226 Ewing sarcoma, 438 osteosarcoma, 180 rhabdomyosarcoma, and 303 other sarcoma) relative to identically pro-

cessed cancer-free control individuals. Findings in Ewing sarcoma were validated with an additional cohort of 430 individuals, and a

subset of 301 Ewing sarcoma parent-proband trios was analyzed for inheritance patterns of identified pathogenic variants. A distinct

pattern of pathogenic germline variants was seen in Ewing sarcoma relative to other sarcoma subtypes. FANCC was the only gene

with an enrichment signal for heterozygous pathogenic variants in the European Ewing sarcoma discovery cohort (three individuals,

OR 12.6, 95% CI 3.0–43.2, p ¼ 0.003, FDR ¼ 0.40). This enrichment in FANCC heterozygous pathogenic variants was again observed

in the European Ewing sarcoma validation cohort (three individuals, OR 7.0, 95% CI 1.7–23.6, p¼ 0.014), representing a broader impor-

tance of genes involved in DNA damage repair, which were also nominally enriched in individuals with Ewing sarcoma. Pathogenic var-

iants in DNA damage repair genes were acquired through autosomal inheritance. Our study provides new insight into germline risk fac-

tors contributing to Ewing sarcoma pathogenesis.
Introduction

Ewing sarcoma (MIM: 612219) is the secondmost common

bone and soft tissue cancer impacting children and adoles-

cents worldwide.1 It is an aggressive malignancy that ismet-

astatic 25% of the time at presentation and requires a very

intensive treatment regimen including multiple chemo-

therapies as well as surgery or radiation for local control.

While overall survival for localized disease has improved

to 75%, treatment confers significant morbidity, and cure

rates for metastatic and relapsed disease remain poor.2

Through a better understanding of the predisposing genetic

factors contributing to Ewing sarcoma pathogenesis, the pe-

diatric oncology community would be able to developmore

informed and less toxic treatment regimens, as well as better

screen children at risk for disease, opening the door to op-

portunities for earlier detection and even prevention.

Ewing sarcoma is driven by EWSR1-ETS (MIM: 133450)

gene fusions1,3 and is occasionally characterized by a com-
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plex rearrangementpatternknownas chromoplexy.4 Thege-

netic events preceding these simple and complex rearrange-

ments remain largely unknown. Prior work has suggested a

role for pathogenic germline variants in DNA damage repair

(DDR)genes inEwingsarcoma,5,6 but systematiccase-control

analyses to precisely define this role have not been under-

taken.Muchofwhat is knownabout germlinepredisposition

to Ewing sarcoma has centered on common population var-

iants identified as susceptibility loci from genome-wide asso-

ciation studies (GWASs),1,7–9 and a comprehensive evalua-

tion of the relative contribution of rare coding pathogenic

germline variants is largely incomplete.

Furthermore, a more complete understanding of the

familial inheritance patterns of genetic risk factors in Ew-

ing sarcoma is needed to guide cascade testing strategies

with broad potential clinical impact. While guidelines for

familial testing have been developed for various cancer

predisposition syndromes,10,11 individuals with Ewing sar-

coma and family members are not uniformly referred for
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genetic testing. Case reports of siblings withmetachronous

Ewing sarcoma diagnoses have suggested that germline

variants shared within families may increase risk, but these

have not yet been identified.12 Family-based germline

sequencing, such as the analysis of parent-proband trios,

is thus a powerful tool for better understanding the inher-

itance of pathogenic germline variants in pediatric sar-

coma generally and Ewing sarcoma in particular.13

We hypothesized that through a systematic comparative

analysis of germline predisposition across pediatric sar-

coma subtypes, we would elucidate distinct patterns of

rare coding pathogenic variants in Ewing sarcoma. We

therefore undertook a three-stage study comprising (1) Eu-

ropean-focused and pan-ancestry case-control analyses uti-

lizing a discovery pan-sarcoma cohort, (2) validation with

an ancestry-matched case-control analysis of an additional

cohort of individuals with Ewing sarcoma, and (3) evalua-

tion of pathogenic germline variant inheritance for indi-

viduals with Ewing sarcoma utilizing parent-proband

sequencing trios from a subset of the validation cohort.
Material and methods

Ethics approval and consent to participate
Written informedconsent fromindividuals and institutional review

board approval, allowing comprehensive genetic analysis of germ-

line samples, were obtained by the original studies that enrolled in-

dividuals. The secondary genomic and deep-learning analyses per-

formed for this study were approved under Dana-Farber Cancer

Institute institutional review board protocols 21–143 and 20–691.

This study conforms to the Declaration of Helsinki.

Study participants
A total of 1,147 unselected individuals (879 of European ancestry)

with pediatric sarcoma diagnoses were included in the discovery

cohort, including 226 individuals with Ewing sarcoma (195 of Eu-

ropean ancestry). A combination of germline whole-genome

sequencing (WGS) and whole-exome sequencing (WES) was

aggregated for these individuals across four data sources, and ama-

jority of individuals were enrolled through studies associated with

the St. Jude Cloud initiative.14–18 We converted WGS to WES

equivalents by using predefined target intervals to focus on coding

variants only (supplemental methods). For validation, germline

WGS for 430 individuals with Ewing sarcoma (356 of European

ancestry) from the Gabriella Miller Kids First (GMKF) program

was utilized, and individuals were enrolled through Project

GENESIS at the Huntsman Cancer Institute and Children’s

Oncology Group protocol AEPI10N5. For a subset of 301 individ-

uals with Ewing sarcoma from GMKF, germline WGS for parents

was available (602 parents) and used for analysis of inheritance

among trios (Tables S1 and S2; supplemental methods). Sequenced

exomes for 24,128 cancer-free individuals from six cohorts were

extensively quality controlled, identically processed, and analyzed

in the same way as affected individuals for use as control individ-

uals in this study (supplemental methods).

Population stratification
We undertook principal-component analysis (PCA) with germline

genotypes from sufficiently covered regions (those with 153
The America
coverage among 90% of samples) for all discovery, validation,

and control cohorts to enable ancestry inference. We used a

trained random forest classifier to assign one of the five 1000 Ge-

nomes-defined super populations (European, African, admixed

American, East Asian, and South Asian) to each sample in our

case and control cohorts. Affected individuals and control individ-

uals werematched on genetic ancestry composition on the basis of

the first ten principal components from the preceding analysis

(supplemental methods).

Germline variant characterization
We called germline variants with a deep learning method,

DeepVariant, which has shown superior sensitivity and specificity

compared with a joint genotyping-based approach (version

0.8.0).19–21 High-quality coding variants were utilized for subse-

quent analyses (supplemental methods).

Gene sets
We evaluated the prevalence of pathogenic variants in a list of es-

tablished germline cancer predisposition genes (n ¼ 141;

Table S3).22–25 A subset of these genes had an established role in

DDR (n ¼ 43), ascertained through evaluation of known primary

biological function in the Online Mendelian Inheritance in Man

(OMIM)26 and Reactome27 databases. The low-penetrance founder

CHEK2 (MIM: 604373) variant (p.Ile200Thr) was considered sepa-

rately from other CHEK2 pathogenic variants.

Germline variant pathogenicity evaluation
Based on ClinVar database and Variant Effect Predictor (VEP)

consequence annotations, all detected germline variants in cancer

predisposition genes were classified into five categories, benign,

likely benign, variants of unknown significance, likely patho-

genic, and pathogenic, in accordance with the American College

of Medical Genetics (ACMG) guidelines.28 Only putative loss-of-

function, pathogenic, and likely pathogenic variants were

included in this study (hereafter collectively referred to as patho-

genic variants). Pathogenic variants were manually evaluated

with the raw genomic data and the Integrative Genomics Viewer

(IGV; supplemental methods; Tables S4, S5, and S6).29,30

Outcomes
The primary outcomes included gene-level enrichment analysis of

germline pathogenic variants in individuals with Ewing sarcoma

and other pediatric sarcoma subtypes relative to cancer-free con-

trol individuals, validation of enrichment findings in Ewing sar-

coma, and analysis of mechanisms of inheritance among germline

pathogenic variants in Ewing sarcoma. The secondary outcomes

included exploratory analysis of germline pathogenic variants in

DDR genes in Ewing sarcoma.

Statistical analysis
We used two-sided Fisher’s exact tests to calculate p values. We used

the R package ‘‘exact2x2’’ to determine the odds ratios and 95% con-

fidence intervals (CIs) for germline pathogenic variant enrichment

in affected versus cancer-free control cohorts for each of the exam-

ined cancer predisposition genes. p < 0.05 was the threshold for

nominal enrichment signal. For the discovery cohort, the false dis-

covery rate (FDR) was calculated with the Benjamini-Hochberg pro-

cedure. FDR < 0.05 was used as the threshold for enrichment

meeting multiple hypothesis testing criteria for validation in the

absence of a secondary cohort (supplemental methods).
n Journal of Human Genetics 109, 1026–1037, June 2, 2022 1027



Figure 1. Study overview and characteristics of discovery and validation cohorts
(A) Study schematic overview. The discovery cohort comprised 1,147 individuals, and the enrichment of pathogenic germline variants
across 141 established cancer predisposition genes was evaluated. Case-control analyses restricted to the European ancestry (EUR) were
carried out across the pan-sarcoma cohort (879 individuals), as well as major sarcoma histologic subtypes: osteosarcoma (304 individ-
uals), rhabdomyosarcoma (138 individuals), and Ewing sarcoma (195 individuals). The validation cohort comprised 433 individuals
with Ewing sarcoma. The enrichment of pathogenic germline variants in 43 DNA damage repair genes was evaluated employing an
ancestry-matched case-control analysis. Mechanisms of inheritance were evaluated for 301 individuals that were a part of parent-pro-
band trios.
(B) Discovery cohort demographics: mean age 10.8 years, 52% male.
(C) Ewing sarcoma validation cohort demographics: mean age 13.3 years, 54% male.
Results

Study overview and characteristics of discovery and

validation cohorts

Our discovery cohort of 1,147 primarily pediatric individ-

uals with sarcoma comprised osteosarcoma (MIM:

259500) (438 individuals), rhabdomyosarcoma (MIM:

268210) (180 individuals), Ewing sarcoma (226 individ-

uals), and other subtypes (303 individuals; Figure 1A).

The mean age of individuals in the discovery cohort was

10.8 years (SD 5.5 years), and 52% of individuals were

male (Figure 1B). Our validation cohort comprised 433 in-

dividuals with Ewing sarcoma. Of these, 430 individuals
1028 The American Journal of Human Genetics 109, 1026–1037, Jun
were available for an ancestry-matched case-control

study, and 301 individuals were available as parent-pro-

band trios for evaluation for mechanisms of inheritance

(Figure 1A). The mean age of individuals in the Ewing sar-

coma validation cohort was 13.3 years (SD 6.6 years), and

54% of individuals were male (Figure 1C). The germline

exome-wide mean target coverage for the discovery

cohort samples was 53.93 (interquartile range [IQR]

37.6–66.33) and was 27.33 (IQR 24.6–30.23) for the Ew-

ing sarcoma validation cohort samples. Exome-wide

variant call rates were satisfactory for all samples

(Figure S1). Differential coverage for evaluated genes

was comparable between affected individuals and control
e 2, 2022



Figure 2. Ancestry composition of discovery cohort
Enrichment of pathogenic germline variants in discovery cohort, across and within major histologic subtypes
(A) Ancestry composition of discovery cohort: 879 European individuals (EUR), 137 African individuals (AFR), 119 admixed American
individuals (AMR), seven East Asian individuals (EAS), and five South Asian individuals (SAS).
(B–D) Odds ratios and 95% confidence intervals for enrichment of pathogenic germline variants among cancer predisposition genes.
Red: significant at FDR < 0.05 after Benjamini-Hochberg procedure. Gray: significant at p < 0.05 but does not meet FDR < 0.05. Genes
with p > 0.05 are not displayed. (B) Pan-sarcoma cohort (879 affected individuals, 10,548 control individuals). (C) Osteosarcoma subset
of cohort (304 affected individuals, 10,640 control individuals). (D) Rhabdomyosarcoma subset of cohort (138 affected individuals,
10,626 control individuals).
(E) Ewing sarcoma subset of cohort (195 affected individuals, 10,530 control individuals).
individuals (Figure S2). All samples had satisfactory indel

rates, variant transition-to-transversion rates, and geno-

type quality (Figure S3).

Pathogenic germline variants in cancer predisposition

genes are enriched across pediatric sarcoma histologic

subtypes relative to cancer-free control individuals

We assessed the frequency of pathogenic germline variants

in 141 established cancer predisposition genes in our dis-

covery cohort.22–25 Our discovery cohort had representa-
The America
tion from five major continental ancestries, and 77% of

affected individuals belonged to the European ancestry.

Given power considerations and the need for accurate rep-

resentation of rare variant frequencies amongst matched

controls, the European subset of affected individuals was

utilized for the primary enrichment analysis31,32 (Fig-

ure 2A; Figure S4). Control cohorts for comparison were

identically processed and ancestry matched. The presence

of pathogenic germline variants was not significantly asso-

ciated with age (mean 10.8 versus 10.3 years, p ¼ 0.29 by
n Journal of Human Genetics 109, 1026–1037, June 2, 2022 1029



two-sided t test) or sex (p ¼ 0.69 by Fisher’s exact test).

Across the European pan-sarcoma discovery cohort, nom-

inal enrichment signal at p < 0.05 was observed for TP53

(MIM: 191170) and DICER1 (MIM: 606241), genes previ-

ously implicated in sarcoma pathogenesis.6,24,33 Nominal

enrichment signal was also seen for FANCC (MIM:

613899) and PTPN11 (MIM: 176876), genes with less prior

supporting evidence for their role in sarcoma germline pre-

disposition. Of note, the signal in PTPN11 was attributable

to pathogenic variants seen in two individuals with soft tis-

sue sarcoma without further histologic classification. The

enrichment in TP53 was greatest, reaching significance at

FDR < 0.05 across the pan-sarcoma discovery cohort

(Figure 2B; Table S7).

We next carried out European ancestry-matched enrich-

ment analyses for each of the three major sarcoma histo-

logic subtypes within the discovery cohort. For osteosar-

coma, nominal enrichment signal was observed for five

genes (Table S8). These included TP53, RB1 (MIM:

614041), and RECQL4 (MIM: 603780), previously vali-

dated as important in germline predisposition to osteosar-

coma (Figure 2C);34 once again, only TP53 reached signif-

icance at FDR < 0.05. The related DNA helicase gene

RECQL (MIM: 600537) also had nominal enrichment

signal in osteosarcoma-affected individuals relative to con-

trol individuals, along with MUTYH (MIM: 604933), genes

without substantial prior evidence supporting their role in

germline predisposition to osteosarcoma.35

In rhabdomyosarcoma, nominal enrichment signal was

observed for TP53 and DICER1, genes that have previously

been implicated in germline predisposition to pediatric

rhabdomyosarcoma.36 We were able to redemonstrate a

nominal enrichment signal for BRCA2 (MIM: 600185), a

gene with a previous moderate level of evidence for

a role in germline predisposition to rhabdomyosar-

coma.33,37–39 We also observed a nominal enrichment

signal in SDHD (MIM: 602690); pathogenic germline vari-

ants in succinate dehydrogenase complex genes have

been reported in rhabdomyosarcoma and other sarcoma

subtypes before.33 No genes reached significance at

FDR < 0.05 (Figure 2D; Table S9).

In contrast to osteosarcoma and rhabdomyosarcoma, no

pathogenic germline TP53 variants were observed in Ew-

ing sarcoma. Instead, in Ewing sarcoma, the only gene

with nominal enrichment signal was FANCC, which had

heterozygous pathogenic variants seen in three out of

195 individuals (1.5%, OR 12.6, 95% CI 3.0–43.2, p ¼
0.003, FDR ¼ 0.40; Figure 2E; Figure S5; Table S10). Prior

work had shown a general association between germline

variants in Fanconi anemia genes and translocation-driven

sarcomas, but the role of FANCC in germline predisposi-

tion to Ewing sarcoma had not previously been reported

to our knowledge.6

To complement the European ancestry analyses, we also

carried out an additional pan-ancestry enrichment analysis

including the non-European individuals from our discov-

ery cohort (Figure S6; Tables S11, S12, S13, and S14). We
1030 The American Journal of Human Genetics 109, 1026–1037, Jun
identified additional nominal enrichment signals in NF1

(MIM: 613113), a gene with prior evidence supporting its

role in sarcoma predisposition, in the pan-sarcoma and

rhabdomyosarcoma cohorts.33 While we were also able to

recover several signals seen in our European-ancestry-

focused analysis, the pan-ancestry analysis was limited

by underpowering and under sampling of affected individ-

ual and control individual population frequencies. Thus,

enrichment analysis of pathogenic variants in our Euro-

pean-ancestry discovery cohort demonstrated a unique

pattern of predisposing variants across pediatric sarcoma

subtypes, with a strong enrichment signal for TP53 in all

sarcoma subtypes except Ewing sarcoma.

FANCC and other DNA damage repair genes harbor

pathogenic germline variants in Ewing sarcoma

Having demonstrated a distinct enrichment pattern among

individuals with Ewing sarcoma relative to those with oste-

osarcoma or rhabdomyosarcoma, we proceeded to evaluate

the enrichment signal in FANCC in our larger validation

cohort of Ewing sarcoma-affected individuals. European in-

dividuals from our independent Ewing sarcoma validation

cohortwere also ancestrymatched to cancer-free control in-

dividuals to enable targeted evaluation of FANCC enrich-

ment (Figure S7). Heterozygous pathogenic germline

FANCC variants were again enriched, seen in three of 356

individuals (0.8%, OR 7.0, 95% CI 1.7–23.6, p¼ 0.014, sin-

gle hypothesis; Figure 3A). The population frequency of

pathogenic germlineFANCCvariants amongstourmatched

European controls was 0.12%. Population frequencies of

pathogenic germline FANCC variants in the non-Finnish

European ancestry have been reported in the range of

0.10%–0.18% in the literature.24,40,41 We thus carried out

a sensitivity analysis by varying the number of matched

controls with pathogenic FANCC variants over this range

of frequencies and found that the enrichment of patho-

genic germline FANCC variants in the Ewing sarcoma vali-

dation cohort would remain significant (Figure 3B). The

pooled odds ratio for FANCC enrichment between discov-

ery andvalidationcohortswas also significant (six of551 in-

dividuals, 1.1%, OR 9.0, 95% CI 3.7–22.0, p < .0001).

Prior mechanistic work has demonstrated that FANCC

knockout contributes to rearrangement signatures consis-

tent with homologous recombination deficiency.42 We

thus asked whether the recurrent enrichment of FANCC

represented a broader importance of DDR genes in germ-

line predisposition to Ewing sarcoma, as has been previ-

ously suggested.5 We performed an exploratory analysis

in the Ewing sarcoma validation cohort on the subset of

43 cancer predisposition genes with specific DDR roles.

We identified seven pathogenic germline CHEK2 variants

(OR 3.6, 95% CI 1.6–7.9, p ¼ 0.005) and four pathogenic

germline FANCA (MIM: 607139) variants (OR 3.3, 95%

CI 1.1–9.1, p ¼ 0.042) contributing to nominal enrich-

ment in these genes in affected individuals relative to con-

trol individuals. Marginal signals in ERCC4 (MIM: 133520)

(two individuals, OR 4.3, 95% CI 0.7–18, p ¼ 0.09) and
e 2, 2022



Figure 3. Enrichment of pathogenic germline variants in FANCC and other DNA damage repair genes in Ewing sarcoma validation
cohort
(A) Enrichment of pathogenic germline variants in FANCC in the Ewing Sarcoma validation cohort versus control individuals (OR 7.0,
95% CI 1.7–23.6, p ¼ 0.014).
(B) Sensitivity analysis for enrichment of pathogenic germline FANCC variants in the Ewing sarcoma validation cohort over a range of
simulated population frequencies.
(C) Collective frequency of pathogenic variants in leading gene set of DNA damage repair genes in the Ewing sarcoma validation cohort.
In addition to FANCC, nominal enrichment signals were also seen in CHEK2 (OR 3.6, 95% CI 1.6–7.9, p ¼ 0.005) and FANCA (OR 3.3,
95% CI 1.1–9.1, p ¼ 0.042).
(D) Rates of pathogenic variants in TP53 in Ewing sarcoma validation cohort in comparison to Ewing sarcoma subset of discovery cohort,
rhabdomyosarcoma subset of discovery cohort, osteosarcoma subset of discovery cohort, and pan-sarcoma discovery cohort (Fisher’s
exact tests, n.s. denotes no significant difference, *** denotes significant difference at p < 0.05).
NBN (MIM: 602667) (two individuals, OR 4.3, 95% CI 0.7–

18, p ¼ 0.09) were also seen. In combination with FANCC,

these five genes harbored germline pathogenic variants in

18 of 356 Ewing sarcoma-affected individuals (5.1%)

compared with 137 of 10,680 control individuals (1.3%;

Figure 3C; Table S15).

The signals in FANCC, FANCA, and CHEK2 were seen in

the European ancestry subset of the Ewing sarcoma valida-

tion cohort, and our pan-ancestry analysis was thus under-

powered to recover many of these signals (Figure S8;

Table S16). Across all individuals with Ewing sarcoma in
The America
the validation cohort, the presence of pathogenic germline

variants in DDR genes was not significantly associated

with age (mean 13.3 versus 13.6 years, p ¼ 0.75 by two-

sided t test) or sex (p ¼ 0.15 by Fisher’s exact test).

Similar to our discovery Ewing sarcoma cohort, we once

again identified no pathogenic germline TP53 variants in

our validation Ewing sarcoma cohort. The rate of patho-

genic germline TP53 variants in individuals with Ewing

sarcoma (0%) was significantly lower than that seen for

all sarcomas in aggregate (1.6%, p¼ 0.006 by Fisher’s exact

test) and osteosarcoma in particular (2.7%, p ¼ 0.0005 by
n Journal of Human Genetics 109, 1026–1037, June 2, 2022 1031



Fisher’s exact test; Figure 3D). This, in combination with

the recurrent enrichment of pathogenic germline variants

in FANCC, as well as the nominal enrichment of patho-

genic germline variants in CHEK2 and FANCA, demon-

strated a distinct pattern of germline variants in Ewing sar-

coma relative to other pediatric sarcoma subtypes.

Pathogenic germline variants in DNA damage repair

genes are inherited in high-risk families

Having identified pathogenic germline variants in FANCC

and other DDR genes in Ewing sarcoma, we next sought to

assess inheritance of these variants. Thus, we evaluated the

301 individuals with Ewing sarcoma from our validation

cohort that were part of parent-proband sequencing trios.

Among these 301 individuals, 32 harbored pathogenic

germline variants in DDR genes (10.6%; Figure 4A). In 32

of 32 probands in which a pathogenic germline DDR

variant was identified in a proband, the same germline

DDR variant was identified in one of the parents (100%).

In contrast, for probands in whom a pathogenic germline

DDR variant was not identified, only 19 of 269 had at least

one parent with a germline DDR variant (7.1%; Figure 4B).

While pathogenic germline variants in genes such as

BRCA2 and CHEK2 were also observed in some parents

and not inherited by probands, these were at a rate that

was comparable to the population frequency (Figure S9).

Identical pathogenic germline DDR variants in probands

and parents impacted FANCC, ERCC2 (MIM: 126340),

CHEK2, and BRCA1 (MIM: 113705) among other genes

(Figure 4C). In three instances, heterozygous germline

pathogenic variants affecting multiple DDR genes were

seen in probands and each variant was also identified in

a parent (Figure 4D).

We sought to understand whether as yet unidentified

de novo pathogenic variants in other coding genes may co-

ordinate with or complement the inherited DDR variants

to explain a significant proportion of the unexplained

germline risk for developing pediatric Ewing sarcoma.

Based on prior frameworks,43–45 we reasoned that finding

pathogenic de novo variants recurrently impacting the

same gene in a cohort of 301 proband-parent trios would

be highly unlikely by chance, implicating potential addi-

tional candidate risk genes. However, in our cohort, we

identified recurrent pathogenic de novo germline variants

in only one gene, TTN (MIM: 188840), which occurred

in two separate individuals with Ewing sarcoma. As the fre-

quency of pathogenic germline variants in TTN between

affected individuals and cancer-free control individuals

was not significantly different and there is no established

biological role for TTN in Ewing sarcoma oncogenesis,

there was insufficient evidence to support its role in germ-

line predisposition to Ewing sarcoma (Figure S10).

Taken together, pathogenic germline variants in DDR

genes were frequently observed in families of individuals

with Ewing sarcoma. Autosomal inheritance, as opposed

to de novo development, was themechanism of inheritance

of these moderate penetrance risk variants.
1032 The American Journal of Human Genetics 109, 1026–1037, Jun
Discussion

This study represents a systematic analysis of germline pre-

disposition to Ewing sarcoma relative to other pediatric

sarcoma subtypes. Having assembled germline sequencing

data from 1,147 individuals with pediatric sarcoma diagno-

ses, we undertook European-focused and pan-ancestry

case-control analyses and illustrated distinct patterns of

enrichment amongst pathogenic variants in Ewing sar-

coma relative to osteosarcoma and rhabdomyosarcoma.

Supporting the validity of our approach, we were able to

recover enrichment signal in many cancer predisposition

genes known to be associated with pediatric sarcoma risk

in the European-focused analysis, such as TP53, RB1, and

DICER1. We additionally demonstrated enrichment signal

in cancer predisposition genes with less well-characterized

links to pediatric sarcoma, most notably FANCC in Ewing

sarcoma. Our pan-ancestry analysis was able to identify a

shared enrichment signal in pathogenic germline variants

inNF1 across ancestries, although this approach was other-

wise limited by its underpowering and under sampling of

baseline population frequencies.

We then validated the enrichment of pathogenic germ-

line variants in FANCC among individuals with Ewing sar-

coma by using an independent cohort. This recurrent

enrichment of heterozygous pathogenic germline vari-

ants in FANCC provides evidence for its role in increasing

risk for some individuals with Ewing sarcoma and raises

the possibility that monoallelic germline variants in

Fanconi anemia genes may confer increased risk in other

translocation-associated cancers. We demonstrated that

the enrichment in FANCC pathogenic germline variants

represented a broader importance of DDR genes,

including FANCA and CHEK2. While prior studies have

identified occasional instances of pathogenic germline

TP53 variants amongst individuals with Ewing sarcoma,

through comparative analyses, we found that the fre-

quency of pathogenic germline TP53 variants among in-

dividuals with Ewing sarcoma was significantly lower in

relation to other pediatric sarcoma subtypes.5,37 This

finding is supported by the clinical observation that

Ewing sarcoma is not frequently seen in families with

Li-Fraumeni syndrome.46

Using parent-proband trios, we showed that pathogenic

germlinevariants inDNAdamage repair genes found in indi-

viduals with Ewing sarcoma are also present in their parents

and therefore passed on through autosomal inheritance. As

moderate penetrance risk variants that are also present in

parents, we reasoned that pathogenic germline variants in

some DDR genes play a substantial role in increasing risk

for developing Ewing sarcoma but are most likely not suffi-

cient to cause the disease in isolation. However, we did not

identify de novo variants recurrently impacting other genes

to support a role for their interaction with pathogenic germ-

line variants in DDR genes to promote germline predisposi-

tion to Ewing sarcoma.
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Figure 4. Pathogenic germline variants in DNA damage repair genes are inherited in high-risk families
(A) Pathogenic germline variants in DDR genes among trio probands with Ewing sarcoma. 35 pathogenic variants impacting 32 of 301
individuals with Ewing sarcoma were identified.
(B) 32 of 32 probands (100%) with pathogenic germline variants in DDR genes had identical variants identified in parents. 19 of 269
probands without a pathogenic germline variant in a DDR gene had at least one parent with a germline DDR variant that was not in-
herited by the proband (7.1%).
(C and D) Pedigrees and IGV screenshots of pathogenic variants in DDR genes.
Pedigree legend: circle, female sex; square, male sex; diamond, unknown sex; gray shading, proband with Ewing sarcoma; * denotes
variant 1 identified in parent-proband trio; z denotes variant 2 identified in parent-proband trio. Top screenshot: carrier parent. Bottom
screenshot: proband.
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Our study had some notable limitations. First, we were

limited in recovering enrichment signals in non-European

individuals because of the underpowering of case and con-

trol cohorts in other ancestries. Second, while pathogenic

germline variants in FANCC occurred at a rate greater than

expected by chance among individuals with Ewing sarcoma,

the overall frequency of these variants was low (1.5% in the

Europeandiscovery cohort, 0.8% in the Europeanvalidation

cohort), supporting the role of FANCC as a moderate pene-

trance cancer predisposition gene as opposed to the sole

driver of disease pathogenesis. Basedon the recurrent signals

in FANCC, and modest signals in other DNA damage repair

genes in the validation cohort in the absence of pathogenic

variants in highly penetrant genes such as TP53, these vari-

ants are likely insufficient to lead to Ewing sarcoma in isola-

tion and potentially coordinate with other germline and

oncogenic processes to incrementally increase risk. Addi-

tionally, our focus on germline variants in select DDR genes

within Ewing sarcoma most likely underestimated the total

contribution of rare coding pathogenic germline variants

to Ewing sarcomapathogenesis. Finally, similar tomuchpre-

ceding work in germline predisposition in pediatric cancers,

our methods were limited to identifying known pathogenic

germline SNVs/indels conferring increased risk in pediatric

sarcoma. As progress is made in germline structural variant

discovery47 and placing rare pathogenic variants in the

contextof complexgermline interactions,48–51 future studies

and new statistical frameworks will be needed to more

completely define the role of germline predisposition in Ew-

ing sarcoma pathogenesis.

Taken together, our analysis supports a unique contribu-

tion of germline variants in FANCC and other DDR genes

to Ewing sarcoma pathogenesis. Our study provides a

foundation to inform approaches to genetic testing for in-

dividuals with Ewing sarcoma as well as cascade testing for

family members. Future studies on independent and

ancestrally diverse cohorts should be undertaken to further

evaluate the link between pathogenic germline variants in

DDR genes and Ewing sarcoma.
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