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PURPOSE To ascertain the prevalence of recurrent de novo variants among 240 pediatric patients with oste-
osarcoma (OS; age < 20 years) unselected for family history of cancer.

METHODS The identification of de novo variants was implemented in 2 phases. In the first, we identified genes
with a rare (minor allele frequency < 0.01) de novo variant in > 1 of the 95 case-parent trios examined by whole-
exome sequencing (WES) who passed quality control measures. In phase 2, 145 additional patients with OS
were evaluated by targeted sequencing to identify rare de novo variants in genes nominated from phase 1.
Recurrent rare variants identified from phase 1 and 2 were verified as either de novo or inherited by Sanger
sequencing of affected patients and their parents. Categorical and continuous data were analyzed using Fisher
exact test and t tests, respectively.

RESULTS Among 95 case-parent trios who underwent WES, we observed 61 de novo variants in 60 genes among
47 patients, with TP53identified as the only gene with a pathogenic or likely pathogenic (P/LP) de novo variant in
more than one case-parent trio. Among all 240 patients with OS, 13 (5.4%) harbored a P/LP TP53 germline
variant, of which 6 (46.2%) were confirmed to be de novo.

CONCLUSION Apart from TP53, we did not observe any other recurrent de novo P/LP variants in the case-parent
trios, suggesting that new mutations in other genes are not a frequent cause of pediatric OS. That nearly half of
P/LP TP53 variants in our sample were de novo suggests universal screening for germline TP53 P/LP variants

among pediatric patients with OS should be considered.

JCO Precis Oncol 4:1187-1195. © 2020 by American Society of Clinical Oncology

INTRODUCTION

Osteosarcoma (0S) is the most common primary bone
tumor in children and adolescents (age < 20 years)
with an age-adjusted incidence of approximately 5.2
cases per million per year.? Several inherited cancer
predisposition syndromes are associated with an in-
creased risk of 0S,? including Li-Fraumeni syndrome
(LFS), an autosomal dominant disorder caused by
pathogenic germline TP53 variants.®* LFS and other
inherited syndromes are collectively rare®®; however,
the prevalence of rare pathogenic variants in the OS
patient population is reported to be quite substantial.
In the largest study to date, 28% of 1,244 patients with
OS harbored a pathogenic or likely pathogenic (P/LP)
variant in at least one of the 238 cancer-susceptibility
genes evaluated.® Other smaller studies have reported
the prevalence of P/LP cancer-susceptibility gene
variants in patients with OS to be between 7.1% (three
of 42 patients)” and 17.9% (seven of 39 patients),®
with between 3% and 10% of patients harboring
a P/LP variant localized to TP53.5!

The proportion of P/LP germline variants in patients
with OS that arise from de novo mutation events rather
than familial inheritance remains unclear. However,
the apparent discrepancy between the relatively few
patients with OS diagnosed with a recognized cancer
predisposition syndrome and the high burden of P/LP
germline variants in patients with OS can be resolved if
the P/LP germline variants are de novo mutations,
which would not be associated with a familial pattern of
cancer. Indeed, in one study, an estimated 7% to
20% of TP53 variants identified in patients with early-
onset cancer were de novo, implying that new mu-
tations may be found in some proportion of those with
0S.12 The proportion of TP53 variants that are de novo
in patients with OS is reported to be between 33% (one
of three variants)'® and 57% (four of seven variants),’
but prior estimates were calculated from patients with
OS recruited on the basis of having a family history of
cancer or multiple primaries,'® or else from variants
presumed to be de novo based solely on an absent
family history.° To date, the prevalence of de novo
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CONTEXT

Key Objective

What is the prevalence of recurrent pathogenic or likely pathogenic (P/LP) rare de novo germline variants in pediatric patients
with osteosarcoma (0S)?

Knowledge Generated

TP53was the only gene with a rare germline de novo variant predicted to be pathogenic in one of 95 patients with OS examined
by whole-exome sequencing. Among 240 pediatric patients with OS with either whole-exome or targeted sequencing, 13
(5.4%) harbored a rare P/LP TP53 germline variant, of which six (46%) were confirmed as de novo.

Relevance

A high proportion of rare pathogenic TP53 variants in the pediatric patients with OS may be de novo. Guidelines that
recommend clinical TP53 genetic testing among all pediatric patients with OS, regardless of family history or number of
primary tumors, should continue to be considered.

variants confirmed by genotyping in patients with OS un-
selected for family history of cancer has yet to be examined
and, to our knowledge, no study of OS has examined de
novo variants exome-wide.

The purpose of this study was to ascertain the prevalence of
recurrent de novo variants among 240 pediatric patients
with OS (age < 20 years) unselected for family history of
cancer. We focus herein on TP53, the only gene found to
have a P/LP de novo variant in more than one of the case-
parent trios that formed our discovery set.

METHODS
Study Population and Identification of De Novo Variants

The study sample consisted of 240 pediatric patients with
0S (age < 20 years at diagnosis) identified through the
Childhood Cancer Research Network of the Children’s On-
cology Group and their parents, as described elsewhere.*
A total of 95 patients and their parents underwent whole-
exome sequencing (WES) and 145 patients (but not their
parents) underwent targeted sequencing. These 240 pa-
tients were previously reported as a replication setin a study
of rare variant frequency in patients with OS, in which the
methods for WES and targeted sequencing of patients were
described.® WES of parental DNA was performed at the
same time as that of patients and aligned using the same
methods.

The discovery of rare (minor allele frequency < 0.01) de
novo variants was implemented in 2 phases. In phase 1, we
classified rare variants identified exome-wide in the 95
case-parent trios who underwent WES as either inherited or
de novo using SuperNovo (Appendix).’® In brief, Super-
Novo uses the genomic variant call format files created by
GATK (Broad Institute, Cambridge, MA) to nominate po-
sitions that could possibly be de novo and then uses evi-
dence from the original BAM files for every member of the
trio to determine the likelihood that each variant is actually
a de novo variant and not due to technical artifact (eg,
sequencing error, low depth of coverage, or mismapping).

1188 © 2020 by American Society of Clinical Oncology

Every de novo variant meeting our criteria was examined by
hand in Integrative Genomics Viewer (IGV; version 2.4.16;
Broad Institute) in the proband and both parents to ensure
that the call looked real to an experienced bioinformatician.

Given current estimates,*® we expected to discover ap-
proximately one de novo variant per exome per generation
and therefore decided a priori to nominate for follow-up only
those genes found to have a rare de novo variant in more
than one of the 95 case-parent trios sequenced in phase 1.
In phase 2, 145 patients with OS who underwent targeted
sequencing were examined for rare variants localized to
TP53, the only gene nominated from phase 1 for follow-up
analyses. Rare TP53 variants identified among patients
with OS in phase 1 and 2 were then verified as either de
novo or inherited, by Sanger sequencing of the patient and
available parent DNA (two case-parent trios from phase 1;
eight case-parent trios and three case-parent dyads from
phase 2; Appendix and Data Supplement). A variant was
confirmed as de novo if it was missing from the DNA of both
parents. To calculate the proportion of P/LP variants that
were de novo, we included all P/LP variants in the de-
nominator regardless of whether there was complete case-
parent trio DNA.

Rare Variant Annotation

We classified rare variants (inherited or de novo) as
pathogenic or likely pathogenic (P/LP), variant of uncertain
significance (VUS), likely benign, or benign, according
to the pathogenicity category designated by a badged
laboratory in ClinVar (National Center for Biotechnical In-
formation, Bethesda, MD).!” We also reported the im-
pact of variants as predicted by SnpEff (Pablo Cingolani,
Boston, MA) as high, moderate, or low.'® We further char-
acterized rare TP53 variants using the International Agency
for Research on Cancer TP53 database (version R20)'°
according to whether they have ever been reported in
families with cancer histories consistent with the Li-
Fraumeni or Li-Fraumeni-like (LFL) criteria, as well as to
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describe the affected codon, protein domain function, and
the impact of missense mutations (as reported from the
Sorting Tolerant From Intolerant?®® and Polymorphism
Phenotyping, version 2 2! algorithms).

Statistical Analyses

We compared the clinical and demographic characteristics
of patients with OS with a P/LP TP53 germline variant to
those without the variant, using ttests or Fischer exact test
for continuous or categorical variables, respectively, and
calculated 95% Cls for P/LP variant proportions, using the
Clopper and Pearson procedure.?® All analyses were
conducted in R, version 3.6.0.2> We also conducted
a gene-enrichment analysis on the genes with a de novo
variantidentified in phase 1 using STRING software (ELIXIR
Infrastructure, Cambridgeshire, UK) with default settings.?*
Statistical significance was set at P < .05.

Family History Information

A detailed family history questionnaire was requested of
parents. The questionnaire included information on cancer
history (type, age at diagnosis), current age (for living rel-
atives), and age (and cause of death, if deceased) for first-,
second-, and third-degree relatives. Probands with P/LP
rare TP53 germline variants were classified as having LFS if
their family histories were consistent with the 2015 mod-
ified Chompret criteria (Table 1).2>?® Reported cancer
diagnoses in relatives were not confirmed from pathologic
reports or other medical records.

RESULTS
Examination of Recurrent De Novo Variants

Among 95 case-parent trios examined by WES (phase 1),
we identified 61 de novo variants in 60 genes among 47
patients, of which one variant was pathogenic (localized to
HFE), two were LP (both localized to TP53), two were
benign (localized to LEPR and FLG), one was a VUS (lo-
calized to SMARCA4), and 55 were not reported in ClinVar.
SnpEff predicted six and 55 variants to be of high or
moderate impact, respectively. Two probands in phase 1
harbored de novo variants in the TP53 gene, and the re-
mainder of de novo variants were present in only one gene

TABLE 1. The Modified Chompret Criteria for TP53 Genetic Testing
Criterion

(Data Supplement). Apart from TP53, none of the de novo
variants localized to one of the 238 cancer-susceptibility
genes found to harbor a P/LP rare variant in the Mirabello
et al study® of 1,244 patients with OS.

Phase 2 involved de novo variant discovery in TP53, the
only gene nominated from phase 1. Among 145 patients
with OS who underwent targeted sequencing, we identified
an additional 11 rare TP53 germline variants in 11 patients
with OS that were determined to be pathogenic (n = 7;
4.8%;95% Cl, 2.0% 10 9.7%) or LP (n = 4; 2.8%; 95% Cl,
0.8% to 6.9%). Among all 240 patients with OS (phase 1
and 2), 13 patients (5.4%; 95% Cl, 2.9% to 9.1%) har-
bored either a pathogenic (n = 7; 2.9%; 95% Cl, 1.2% to
5.9%) or an LP TP53 germline variant (n = 6; 2.5%;
95% Cl, 0.9% to 5.4%; Table 2). Of the 13 rare TP53
variants, six were confirmed de novo by Sanger sequencing
(46.2%; 95% Cl, 19.2% to 74.9%). The proportion of
confirmed de novo TP53 variants among all 240 patients
with OS was 2.5% (n = 6 of 240; 95% ClI, 0.9% to 5.4%).
We note that as many as nine variants may have been de
novo, but we could not confirm the inheritance pattern of
three variants because of missing parental genotypes.

P/LP TP53 variants were distributed between amino acids
107 and 342 (Data Supplement). Of the 13 P/LP TP53
variants discovered, 10 (76.9%; 95% Cl, 46.2% 10 95.0%)
were missense variants that affected the DNA binding
domain (six were confirmed de novo variants), one was
a missense variant outside of the DNA binding domain
(7.7%; 95% Cl, 0.1% to 36.0%; tetramerization domain),
and two were nonsense variants (15.4%; 95% ClI,
1.9% to 4.5%).

Analyses of Gene Enrichment and Clinical Characteristics

We did not identify a significant association among the set
of 60 genes that harbored a rare de novo variant in phase 1
(P= .91, Data Supplement), nor did we find any statistically
significant associations between clinical characteristics
and the presence of a P/LP TP53 germline variant
(Table 3). With regard to family history of cancer, only three
of the 13 patients with a P/LP TP53 germline variant
returned a questionnaire; all three had reported family

Definition

Familial presentation

A proband with a tumor belonging to the LFS tumor spectrum (eg, soft-tissue sarcoma, osteosarcoma, brain

tumor, premenopausal breast cancer, ACC, leukemia, lung bronchoalveolar cancer) before age 46 years
and at least one first- or second-degree relative with an LFS tumor (except breast cancer, if the proband
has breast cancer) before the age of 56 years or with multiple tumors

Multiple tumors

Proband with multiple malignancies (except two breast cancers), of which at least two belong to the LFS

spectrum, before the age of 46 years

Rare tumors
independent of family history

Patients with ACC, choroid plexus carcinoma, or embryonal anaplastic subtype rhabdomyosarcoma

Breast cancer before the age of
31 years

Abbreviations: ACC, adrenocortical carcinoma; LFS, Li-Fraumeni syndrome.
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TABLE 3. Clinical and Demographic Characteristics Among Those With and
Without P/LP TP53 Variants

Patients Without a Patients With a

P/LP TP53 Variant  P/LP TP53 Variant

Characteristics (n = 207) (n=13) P?
Mean age at diagnosis (SD) 13.0 (3.2) 12.0 (3.5) 32
Age categories, years
<10 43 (20.8) 5(38.4) 33
11-14 82 (39.6) 4 (30.8)
15-19 82 (39.6) 4 (30.8)
Sex
Female 72 (37.5) 4 (30.8) 77
Male 120 (62.5) 9 (69.2)
Metastasis at diagnosis
Present 17 (12.9) 1(14.3) 1
Absent 115 (87.1) 6 (85.7)
Tumor location
Appendicular 187 (93.5) 11(84.6) 23
Axial 13 (6.5) 2 (15.4)
Self-reported race
White 188 (91.3) 10 (76.9) .05
Other® 14 (6.8) 1(7.7)
Unknown 5(1.9) 2 (15.4)

NOTE. Data presented as No. (%) unless otherwise indicated.

Abbreviations: P/LP, pathogenic or likely pathogenic; SD, standard deviation.

#From t test for continuous data or Fisher exact test for categorical data.

PSelf-reported race as Black; Filipino; American Indian, Aleutian, or Eskimo; or
Other.

histories that were consistent with the modified Chompret
criteria,?>2® none of whom had a pathogenic variant that
was confirmed as de novo (Table 2).

DISCUSSION

In our whole-exome analysis of 95 pediatric (< 20 years of
age) OS case-parent trios, we discovered TP53was the only
gene recurrently affected by P/LP de novo variants. Among
all 240 patients (from phase 1 and 2), 13 (5.4%) harbored
a P/LP TP53 germline variant, nearly half of which were
confirmed to be de novo. The prevalence of patients with
a P/LP TP53 germline variant reported herein is similar to
the prevalence of 3% to 10% described elsewhere.®!! The
current study also confirms previous findings that a large
proportion of pathogenic TP53 germline variants are de
novo.>1213 However, to our knowledge, this is the first study
to confirm by sequencing the prevalence of de novo TP53
germline variants among patients with OS unselected for
family history of cancer.

Identifying patients newly diagnosed with cancer who
have pathogenic TP53 germline variants has important
implications for patient treatment, in part because of the
substantially increased risk of secondary cancers. In
one report, in nearly 50% of 191 TP53 variant carriers

1192 © 2020 by American Society of Clinical Oncology

diagnosed with cancer, a subsequent cancer developed
after a median follow-up of 10 years.?” Other reports pre-
sented similar results,?5?® with the highest risk observed in
survivors of childhood cancers.?® Surveillance protocols
aimed at early tumor detection show clinical utility among
TP53 carriers,?>2° and it is now recommended that such
screening be offered to all individuals as soon as an LFS
diagnosis is made.®! Moreover, second malignancies in
those given radiotherapy are often observed to develop
within the radiation field,?®2%32 suggesting that exposure to
medical radiation should be limited whenever possible. 3133

The clinical criteria for LFS has been updated over the
past several decades to enable identification of TP53 var-
iants in patients not meeting the original definition of the
syndrome.2526:3436 The most current criteria used to rec-
ommend TP53 testing encompass four clinical situations
suggestive of LFS, (the modified Chompret Criteria®®;
Table 1) under which pediatric patients with OS would be
offered testing if an individual presented with either (1)
a familial presentation consistent with the criteria, or (2)
with multiple tumors. However, these criteria do not ac-
commodate the possibility of de novo variants in TP53
among first primary patients with OS. In this study, we
confirmed previous reports that the prevalence of TP53
P/LP variants in patients with early-onset OS is similar to
that observed in patients with early-onset breast cancer,*!
all of whom are recommended to receive TP53 genetic
testing.?® In addition, the high proportion of de novo vari-
ants identified among those that are pathogenic suggests
that relying on family history patterns of cancer to identify
patients with OS at risk of harboring pathogenic TP53
variants is insufficient. Given these results, it is worthwhile
to consider guidelines that recommend clinical TP53 ge-
netic testing among all pediatric patients with OS, re-
gardless of family history or number of primary tumors.

Apart from TP53, no gene harbored recurrent de novo P/LP
variants in more than one of the 95 case-parent trios who
underwent WES. It is possible that a larger sample would
reveal recurrent de novo variants in genes affected in single
trios in our study or in different genes entirely. However, our
study indicates recurrent de novo variants in genes apart
from TP53 are not a frequent occurrence in patients with
OS. ltis also possible that rather than recurrence in a single
gene being frequent, de novo variants recurrently affect
genes in particular pathways, which is the paradigm in
autism.3” We did not identify significant enrichment among
the 60 genes identified as harboring a de novo variant in
phase 1 of our study. However, additional sequencing of OS
case-parent trios followed by pathway analysis will help
examine this possibility.

Our study has several strengths, including the large sample
size for a rare cancer. Also, by enrolling patients with OS
unselected for family history of cancer, we likely avoided
biased estimates of de novo variants that may have oc-
curred in studies that enrolled patients on the basis of LFS
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criteria. Nevertheless, we also note several limitations. First,
we could not confirm the inheritance pattern of three
variants from case-parent dyads, because of missing pa-
rental genotypes. Second, using Sanger sequencing to
confirm de novo variants may have failed to detect in-
stances of low-level somatic mosaicism, which is in-
creasingly recognized as a potential mechanism of
transmitting mutations.®3° Third, the true prevalence of
P/LP variants may have been underestimated in our study,
given that WES could not detect variants that localized to
promotor, intronic, or regulatory regions. Finally, we were
unable to confirm reported family history through medical
records and did not have information on clinical or de-
mographic characteristics of a small proportion of patients,
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APPENDIX

De Novo Variant Discovery in Phase 1 via SuperNovo

GATK HaplotypeCaller (version 4.1.3.0) was used to call genotypes for
all individuals in the study. SuperNovo (https:/github.com/
PankratzLab/SuperNovo) was then used to make a robust de novo
mutation call set. SuperNovo uses the genomic variant call format
(gVCF) files created by GATK and the original BAM files for every
member of the trio. When considering bases to be viable alleles at
a locus, SuperNovo defines viability as an allelic depth of two or more or
an allelic fraction > 0.05. In many calculations, SuperNovo uses
phred-weighted depths by multiplying the accuracy probability (1 —
error probability) of the mapping quality phred score by the accuracy
probability of the base quality phred score and then summing these
scores for each read at a locus.

Each heterozygous single nucleotide variation with one alternate
allele called in the gVCF for each sample was considered a possible
de novo mutation if it met all of the following criteria in the BAM
alignments:

1. It must be biallelic, defined as having two or more viable alleles,
allowing for rare sequencing error but excluding regions with
mismapping.

2. It must be a heterozygote, defined as:

® A phred-weighted combined depth of the two viable alleles of at
least 10.

e A phred-weighted allelic depth of at least four for both viable
alleles.

e A phred-weighted allelic fraction for both viable alleles of at
least O.1.

1. Tobe considered a possible de novo, there must be a single de novo
allele that is not a viable allele at the locus in either parent.

From this pool of all possible de novo variants for a sample, SuperNovo
then applies the following set of filters to exclude variants if:

1. The phred-weighted read depth at the site was less than 10 in either
parent or the de novo allele is the reference allele, indicating the
allele may exist in a parent but was not captured.

2. The region contained other viable de novo alleles that were not at
adjacent bases but on the same reads as the variant at least 75% of
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the time, which is evidence that the reads are simply mismapped
from another part of the genome with a similar sequence.

3. The region contained other sites that were triallelic (three or more
viable alleles at the same position), indicating that reads in the
region are likely mismapped from another part of the genome with
a similar sequence.

4. The haplotype for any biallelic variants in the region 150 bp up-
stream and downstream of the variant were not concordant. For
every read that extended far enough to capture the nearby variant,
at least 75% of those reads would have to have the other variant,
otherwise it would indicate that three or more haplotypes were
present, suggesting those haplotypes are likely to be mismapped
reads from another locus with a similar sequence.

5. The variant had no obvious biologic significance. We annotated the
variants with SnpEff (version 4.3r) and then considered those with
impacts of high (loss-of-function variants) or moderate (missense
variants).

Every de novo variant meeting all these criteria was then examined by
hand in Integrative Genomics Viewer (IGV, version 2.4.16) in the
proband and both parents.

Confirmation of De Novo Pathogenic or Likely Pathogenic
TP53 Variants by Sanger Sequencing

Rare pathogenic or likely pathogenic TP53 variants discovered in
phases 1 and 2 were verified as either de novo or inherited, by Sanger
sequencing in the patient and available parent DNA. All polymerase
chain reaction (PCR) primers (Data Supplement) were designed using
Primer3 software (https:/primer3.org/). Amplification reactions con-
tained 5 ng of genomic DNA, 1x Q5 High-Fidelity 2X Master Mix (New
England BioLabs, Ipswich, MA), 0.5 wM of each primer pair in a final
volume of 25 pL carried out in an Eppendorf Mastercycler Gradient
thermocycler (Eppendorf, Hamburg, Germany). After PCR cycling, am-
plification products were resolved on 2.0% agarose gels with a Tracklt
50bp DNA ladder (Invitrogen, Carlsbad, CA) at 100V for 30 minutes.
Amplicons were excised from the agarose gel using a sterile razor blade
and purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany). Purified amplicons at 20 ng with 3.2 pmol of single se-
quencing primer were sent to University of Minnesota Genomics Center
for Sanger sequencing. Sequencing chromatograms were analyzed using
Chromas software (Technelysium, South Brisbane, QLD, Australia).
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