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Abstract

Germline pathogenic variants in CBL are associated with an autosomal dominant RASopathy
and an increased risk for malignancies, particularly juvenile myelomonocytic leukemia. Herein, we
describe a patient with clinical features of a Noonan-spectrum disorder who developed embryonal
rhabdomyosarcoma of the bladder at age two years. Tumor analysis using the OncoKids® can-
cer panel revealed a CBL pathogenic variant: NM_005188.3:c.1100A>C (p.GIn367Pro). Sanger
sequencing of peripheral blood DNA confirmed a de novo heterozygous germline variant. This is
the first report of embryonal rhabdomyosarcoma in association with a germline CBL pathogenic
variant, further broadening the CBL cancer predisposition spectrum.
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Introduction

CBL is a proto-oncogene encoding a RING finger E3 ubiqui-
tin ligase, which primarily functions as a negative regulator
of several receptor protein tyrosine kinase signaling trans-
duction pathways, including the RAS-MAPK pathway, by tar-
geting receptors for degradation [1]. Somatic mutations in
CBL have primarily been identified in myeloid malignancies,
especially juvenile myelomonocytic leukemia (JMML) [2,3],
but not in embryonal rhabdomyosarcoma (ERMS). Germline
pathogenic variants in CBL are associated with autosomal
dominant RASopathy, a Noonan syndrome-like disorder with
or without JMML [MIM: 613563] [4] that shows considerable
phenotypic variation [5]. Patients display craniofacial features
overlapping Noonan syndrome such as cardiac disease, ec-
todermal and musculoskeletal anomalies, and have variable
cognitive deficits. Several RASopathies, including neurofibro-
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matosis type 1, Costello syndrome, and Noonan syndrome,
are considered cancer predisposition syndromes, with their
associated mutations in NF1, HRAS, and PTPN11, result-
ing in enhanced RAS-MAPK pathway activation or dysregu-
lated signaling [6]. Depending on the gene mutated, patients
may have an increased risk for rhabdomyosarcoma, neurob-
lastoma or leukemia. Patients with germline CBL pathogenic
variants have an increased risk for certain malignancies, par-
ticularly JMML. Although recent case reports suggest that
CBL germline mutations may also predispose patients to ter-
atoma, acute myelogenous leukemia and glioma [7-9], to
date, germline CBL mutations have not been reported in pa-
tients with ERMS.

Little is known regarding the underlying genetic suscepti-
bility to rhabdomyosarcoma; most cases appear to be spo-
radic. Genetic alterations in TP53 [10], DICER1 [11], NF1
[12], HRAS [13], sonic hedgehog pathway genes SUFU and
PTCH1 [14], as well as imprinted genes IGF2, H19, and
CDKN1C within the chromosome 11p15.5 region [15] have
been reported in patients with rhabdomyosarcoma. RAS-
MAPK pathway somatic mutations in NRAS, KRAS, HRAS,
and NF1 have also been observed in ERMS, and are reported
at higher frequencies in high-risk patients [16]. Here we re-
port the first known patient with a germline CBL pathogenic
variant and ERMS.
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Fig. 1

Histology and immunostaining results of the patient’s abdominal mass. (A). H&E: A hypercellular tumor with spindle shaped,

hyperchromatic and pleomorphic nuclei, coarse chromatin, inconspicuous nucleoli and tapering eosinophilic cytoplasm. Frequent
mitoses and karyorrhexis are present. (B). Desmin: Tumor cells were strongly and diffusely positive (cytoplasmic stain). (C). Myo-D:
Approximately 35—-40% of tumor cells were positive (nuclear stain). (D). Myogenin: Approximately 20% of tumor cells were positive

(nuclear stain).
Case description

A 2-year old Hispanic male presented with an enlarging
left sided lobulated intra-abdominal mass. Histology and im-
munostaining profiles of a biopsy from the abdominal mass
were consistent with ERMS (Fig. 1). The patient was clas-
sified as intermediate risk, IRS Stage 3, Group Il. He was
treated with standard rhabdomyosarcoma therapy including
systemic chemotherapy, surgery and radiation at the primary
tumor site as per the Children’s Oncology Group Study D9803
for patients with intermediate risk rhabdomyosarcoma. The
child’s past medical history was significant for developmental
delay, a small atrial septal defect secundum, low-lying conus,
splenomegaly, pancytopenia, and bilateral cryptorchidism. A
subsequent dysmorphology examination documented down-
slanting palpebral fissures, ptosis, low-set ears, five café au
lait spots and widely-spaced nipples. The dysmorphic fa-
cial features, together with his congenital heart defect, cryp-
torchidism, café au lait spots, and widely-spaced nipples were
suggestive of a Noonan-spectrum disorder.

Materials and methods

DNA was extracted from frozen tumor tissue with the Qia-
gen Gentra Puregene Tissue Kit (Qiagen Inc., Valencia, CA).
Chromosomal microarray analysis (CMA) was performed with
the Affymetrix OncoScan platform following validated stan-
dard protocols (Thermo Fisher, Santa Clara, CA). CMA was
performed on a peripheral blood sample from the patient using
the Affymetrix CytoScan HD platform (Thermo Fisher, Santa
Clara, CA).

RNA was extracted from frozen tumor with the Qia-
gen RNeasy Mini RNA Extraction Kit (Qiagen Inc. Valen-
cia, CA) and DNA and RNA analysis was performed using
the OncoKids® panel, a comprehensive next-generation se-
quencing panel for pediatric malignancies [17]. Sequence
alterations were reported according to CAP/AMP/ASCO
guidelines [18].

To determine whether the CBL variant was germline in ori-
gin, Sanger sequencing was performed on peripheral blood
DNA from the patient and, subsequently, from both parents.
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de novo heterozygous CBL NM_005188.3:¢.1100A>C (p.GIn367Pro) variant

Fig. 2 A. Chromosomal microarray whole genome view of the tumor. Copy number alterations and regions of loss of heterozy-
gosity of this tumor sample were consistent with the clinical diagnosis of embryonal rhabdomyosarcoma. These included gains of
most of chromosomes 2, 7, 8 (5 copies), 11,12,13,14 and 19, as shown by red arrows. There was also a homozygous deletion of
CDKNZ2A/B in 9p21.3. LOH was observed for chromosome 11, including the CBL gene locus. Fig. 2B Follow-up targeted Sanger
sequencing of the peripheral blood samples for the CBL variant initially identified in the tumor sample. The patient is heterozygous for
the NM_005188.3:c.1100A > C (p.GIn367Pro) variant in the CBL gene. This patient’s biologic parents do not harbor the CBL variant,

confirming that it is a de novo germline variant.

Forward and reverse primer sequences used for CBL exon 8
(NM_005188.3) were 5-ATGTGGTTTCACTTTAAACCCTG-
3’ and 5’-TATCAGTAAAGGCTATATAATAC-3/, respectively.

Results

The pathologic findings from the patient’s tumor biopsy are
shown in Fig. 1.

OncoKids® analysis of the tumor DNA revealed a mis-
sense NM_005188.3: ¢.1100A > C (p.GIn367Pro) variant of
strong clinical significance in the CBL gene at a variant
allele fraction of 98% (tumor percentage >95%). In addi-
tion, variants of unknown clinical significance were detected
in KMT2D (NM_003482.3: ¢.2204G > T (p.Cys735Phe) and
RUNXT1 (NM_001754.4: ¢.824C > T (p.Pro275Leu)) (Supple-
mental Table 1). There were no other clinically significant
sequence alterations, gene amplification or RNA fusions
detected.

CMA of the tumor demonstrated copy number alterations
and regions of loss of heterozygosity (LOH) consistent with
ERMS (Fig. 2A), including gains of most of chromosomes 2,
7, 8 (5 copies), 11, 12, 13, 14 and 19. A biallelic deletion of
CDKN2A and CDKNZ2B in 9p21.3 was present. There were
four copies of most of the short arm of chromosome 11; how-
ever, there was also LOH for the entire chromosome 11 (Sup-
plemental Table 2), which included the CBL gene. This LOH
accounted for the high variant allele frequency detected in
CBL with OncoKids®. CMA of the patient’s peripheral blood
DNA showed no evidence for LOH of chromosome 11, con-
firming that this was a somatic event.

Targeted Sanger sequencing analysis of peripheral blood
samples from the patient and his parents demonstrated the
presence of the ¢c.1100A > C (p.GIn367Pro) variant, identical
to the tumor sample (Fig. 2B). Absence of the variant in either
parent confirmed that it was de novo in the patient’s germline.
This particular variant has been reported previously in asso-
ciation with an autosomal dominant Noonan syndrome-like



phenotype [MIM: 613563] [4,7,19], and is consistent with the
clinical RASopathy features observed in this patient. Addi-
tionally, the variant is absent from the Genome Aggregation
Database (gnomAD, http://gnomad.broadinstitute.org/). This
substitution occurs at a highly conserved position in the linker
region of CBL, which connects the RING finger domain and
TKB domain. Both germline and somatic mutations have been
described in this region in patients with hematological malig-
nancies. There is a moderate physicochemical difference be-
tween glutamic acid (GIn) and proline (Pro) (Grantham dist.:
76 [0—215]). Multiple in silico algorithms (Align GVGD, SIFT,
Polyphen2, MutationTaster) all suggest that the variant may
be damaging to CBL protein structure and function. Based on
the published literature, its de novo nature, rarity, computa-
tional predictions, and the patient’s clinical presentation, we
considered this variant to be pathogenic for a CBL-related
RASopathy.

The other detected variants, KMT2D p.Cys735Phe and
RUNX1 p.Pro275Leu, have not been reported as somatic al-
terations in the COSMIC database, but have been observed
in the general population at low frequencies (minor allele fre-
quency < 0.01%). The significance of these variants, if any, is
uncertain due to the overall paucity of clinical and functional
evidence.

Our patient’s cancer diagnosis preceded the molecular di-
agnosis of his constitutional RASopathy. The finding of the
germline pathogenic CBL variant did not change the risk as-
sessment or therapy for this patient. He was treated as per the
Children’s Oncology Group Study D9803 for patients with in-
termediate risk rhabdomyosarcoma and has responded well
to therapy.

Discussion

We report a patient with clinical features of a RASopathy, and
a de novo germline CBL variant who presented with ERMS.
The CBL heterozygous variant was present at a variant al-
lele fraction of 98% in our patient's ERMS sample due to the
acquired LOH of chromosome 11 (Fig. 2A). Interestingly, pa-
ternal uniparental disomy of 11p is a hallmark of syndromic
and sporadic ERMS [15,20]. The chromosome 11 LOH that
includes 11p15 may have been a secondary alteration rele-
vant to the development of the ERMS in this patient. Molecular
analysis of solid tumors in other patients with germline CBL
mutations may help to clarify this.

While considerable phenotypic variability is reported with
germline CBL pathogenic variants, the clinical presentation of
this patient was consistent with previous reports [4,5]. The de-
tailed comparison of clinical features for a total of five patients
who carry the same germline CBL c.1100A > C (p.GIn367Pro)
variant are listed in Supplemental Table 3. Among these pa-
tients, one developed JMML at age 3 weeks and another de-
veloped an ovarian mixed germ cell tumor at age 12.5 years
[7,19]. It is known that patients with germline mutations in
PTPN11, KRAS and NF1, and in CBL, are at increased risk
for malignancies, particularly JMML [4]. A causal contribution
of c-Cbl to the onset of myeloid malignancies has been sup-
ported by previous mouse model studies [2]. Solid tumors,
including rhabdomyosarcoma, are described in patients with
germline mutations in RAS-MAPK pathway genes [21,22].
Many of these genes, including CBL are widely expressed
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in most tissues in humans. Somatic or germline mutations
in these RAS-MAPK pathway genes have been observed in
ERMS, although infrequently [21,22]. Their presence does
however suggest that alterations in these genes could con-
tribute to the development of ERMS. Our current case further
supports this and that specifically, CBL mutations may be in-
volved in the pathogenesis of ERMS.

This is the first report of ERMS in a patient with a germline
pathogenic variantin CBL, further broadening the CBL cancer
predisposition spectrum. While CBL associated cancer risks
besides JMML have not yet been defined, systematic surveil-
lance for solid malignancies may be warranted in addition to
monitoring patients for a hematologic disorder.
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