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PURPOSE Rhabdomyosarcoma (RMS) is the most common pediatric soft-tissue sarcoma and accounts for 3% of
all pediatric cancer. In this study, we investigated germline sequence and structural variation in a broad set of
genes in two large, independent RMS cohorts.

MATERIALS AND METHODS Genome sequencing of the discovery cohort (n = 273) and exome sequencing of the
secondary cohort (n = 121) were conducted on germline DNA. Analyses were performed on 130 cancer
susceptibility genes (CSG). Pathogenic or likely pathogenic (P/LP) variants were predicted using the American
College of Medical Genetics and Genomics (ACMG) criteria. Structural variation and survival analyses were
performed on the discovery cohort.

RESULTS We found that 6.6%-7.7% of patients with RMS harbored P/LP variants in dominant-acting CSG. An
additional approximately 1% have structural variants (ATM, CDKN1C) in CSGs. CSG variants did not influence
survival, although there was a significant correlation with an earlier age of tumor onset. There was a nonsignificant
excess of P/LP variants in dominant inheritance genes in the patients with FOXO1 fusion—negative RMS patients
versus the patients with FOXO1 fusion—positive RMS. We identified pathogenic germline variants in CSGs previously
(TP53, NF1, DICERI, mismatch repair genes), rarely (BRCAZ2, CBL, CHEK2, SMARCA4), or never (FGFR4) re-
ported in RMS. Numerous genes (TP53, BRCAZ, mismatch repair) were on the ACMG Secondary Findings 2.0 list.

CONCLUSION In two cohorts of patients with RMS, we identified pathogenic germline variants for which gene-
specific therapies and surveillance guidelines may be beneficial. In families with a proband with an RMS-risk P/
LP variant, genetic counseling and cascade testing should be considered, especially for ACMG Secondary
Findings genes and/or with gene-specific surveillance guidelines.
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INTRODUCTION

Rhabdomyosarcoma (RMS) accounts for 3% of all
pediatric cancer and is the most common soft-tissue
tumor in childhood and adolescence.! The WHO
classification scheme divides RMS into four subtypes:
alveolar (ARMS), embryonal (ERMS), pleomorphic,
and sclerosing or spindle cell.?2 ERMS accounts for
70% of all RMS and is associated with heterozygous
loss of 11p15.5.2 ERMS typically presents in children
under 10 years of age, most commonly in the head and
neck region and genitourinary system. ARMS is most
commonly driven by the PAX3-FOXO1 or PAX7-
FOXO1I gene fusions, termed fusion-positive RMS. The
incidence of ARMS is similar across age groups;
however, compared with ERMS, the median age at
diagnosis is higher.*® The most common site for ARMS
is in the deep tissues of the extremities.® Five-year
event-free survival (EFS) for RMS is around 53%-67%
for children younger than 15 years and 30%-51% for
children older than 15 years.” A multimodal approach

to treatment is used across risk groups (low, in-
termediate, high), which includes surgery, radiotherapy,
and chemotherapy, typically vincristine, dactinomycin,
and cyclophosphamide.® Risk groups are determined by
the TNM stage, clinical group, and fusion status; ap-
proximately 50% of the patients are classified as in-
termediate-risk. ° RMS survivors are at risk for long-term
morbidities, including treatment-related secondary
malignancies.'©

Pathogenic germline variants are observed in 10%-
12% of children with cancer.!*!3 One study found that
approximately 4% of patients with advanced adult
cancers harbored pathogenic germline variants that
suggested targets for therapy.'* RMS is associated
with numerous hereditary cancer disorders, including
Li-Fraumeni, Lynch, neurofibromatosis type 1,
Noonan, Costello, DICER1, and Beckwith-Wiedemann
syndromes. In addition, several studies have identified
RMS-associated somatic variation, including NRAS,
KRAS, HRAS, FGFR4, PIK3CA, CTNNBI1, FBXW?7,
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CONTEXT

Key Objective

To determine the prevalence of germline pathogenic or likely pathogenic (P/LP) variants in known cancer susceptibility genes
(CSG) in children and young adults with rhabdomyosarcoma (RMS).

Knowledge Generated

In patients with RMS, approximately 7% harbor germline P/LP variants and approximately 1% harbor structural variants in
dominant-acting CSG, including TP53, NF1, DICER 1, mismatch repair genes, BRCA2, CBL, CHEK2, and SMARCA4. RMS
patients with P/LP variants in CSG had an earlier age of tumor onset compared with patients without P/LP variants, although
these variants did not influence overall survival. Numerous genes were on the American College of Medical Genetics and
Genomics (ACMG) Secondary Findings 2.0 list.

Relevance

Children with RMS should have germline sequencing. Those who have a germline P/LP variant in a CSG should have genetic
counseling and cascade testing for other family members, especially for ACMG Secondary Findings genes and/or those with
gene-specific surveillance guidelines.

and BCOR with Tyr kinase/RAS/PIK3CA axis mutations,
and MYODI mutations.>®

The characterization of RMS-associated germline genetic
variants may influence the selection of therapeutic agents
(eg, PARP [poly(ADP-ribose) polymerase] inhibitors for
DNA repair defects), enable cascade genetic testing of at-
risk family members, facilitate tumor surveillance for those
at risk, and increase understanding of RMS etiology. To
identify germline variants, comprehensive analysis of large
numbers of individuals with clinical- and molecular-
annotated RMS is required. Thus, we investigated germ-
line sequence and structural variation in a broad set of
genes in two large and independent RMS cohorts: (1) the
discovery cohort, derived from a clinical trial open to pa-
tients with intermediate-risk RMS; and (2) the secondary
cohort, derived from an independent group of patients with
mixed clinical risk and treatment.

MATERIALS AND METHODS
Patients and Ethics Statement

For the discovery cohort, patient DNA samples were col-
lected from the Children’s Oncology Group (COG) clinical
therapeutic trial ARSTO531 investigating intermediate-risk
RMS.8 Consent for banking and future use of germline
material was obtained through the linked COG study D9902
(NCT00919269), a companion biobanking protocol to COG
ARSTO531. For the secondary cohort, patient DNA sam-
ples were collected from the Cooperative Human Tissue
Network (n = 31), COG (n = 69, D9902, and D9602;
NCT00002995), Children’s Hospital at Westmead (n = 19),
and NCI clinical trial 10-C-0086 (n = 2). Histologic di-
agnosis and clinical information were compiled by each
source, and histology was reviewed when available. Written
consent was obtained from all participants (or their parent
or guardian). All protocols underwent institutional review
board review and approval.
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Sequencing, Filtering, and Annotation

Exome (ES) and genome sequencing (GS) was processed
and mapped using previously published methods.!®
ANNOVAR!” was used to annotate gene, population al-
lele frequencies, and in silico pathogenicity. ClinVar
classification was annotated using clinical laboratories
meeting minimum requirements for data sharing to
support quality assurance (badged lab) (2018-06-04
version).'® InterVar classification was annotated using
python version 0.1.7 20180118.%° All variants were fil-
tered using publicly available databases (Exome Se-
quencing Project, 1000 Genomes Project, Exome
Aggregation Database without The Cancer Genome Atlas
[TCGAI, Genome Aggregation Database without TCGA)
where any population allele frequency <1%. Details are in
the Appendix Supplementary Methods.

Cancer Susceptibility Genes

Analysis focused on germline variants in 130 cancer
susceptibility genes (CSG) from the study of Rahman®° and
published RMS-associated genes® (Data Supplement,
online only). These candidate genes include those with
autosomal-dominant (n = 76), autosomal-recessive (n =
28), both autosomal-dominant and autosomal-recessive
inheritance (n = 16), X-linked (n = 5), Y-linked (n = 1),
and unknown (n = 4) modes of inheritance.

Automated and Manual Review of Variation

The Appendix Figure Al shows the scheme by which
variant pathogenicity was determined. Panel sequencing
was performed on a subset of genes. Details are given in the
Appendix Supplementary Methods.

Structural Variant Analysis

Germline structural variant (SV) analysis was performed on the
discovery cohort using DELLY v0.7.7%% and Manta v1.0.3% for
the discovery of deletions, duplications, and inversions, and
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MELT v2.0.5%* for the discovery of mobile element insertions
(MEIs) in 130 CSG (Appendix Supplementary Methods).

PCR Validation of Structural Variation

A series of polymerase chain reactions (PCR) were per-
formed to validate breakpoints identified by bioinformatic
means; the PCR primers used and experimental details are
listed in the Appendix Supplementary Methods.

Statistical Analysis

A total of two predictor variables (pathogenic or likely
pathogenic [P/LP] variants in 130 CSG with autosomal
dominant (AD) and autosomal dominant and autosomal
recessive (AD/AR) genes [102 genesl]) were analyzed for
association in the 256 RMS patients with confirmed
intermediate-risk features and for which EFS and overall
survival (OS) data were available in the discovery cohort.
Each predictor variable was tested for univariate association
with EFS and OS using log-rank tests and for association
within multivariate Cox proportional hazard regressions.
The P- value presented for each of the univariate models
is the P-value from the log-rank test. Details are in the
Appendix Supplementary Methods.

RESULTS
Patient Demographics

Table 1 lists the demographic and clinical data for the dis-
covery (n = 273 germline GS) and secondary (n = 121
germline ES) cohorts. The distributions of sex, histology, and
fusion status in the discovery cohort are similar to what has
been reported in the literature for intermediate RMS. The
distribution of histology and fusion status in the secondary
cohort reflects the heterogeneity of risk in that group.

Frequency of P/LP Variants in Dominant and Dominant or
Recessive CSG was 7.7% in the Discovery Cohort and
6.6% in the Secondary Cohort

In 43 patients in the discovery cohort, there were 44 unique
P/LP variants (allele count = 58) in 23 genes; in 16 patients
in the secondary cohort, there were 17 unique variants
(allele count =21) in 13 genes (Table 2). Using genes with
dominant and dominant or recessive inheritance (102
CSGs), the frequency of P/LP variants was 7.7% in the
discovery cohort and 6.6% in the secondary cohort
(Table 3). Among FOXOI fusion—negative tumors, the
frequency of P/LP variants (by-person) in all 130 CSG was
15.5% in the discovery cohort and 12.5% in the secondary
cohort (Table 2); using the 102 genes with only dominant
and dominant or recessive inheritance, the frequency of P/
LP variants (by-person) was 9.8% in the discovery cohort
and 8.3% in the secondary cohort (Table 3).

Germline P/LP Variants Observed in Known and Novel
RMS-Associated Genes

At the variant-specific level, there were seven heterozygous
variants (Table 4) observed in both cohorts in genes with
dominant (TP53) and recessive (MUTYH, GBA, SBDS,
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TABLE 1. Demographics of Participants Enrolled in the Discovery and
Secondary Rhabdomyosarcoma Cohorts

Discovery Secondary
Number of patients (%) (n = 273) (n=121)
Histology
Alveolar 112 (41.0%) 49 (40.5%)
Embryonal 136 (49.8%) 56 (46.3%)
Mixed alveolar/embryonal 0 (0%) 6 (5.0%)
Embryonal/botryoid 0 (0%) 1 (0.8%)
Botryoid 13 (4.8%) 0 (0%)
Other, specify 7 (2.6%) 5 (4.1%)
Embryonal ectomesenchymoma 1 (0.4%) 0 (0%)
Spindle cell 3 (1.0%) 0 (0%)
Unknown 1 (0.4%) 4 (3.4%)
Sex
Male 146 (53.5%) 65 (53.7%)
Female 127 (46.5%) 56 (46.3%)
FOXO1 fusion status (alveolar only)
Fusion-positive 62 (55.4%) 33 (67.3%)
Fusion-negative 18 (16.1%) 5 (10.2%)
Unknown 32 (28.6%) 11 (22.4%)
Risk group
Low-risk 3(1.1%) 4 (11.6%)
Intermediate-risk 256 (93.8%) 2 (26.4%)
High-risk 0 (0.0%) 3 (19.0%)
Unknown 14 (5.1%) 2 (43.0%)
Race
Black or African American 29 (10.6%) 1 (0.8%)
White 202 (74.0%) 80 (66.1%)
Unknown or not reported 31 (11.4%) 0 (0%)
Asian 8 (2.9%) 3 (2.5%)
American Indian/Alaska Native 3(1.1%) 0 (0%)
Admix 0 (0%) 37 (30.6%)
Age at enroliment (range), years 7.5 (0-25) 7.6 (0-20)

ERCC2) patterns of inheritance. Biallelic ERCCZ variants
(p.A717Gand p.L461V) were observed in one person in both
the discovery and secondary cohorts; phase could not be
determined but is likely in c¢is.?527 At the gene-specific level,
P/LP variants were observed in eight genes in both cohorts,
including DICERI, TP53 (dominant inheritance), ATM,
COL7A1 (dominant and recessive inheritance), ERCC2,
GBA, MUTYH, and SBDS (recessive inheritance). At the
pathway-specific level, variation in Lynch syndrome genes
(MSHZ2 and MSH6) was found in both cohorts.

In addition to observing P/LP variants in established, dominant
RMS-associated genes (TP53, DICER1, NF1, MSH6, MSH2),
we observed P/LP variants in dominant-acting genes in which
pathogenic germline variation has never (or rarely) been re-
ported in RMS, including BRCAZ, CBL, CHEKZ, FH, RET, and
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TABLE 2. Frequency of Pathogenic or Likely Pathogenic Germline Variants in All 130 Cancer Susceptibility Genes

Discovery (n = 273)
Unique Count (Allele Count)

Secondary (n = 121)
Unique Count (Allele Count)

All Confirmed Fusion- Fusion-Negative All Confirmed Fusion- Fusion-Negative
(n =273) Positive (n = 67) (n=174) (n=121) Positive (n = 38) (n=72)
Pathogenic 32 (43) 10 (12) 20 (26) 14 (18) 6 (7) 10 (11)
Likely 12 (15) 2(3) 10 (11) 303) — 30)
pathogenic
Frequency-  21.3% (16.6 t0 26.6) 22.4% (13.1 to 34.2) 21.3% (15.4 to 28.1) 17.4% (11.1 to 25.3) 18.4% (7.7 to 19.4% (11.1 to 30.5)
by-allele 34.3)
(95% ClI)
Frequency-  15.8% (11.6 t0 20.6) 16.4% (8.5t0 27.5) 15.5% (10.51t0 21.8) 13.2% (7.8 t0 20.6) 15.8% (6.0 to 12.5% (5.6 to 22.4)
by-person 31.3)
(95% CI)

NOTE: Fusion-positive tumors reflect laboratory-confirmed fusion status. Fusion-negative tumors are alveolar rhabdomyosarcoma with confirmed fusion-
negative status and any nonalveolar rhabdomyosarcoma patients that were not tested. For discovery cohort, there were a total of 67 fusion-positive tumors,
reflecting 62 alveolar tumors (Table 1), plus 5 embryonal rhabdomyosarcoma and other/NOS tumors.

SMARCA4 (Fig 1, Data Supplement). For BRCAZ, we observed
one P/LP allele in a single individual and two P/LP alleles in
a second individual in the discovery cohort. Phase could not be
determined for the biallelic BRCAZ variants because of ge-
nomic distance. A missense variant (p.L318P) was observed
in FGFR4, a gene somatically mutated in RMS,?* but to date
without recognized germline phenotypic consequence (pre-
dicted LP by InterVar). A custom-built multigene panel using
germline DNA from patients in the discovery cohort verified
100% (9/9) of the tested P/LP variants.

P/LP Germline Variants in Dominant Genes in Participants
with FOXO1 Fusion-Negative Tumors

In the discovery cohort, 67/273 (25%) of the patients had
a confirmed fusion-positive tumor; of those, 2/67 (3.0%)
harbored a P/LP variant in genes with a dominant mode of
inheritance, whereas 17/174 (9.8%) patients with a fusion-
negative tumor had a dominant P/LP variant. This differ-
ence trended toward significance (Fisher's exact test,
P = .08). In the secondary cohort, 38/121 (31%) of the
patients had a confirmed fusion-positive tumor; of those,
2/38 (5.3%) harbored P/LP variants in genes with a dom-
inant mode of inheritance, whereas 6/72 (8.3%) patients

TABLE 3. Frequency of Pathogenic or Likely Pathogenic Germline Variants in 102
Discovery (n = 273)
Unique Count (Allele Count)

with a fusion-negative tumor had a dominant P/LP variant
(Fisher's exact test, P = .56).

Histology and Demographics of Patients With Germline
P/LP Variants in CSG

We used OncoPrint to visualize P/LP variants and clinical
data, including age at enrollment, stage, histology, and
fusion status (Fig 1, Data Supplement). We have very
limited demographic data for the secondary cohort
compared with discovery cohort (Data Supplement).
Therefore, only sex was tested for the secondary cohort.
The age at enrollment for patients harboring any CSG P/
LP variants (mean = 6.8 years) was younger than those
without any CSG P/LP variants (mean = 7.6 years) but
was not statistically significant (Mann-Whitney U test,
P=.21). However, if restricted to genes with dominant or
dominant or recessive inheritance, patients with P/LP
variants were significantly younger (mean = 4.4 years)
compared with patients without P/LP variants (mean =
7.7 years; Mann-Whitney U test, P = .002; Fig 2). There
were no significant differences in the sex of the patients in
regard to the risk of P/LP in both cohorts (Fisher’s exact
test, P = .87 and .59).

Dominant and Dominant or Recessive Cancer Susceptibility Genes
Secondary (n = 121)
Unique Count (Allele Count)

All Confirmed Fusion- Fusion-Negative All Confirmed Fusion- Fusion-Negative
(n =273) Positive (n = 67) (n=174) (n=121) Positive (n = 38) (n=72)
Pathogenic 18 (18) 2(2) 15 (15) 7 (7) 2(2) 5 (5)
Likely 33 — 3@3) 1D — 1M
pathogenic
Frequency-by- 7.7% (4.8t0 11.5) 3.0% (0.4 t0o 10.4) 10.3% (6.3 to 15.9) 6.6% (2910 12.6) 53% (0.6t017.8) 83% (3.1 to 17.3)
allele (95%
Cl)

Frequency-by- 7.7% (4.8to 11.5) 3.0% (0.4 to 10.4)
person (95%

Cl)
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9.8% (5.810 15.2) 6.6% (2.9 t0 12.6)

53% (0.61t017.8) 83% (3.1t017.3)



TABLE 4.

Germline Variants in Rhabdomyosarcoma

Pathogenic or Likely Pathogenic Variants Found in Both the Discovery

and Secondary Cohorts

Gene c.HGVS: p. HGVS
MUTYH c.G1187A:p.G396D
MUTYH c.A536G:p.Y179C
GBA c.T1448C:p.L483P
SBDS €.258+2T>C

TP53 c.G347A:p.R116Q
ERCC2 c.C2150G:p.A717G
ERCC2 c.C1381G:p.L461V

NOTE: Alleles were observed just once in each cohort. Both ERCC2 variants
were observed in a single individual in each cohort. Phase could not be determined
with certainty, but published data suggests the variants are likely in cis.

Heterozygous Deletions in CDKN1Cand ATM Identified in
Two Patients

Analysis of structural variation identified two individuals
with  PCR-confirmed deletions in ATM and CDKNIC
(Appendix Fig A2) that were absent from noncancer

cohorts (gnomAD and 1000 Genomes Project). One sub-
ject with an ERMS harbored a deletion spanning exon 1 of
CDKNIC, a tumor-suppressor gene associated with
Beckwith-Wiedemann syndrome, a congenital overgrowth
disorder characterized by an increased susceptibility to
pediatric cancer, including RMS. A second individual with
ERMS harbored a deletion in the kinase domain of the
DNA-damage response tumor suppressor, ATM, thus likely
altering stability and impairing protein kinase activity.
Neither individual harbored concomitant sequence P/LP
variants in any of the 130 analyzed CSG. No pathogenic
duplications, inversions, or MEIs were discovered in CSGs
in any of the patients. Overall, we observed structural
variation affecting the exons of CSGs in 2/273 (0.7%) of
children with RMS.

No Significant Differences in OS or EFS in Participants
With P/LP Variants

There was no significant difference in OS or EFS between P/
LP carriers versus non-P/LP carriers (Appendix Fig A3) for
either univariate or multivariate analysis except univariate
analysis with age at enrollment for 102 AD, AD/AR genes
(P-value = .01).

A B
Discovery Secondary
. ) Mode of Inheritance
I Histology I Histology B Dominant
Sex Sex I Dominant/recessive
Rearrangement 11 Rearrangement W Recessive
I Age Mode of Inheritance Age Alterations
| | B I W I 0N W stage M Dominant 11 Race Biallelic
. I I I I . I I I Race Il Dominant/recessive Histology
III I I MUTYH I Recessive II I SBDS Alveolar
B Unknown I RET Embryonal
II ATM Alterations I MUTYH I Mixed alveolar/embryonal
II I I GBA M Deletion NOS
II SBDS Biallelic I II GBA Unknown
I I I TRIM37 H.st:llogv FANCA Sex
veolar I FH Female
I COL7A1 Embryonal Male
I BLM Not otherwise specified I MSHe PAX3/7 Rearrangement
I BUB1B M Spindle cell I COL7A1 Positive
| bocks S, M Ll < e
DICER1 nknown
I II ERCC2 Sex I Age at Diagnosis
I FANCC Female | TP53 = 30
I CBL Male - J | ERCC2 20
PAX3/7 Rearrangement I RECOL4 10
I CHEK2 Positive 0
I DICER1 B Negative Race
I MSH2 Unknown White
n Age at Enroliment M Black or African American
II BRCA2 i 30 Ml Asian
III I NF1 20 Unknown
|  smarca4 10
1T | ress i
Stage
ABCB11 1: Favorable site
I FGFR4 2: Unfavorable site, size <= 5cm,
I ERCC5 no regional node involvement
3: Unfavorable site, size > 5¢cm,
I SERPINA1 = and/or regional node involvement
| CDKN1C Race
M Black or African American
White
Il Unknown or not reported
Asian
B American Indian/Alaska Native

FIG 1. Oncoprint of pathogenic and likely pathogenic variants in 130 cancer susceptibility genes in the (A) discovery cohort (B) secondary cohort, sorted
by histology type.

JCO Precision Oncology

79



Kim et al

P=.02
30 4 [ ]
2
«©
L + ’
= 20
[<b)
E
35 +
p—
G 10 s
b= +
© +
[<5) —_—
z i+, 1 4
< o H g T 4
] ]
QY QY
(\O

FIG 2. Box-and-whisker plot comparing age at enrollment in
dominant and dominant or recessive CSG in P/LP variant carriers
vno P/LP variant carriers in discovery RMS patients. CSG, cancer
susceptibility genes; P/LP, pathogenic or likely pathogenic; RMS,
rhabdomyosarcoma.

DISCUSSION

We used a conservative, clinically based approach to
classify germline variation in a set of predefined CSG in
discovery (n = 273, predominately intermediate-risk) and
secondary (n = 121, unselected risk group) cohorts of
children and young adults with RMS. Our study is notable
for the large size of two independent and fully sequenced
cohorts, a comprehensive analysis of genome-wide SVs of
the discovery cohort, and survival analyses of patients
harboring germline pathogenic variants. We note that in
a separate, unselected cohort of 615 RMS pediatric pa-
tients, 7.3% carried a cancer predisposition variant in
a known CSG, in comparison to 1.4% in population-based
controls.?® We identified pathogenic germline variants in
numerous CSG that have been previously (TP53, NFI,
DICER1, mismatch repair genes), rarely (BRCAZ, CBL,
CHEKZ2, SMARCA4), or never (FGFR4) reported in children
and young adults with RMS. The frequency and type of P/
LP variants we found are comparable to another recent,
large exome sequencing study of germline risk in RMS.28
We identified pathogenic structural variation (ATM,
CDKN1C) in two individuals and estimate the frequency of
such variation in the RMS population. Our work found an
excess of dominant-acting variants in individuals with
fusion-negative tumors, which has implications for the
design of future germline discovery studies. Our work can
inform clinical care: In two cohorts of patients with RMS, we
identified pathogenic variants for which gene-specific
therapies and surveillance guidelines may be beneficial.
In addition, in families with P/LP variants in RMS-risk
genes, genetic counseling and cascade testing should be
considered for all members, regardless of age.

Using the American College of Medical Genetics and Ge-
nomics (ACMG) or Association for Molecular Pathology

80 © 2021 by American Society of Clinical Oncology

criteria, the most common pathogenic germline variants we
found were in TP53, NFI1, DICERI, and the mismatch
repair pathway genes. These variants were observed ex-
clusively in individuals with nonalveolar histology. In both
the discovery and secondary cohorts, we observed
a nonsignificant excess of P/LP alleles in genes with
dominant inheritance in individuals with FOXOI
fusion—negative tumors. These two complementary ob-
servations highlight the potency of FOXOI fusion genes
and suggest that the effect of germline variation in FOX01
fusion—positive tumors in the pathogenesis of RMS may be
of secondary importance. These observations have con-
sequences in the design of studies to identify germline
variation that increases the risk for RMS. To be adequately
powered, studies investigating the effects of dominant-
acting variation should emphasize the recruitment of in-
dividuals with FOXO1 fusion—-negative tumors. The role of
germline variation in the pathogenesis of FOXOI
fusion—positive tumors (if any) also would require ade-
quately powered exome studies with appropriate controls.

This study uncovered pathogenic variants in genes not
previously linked to RMS susceptibility. In both the dis-
covery and secondary cohorts, a single individual with
biallelic ERCC2 variants was observed. Previously pub-
lished work shows that the two alleles, p.A717G and
p.L461V, are found together in cis and create a complex
allele that is associated with decreased DNA repair
function.?® Overall, for recessive genes, heterozygous al-
leles in ERCC2, GBA, MUTYH, SBDS were found in both
cohorts; however, given the lack of matched controls, the
meaning of these observations is uncertain. In the dis-
covery cohort, we identified P/LP variants in CBL (asso-
ciated with a Noonan-like disorder) and SMARCA4
(associated with risk for rhabdoid tumors, a histologically
distinct entity from RMS). In the secondary cohort, we
found P/LP variants in RET (multiple endocrine neoplasia
type 2), and FH (hereditary leiomyomatosis and renal cell
cancer). With the exception of CBL-associated Noonan,?®
these other genes have not been previously linked to RMS.
Our findings, if replicated, expand the phenotypic con-
sequences of P/LP variants in ERCC2, CBL, SMARC4, RET,
and FH and should inform revision of genetic counseling
and clinical care for individuals harboring these variants. A
rare variant in FGFR4 (somatically mutated in RMS?!) was
classified as LP. However, since there is no known human,
phenotypic consequence arising from FGFR4 germline
variants and since this was an InterVar-based classifica-
tion, this finding should be interpreted with caution but
merits follow-up.

Pediatric cancer, including RMS, has been observed in
families with germline pathogenic BRCAI and BRCAZ
variants.>>3! In pediatric pan-cancer studies, pathogenic
variants in BRCA2were observed in individuals with RMS in
two different reports (1/43 [2.3%1*%; 1/21 [4.8%1*3). In our
data, we observed P/LP variants in BRCAZin 1% of FOXO1
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fusion—negative RMS in the discovery cohort, a rate
comparable to other similar-sized studies.?® We observed
P/LP variants in other adult cancer genes, including se-
quence (in both cohorts) and structural variation in ATM.
Lastly, we observed a single participant with a P/LP variant in
CHEK?2, a gene with wide pleiotropy and recognized risk for
a variety of adult-onset cancers, including sarcomas.®? Our
observations of RMS susceptibility from germline pathogenic
variants in ATM, BRCA2, CHEK2, MSHZ2, and MSH6 blur
the historic distinction in risk between adult and pediatric
cancer genes, especially given the statistically significant
earlier age of enrollment of children with RMS and
dominant-acting P/LP variants. Some of these genes (TP53,
BRCAZ2, mismatch repair) are on the ACMG Secondary
Findings 2.0 list. Larger studies are needed to quantify the
risk of RMS from germline pathogenic variants. For now, in
families with a proband with an RMS-risk P/LP variant,
genetic counseling and cascade testing should be consid-
ered, especially for genes with specific surveillance guide-
lines (eg, National Comprehensive Care Network [NCCN],
DICERI®%) or on the ACMG Secondary Findings list.

Strengths of our study include its large size, independent co-
horts broadly representative of North American pediatric cancer
populations, clinically based classification of pathogenicity, and
availability of structural variation analysis in the discovery co-
hort. Limitations include a lack of family history data and, in the
secondary cohort, more limited clinical information. This study
of predominantly intermediate-risk and unselected RMS may
not be generalizable to all RMS-risk groups.
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In this study, we found that 8%-10% of children and young
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NCCN or other published guidelines.3 This is especially true
for genes on the ACMG Secondary Findings list.2® In children
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risk genes should be considered. More speculatively, we
identified individuals with RMS and pathogenic germline
variants in ERCC2, FGFR4, FH, RET, and SMARCA4 which, if
replicated, may contribute to further understanding of RMS
etiology and opportunities for intervention.
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APPENDIX

APPENDIX. SUPPLEMENTARY METHODS
Exome Sequencing (ES)

DNA preparation. For each sample, 200-ng genomic DNA was pu-
rified using Agencourt AMPure XP Reagent (Beckman Coulter Inc, Brea,
CA) according to the manufacturer’'s protocol. An adapter-ligated library
was prepared with the KAPA HyperPlus Kit (KAPA Biosystems, Wil-
mington, MA) using Bioo Scientific NEXTflex DNA Barcoded Adapters
(Bioo Scientific, Austin, TX) according to the KAPA-provided protocol.

Prehybridization Ligation Mediated (LM)-Polymerase Chain

Reaction (PCR). Genomic DNA sample libraries were amplified
prehybridization by ligation-mediated PCR consisting of one reaction
containing 20 pL library DNA, 25 pl 2x KAPA HiFi HotStart ReadyMix,
and 5 pL 10x Library Amplification Primer Mix (which includes two
primers whose sequences are 5-AATGATACGGCGACCACCGA-3’ and
5’-CAAGCAGAAGACGGCATACGA-3'). PCR cycling conditions were as
follows: 98°C for 45 seconds followed by five cycles of 98°C for 15
seconds, 60°C for 30 seconds, and 72°C for 30 seconds. The last step
was an extension at 72°C for 1 minute. The reaction was kept at 4°C until
further processing. The amplified material was cleaned with Agencourt
AMPure XP Reagent (Beckman Coulter Inc, Brea, CA) according to the
KAPA-provided protocol. Amplified sample libraries were quantified using
Quant-iT PicoGreen dsDNA Reagent (Life Technologies, Carlsbad, CA).

Liguid-Phase Sequence Capture. Before hybridization, amplified
sample libraries with unique barcoded adapters were combined in
equal amounts into 1.1-pug pools for multiplex sequence capture.
Exome sequence capture was performed with NimbleGen's SeqCap
EZ Human Exome Library, v3.0, with 64 Mb of exonic sequence
targeted (Roche NimbleGen, Inc., Madison, WI). Before hybridization,
the following components were added to the 1.1-ug pooled sample
library, 4 pL of NEXTflex HE Universal Oligo 1,250 pM (5'-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC-
TCTTCCGATCT-3’), 40-pL total 25 pM NEXTflex INV-HE blocking
oligos, equal volumes of each blocking oligo complementary to the
barcodes in the pool (5-CAAGCAGAAGACGGCATACGAGATXGTG-
ACT GGAGTTCAGACGTGTGCTCTTCCGATCT/C3 Spacer/-3’, where X
is 8 bases of sequence specific to adapter barcode used for library
construction), and 5 pL of 1 mg/mL COT-1 DNA (Invitrogen, Inc,
Carlsbad, CA). Samples were dried down by puncturing a hole in the
plate seal and processing in an Eppendorf 5301 Vacuum Concentrator
(Eppendorf, Hauppauge, NY) set to 60°C for approximately 1 hour. To
each dried pool, 7.5 pL of NimbleGen Hybridization Buffer and 3.0 pL
of NimbleGen Hybridization Component A were added and placed in
a heating block for 10 minutes at 95°C. The mixture was then
transferred to 4.5 pL of EZ Exome Probe Library and hybridized at 47°C
for 64-72 hours. Washing and recovery of captured DNA were per-
formed as described in the NimbleGen SeqCap EZ Library SR Protocol.

Posthybridization LM-PCR. Pools of captured DNA were amplified
by ligation-mediated PCR consisting of one reaction for each pool
containing 20 pL captured library DNA, 25 pL 2x KAPA HiFi HotStart
ReadyMix, and 5 puL 10x Library Amplification Primer Mix (which
includes two primers whose sequences are 5'-AATGA-
TACGGCGACCACCGA-3" and 5-CAAGCAGAAGACGGCATACGA-3').
PCR cycling conditions were as follows: 98°C for 45 seconds followed
by 8 cycles of 98°C for 15 seconds, 60°C for 30 seconds, and 72°C for
30 seconds. The last step was an extension at 72°C for 1 minute. The
reaction was kept at 4°C until further processing. The amplified
material was cleaned with Agencourt AMPure XP Reagent (Beckman
Coulter Inc, Brea, CA) according to the NimbleGen SeqCap EZ Library
SR Protocol. Pools of amplified captured DNA were then quantified via
Kapa's Library Quantification Kit for lllumina (Kapa Biosystems,
Woburn, MA) on the LightCycler 480 (Roche, Indianapolis, IN).

Exome sequencing. The human reference genome and the known
gene transcript annotation were downloaded from the UCSC database
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(http://genome.ucsc.edu/), version hgl9 (corresponding to the Ge-
nome Reference Consortium assembly GRCh37). Sequencing reads
were first trimmed using the Trimmomatic program (v0.32),! which
marks all low-quality stretches (average quality score < Q15 in a 4-bp
sliding window) and reports the longest high-quality stretch of each
read. Only read pairs with both ends no shorter than 36 bp were used.
Reads were then aligned to the hgl9 reference genome using
Novoalign software (v3.00.05) (http://www.novocraft.com). Duplicate
reads because of either optical or PCR artifacts were removed from
further analysis using the MarkDuplicates module of the Picard
software (v1.126) (http://picard.sourceforge.net/). Additionally, our
analysis used only properly aligned read pairs, in the sense that the two
ends of each pair must be mapped to the reference genome in
complementary directions and must reflect a reasonable fragment
length (300 = 100 bp). These high-quality alignments for each in-
dividual were further refined according to a local realignment strategy
around known and novel sites of insertion and deletion polymorphisms
using the RealignerTargetCreator and IndelRealigner modules from
the Genome Analysis Toolkit? (GATK v3.1). Bam file level recalibration
was also performed using the BaseRecalibrator module from GATK.

Variant discovery and genotype calling of multiallelic substitutions, in-
sertions and deletions were performed on all individuals globally using the
UnifiedGenotyper and HaplotypeCaller modules from Genome Analysis
Toolkit (GATK v3.1) as well as the FreeBayes variant caller (v9.9.2). The
Ensemble variant calling pipeline (v0.2.2; http://bcb.io/2013/02/06/an-
automated-ensemble-method-for-combining-and-evaluating-genomic-

variants-from-multiple-callers/) was then implemented to integrate
analysis results from the above three callers. Then, the Ensemble variant
calling pipeline applies a machine learning algorithm called support
vector machine to identify an optimal decision boundary on the basis of
the variant calling results out of multiple variant callers, with an aim to
improve the caller's receiver operating characteristic—in other words,
a more balanced decision between false positives and true positives.

In addition, insertions and deletions were left-aligned at both post-
alignment (BAM) and postvariant calling (VCF) levels using GATK's
LeftAlignindels and LeftAlignVariants modules, respectively.

We imported Northern and Western European ancestry (CEU), African
ancestry (YRI), and Asian ancestry (ASI) (Han Chinese and Japanese) pa-
tients from 1000 Genomes (1 KG) for the admixture analysis. For each of the
ethnic groups, we imported 419,035 SNPs overlapping to the rhabdo-
myosarcoma (RMS) secondary cohort and filtered out monomorphic SNPs in
any of the ethnic groups and ended up with 35,502 SNPs. We used these
SNPs to estimate the ethnic components of the RMS secondary cohort. The
estimation was made with an in-house imputation of the algorithm described
in the work of Pritchard et al.> We considered CEU > 0.8 as White, YRI > 0.8
as Black or African American, ASI > 0.8 as Asian, and the rest as admix.

Genome Sequencing

Five hundred nanogram to 1 pg of genomic DNA was submitted to The
Centre for Applied Genomics for genomic library preparation and
genome sequencing. DNA samples were quantified using the Qubit
High Sensitivity Assay, and purity was assessed using the Nanodrop
0D260/280 ratio. Approximately 500-700 ng of DNA was used as input
material for library preparation using the Illumina TruSeq PCR-free
DNA Library Prep Kit following the manufacturer's recommended
protocol. In brief, DNA was fragmented to 400 bp on average using
sonication on a Covaris LE220 instrument. Fragmented DNA was end-
repaired; A-tailed and indexed TruSeq lllumina adapters with over-
hang-T will be added to the DNA. Libraries were then validated on
a Bioanalyzer DNA High Sensitivity chip to check for size and absence
of primer dimers and quantified by quantitative PCR (gPCR) using
Kapa Library Quantification lllumina/ABI Prism Kit protocol (KAPA
Biosystems). Validated libraries were pooled in equimolar quantities
and paired-end sequenced on an lllumina HiSeq X platform following
lllumina’s recommended protocol to generate paired-end reads of
150-bases in length. SNV and indel detection was performed using
HaplotypeCaller in a gVCF model of GATK v.4.0.2.1.% All detected
variants were filtered to remove false positive using the following
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requirements: read position 10-90, strandedness 1%-99%, distance
to 3’ > 20, homopolymer < 5, map quality difference < 30, read
length difference < 25, and mismatch quality sum (MMQS) difference
< 100. Variants with less than five alternate reads detected using bam-
readcount were removed.

Automated and Manual Review of Variation

Any variants that had a read depth < 10 or allelic balance of het-
erozygous calls < 0.2 or > 0.8 were excluded from the analysis. Only
variants with refGene nonsynonymous exonic and splicing were in-
cluded in the analysis. All rare variants (minor allele frequency [MAF]
< 1%) from the candidate gene list were classified into pathogenic (P),
likely pathogenic (LP), variant of uncertain significance, likely benign,
and benign first from ClinVar calls, made based on clinical laboratories
meeting minimum requirements for data sharing to support quality
assurance® (badged lab) by ClinGen (https://www.clinicalgenome.org/
lablist/) using an archive database downloaded on May 20, 2018
(nonbadged lab calls were disregarded). At least one call from ClinVar
badged lab was needed to classify variants and a majority rule applied.
If no ClinVar calls were available, Human Gene Mutation Database
(HGMD) (2019.1)° disease-causing mutation variants were subjected
to manual review according to American College of Medical Genetics
(ACMG)-Association of Molecular Pathology (AMP) guidelines.” Next,
variation was interpreted by InterVar.8 Final calls were prioritized in the
following order: ClinVar, HGMD manual review, and InterVar (Appendix
Fig 1). All the P/LP variants in BAM files were reviewed.

Multigene Panel Sequencing Analysis

Next-generation sequencing library preparation and custom-

targeted capture. Blood-derived genomic DNAs (100 ng) from 276
intermediate-risk RMS germline samples were sheared using a Covaris
S2 instrument (Covaris, Woburn, MA). Libraries were prepared using
the Ovation Ultralow Library System (NUGEN #0329) according to the
manufacturer’s instruction. Library enrichment for a 59-gene custom
panel was done with the Roche SeqCap EZ Choice Library (cat
#06266339001) and the SeqCap EZ Reagent Kit Plus v2 (NimbleGen
#06-953-247-001) using the manufacturer's protocol. Individual li-
braries were combined into pools of 12 before hybridization. Captured
libraries were sequenced on the lllumina HiSeq2000 channel using
the HiSeq 101 Cycle Paired-End sequencing protocol. The 59-gene
custom capture was selected based on their known contribution to
hereditary cancer syndromes (59 genes include ALK, APC, ATM,
AXIN2, BAP1, BARD1, BMPRI1A, BRCA1, BRCA2, BRIP1, CDH1,
CDK4, CDKNZ2A, CHEK2, CTNNBI1, DICERI, FLCN, MAX, MEN1I,
MLH1, MLH3, MRE11A, MSH2, MSH6, MUTYH, NBN, NF1, PALB2,
PHOX2B, PKHD1, PMS1, PMS2, POLD1, POLE, POTI, PRSSI,
PTCH1, PTEN, RAD50, RAD51B, RAD5IC, RET, RINTI, SDHA,
SDHAF2, SDHB, SDHC, SDHD, SMARCB1, STK11, SUFU, TCF7L2,
TGFBR2, TMEM127, TP53, VHL, WT1, XRCC2, XRCC3). Generated
reads were aligned to the hgl9 reference genome with Burrows-
Wheeler Alignment Tool.° Base quality score recalibration, indel re-
alignment, duplicate removal, and SNP/INDEL calling and other
processing to variant calls were completed via the GATK.'° Samples
that failed library preparation were excluded from the analysis (n = 18)
as well as samples with less than an average of 10x coverage over the
panel (n = 7) as determined by bedtools.!’

Structural Variant Analysis

Filtering and annotation of deletions, duplications, and

inversions. An ensemble approach was taken, retaining only the
deletions, duplications, and inversions called by both DELLY and Manta,
based on the following size-specific constraints for breakpoint con-
sensus between the two tools: breakpoints within 100 bp for structural
variation (SV) < 10 kbp, breakpoints within 1 kbp for SVs > 10 kbpand <
50 kbp, and breakpoints within 10 kbp for SVs > 50 kbp. A high-quality
SV set was obtained by applying additional filtering criteria. A panel of
normal controls was created to remove technical false positives using 72
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germline genomes sequenced on the same HiSegX platform (150bp
paired end sequencing, minimum of 30x depth coverage). SVs present
in > 3 panel of normal genomes were removed. Annotation was per-
formed with AnnotSV and subsequently filtered to remove SVs with an
AnnotSV score < 3 and present in publicly available normal databases:
1000 Genomes Project and gnomAD. The remaining exonic SVs were
subject to manual review in Integrative Genomics Viewer.

PCR validation of structural variation. |n all instances, ampli-
fication was performed in a 50-p.L reaction volume, and PCR products
were examined by agarose gel electrophoresis. The reaction consisted
of 25 pL of a standard Tag master mix, 2.5 wL each of both the forward
and reverse primers (10 wM), and 100 ng of the relevant template
DNA (patient DNA and control human genomic DNA), with the
remaining volume being nuclease-free water. Primer sequences for
ATM are 5’- TGGGTAATAATTTCCAAGTGAAACTCCCCA-3” and &'-
GAGTTGCAGGGGGATAATAGTGATGATGTG-3’, and CDKN1C are 5’-
TCAGCTTTGTTTACGTCGCCGCGCAATGTG-3 and 5-AGGCGCCGG-
AGCAGCTGCCTAGT-3’. An initial denaturation of 30 seconds was
performed at 98°C followed by 35 cycles of amplification, which
consisted of a 10-second denaturation step performed at 98°C, a 10-
second annealing step performed at 60°C, and an extension step of 30
seconds or 3 minutes, for COKN1C and ATM, respectively (Appendix
Figs 2A and A3), performed at 72°C. A final extension of 5 minutes was
performed at 72°C.

Statistical Analysis

Survival/multivariate analysis. Event-free survival (EFS) was
defined as time from enrollment on a Children’s Oncology Group study
until event (relapse, SMN, or death) or until last contact. Patients who
did not experience an EFS event were considered censored at the time
of last contact. Overall survival was defined as time from enrollment on
a COG study until death or until last contact. Patients who were alive at
last contact were considered censored at the time of last contact.

Each multivariate model was produced using stepwise selection, starting
with a model containing only the predictor variable being tested (which was
forced to be in the model) and allowing for the addition of the following
demographic and clinical variables: age at enrollment (as a categorical
variable), sex, race, ethnicity, RMS type, RMS stage, N-stage, and T-stage.
The final model included the predictor variable being tested (which was
forced to be in the model) and any demographic variables found to be
significant. The P-value presented for each of the multivariate models is the
type 3 Pvalue from the Cox proportional hazard regression for the predictor
variable given that any significant demographic and diagnostic variables are
also in the model. Each predictor variable was a 0/1 categorical variable with
1 indicating the subject being a P/LP carrier in 130 CSGs or 102 AD, AD/AR
genes, and O indicating the subject not being a P/LP carrier.

Age at enrollment was defined as fractional years from birth until
enrollment on a COG trial. It was treated as a continuous variable. Age
category at enroliment was defined as years from birth until enroliment
on a COG trial. It was treated as a categorical variable with the following
categories: < 1 year old, 1-9 years old, and > 10 years old. Patient sex
was treated as a categorical variable with two categories (male and
female). Patient race was treated as a categorical variable with four
categories (White, Black, Others, and Unknown). Patient ethnicity was
treated as a categorical variable with three categories (Hispanic, Non-
Hispanic, and Unknown). RMS type was treated as a categorical
variable with three categories (Alveolar, Embryonal, and Not Otherwise
Specified). RMS stage was treated as a categorical variable with three
categories (stage |, stage I, and stage Ill). N-stage (nodal involvement)
was treated as a categorical variable with 3 categories (No/Ng, Yes/Ny,
and Not Evaluated/Unknown). T-stage was treated as a categorical
variable with 2 categories (T, and T»).

Multigene panel comparison. Germline results were compared
with the results of a subset of patients from the same COG discovery
cohort, which were run earlier on a custom-made multigene panel from
the University of Utah (see Supplemental Methods).
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FIG A1. Flow diagram of unique variant classification. (A) Discovery cohort, (B) secondary cohort. B, benign; DM,
disease causing; HGMD, human gene mutation database; LB, likely benign; LP, likely pathogenic; P, pathogenic;
VUS, variant of unknown significance.
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FIG A2. Structural variant PCR validation using 1% agarose gel in tris-
acetate-EDTA buffer: (A) COKNI1Cand (B) ATM. Columns: A, patient DNA;
B, control genomic DNA; C, no template.
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FIG A3. (A) Overall survival analysis and event-free survival analysis in AD genes only and (B) all genes in Discovery cohort.
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