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Abstract Wilms’ tumor is the most common renal malignancy in children. In addition to
staging, molecular risk stratification, such as loss of heterozygosity (LOH) in Chromosomes
1 and 16, is being increasingly used. Although genetic predisposition syndromes have been
well-characterized in some Wilms’ tumors, recent sequencing and biology efforts are ex-
panding the classification of this malignancy. Herewe present a case of siblings with remark-
ably similar presentations of bilateral Wilms’ tumor at ∼12 mo of age. Thorough exam after
the younger sibling was diagnosed did not reveal any signs to suggest one of the known
Wilms’ predisposition syndromes. Both were treated with standard therapies with good re-
sponse and long-term sustained complete remission of 53 and 97 mo, respectively. Whole-
exome sequencing was performed on a tumor sample from each patient and matched
blood from one, revealing a shared truncation mutation of TRIM28 in all three samples
with heterozygosity in the germline sample. TRIM28 loss has been recently implicated in
early-stage Wilms’ tumors with epithelioid morphology. These siblings expand the pheno-
type for presentation with multifocal disease with retained excellent response to standard
therapy.

[Supplemental material is available for this article.]

INTRODUCTION

Wilms’ tumor is the most common form of childhood malignancy arising from the kidney, a
site accounting for 7% of childhood cancers (Dome et al. 2013). In rare cases, Wilms’ arises in
the context of identifiable genetic syndromes (Dome and Huff 1993). Recent large genomic
efforts in Wilms’ tumors have uncovered recurrently mutated genes at frequencies of <20%
includingDGCR8,DROSHA, and SIX (Walz et al. 2015). Individual cases have revealed novel
mechanisms of inheritedWilms’ predisposition more recently (Micale et al. 2016). We report
a sibling pair with a remarkably similar presentation of bilateral Wilms’ tumor presenting near
the first year of life and proposed to investigate the somatic and tumor landscape toward a
better understanding of the genetic mechanisms that lead to the development of this
phenotype.

The primary objective of this project was to perform comprehensive molecular profiling
of tumors from two siblings that developed bilateral Wilms’ tumor in infancy without a known
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genetic syndrome. The hypothesis was that these siblings share a genetic predisposition that
cannot be clinically determined and that may provide a novel insight into the biology of
Wilms’ tumor.

RESULTS

Clinical Presentation
Patient 1 in our cohort is a female born at 32 wk gestation without major complications who
presented at 12 mo of age with asymptomatic bilateral masses palpable in the abdomen.
Initial computed tomography (CT) scan evaluations revealed bilateral intrarenal masses. In
the left kidney there were three masses, the largest being 8.1 ×7.7 cm, and in the right a sol-
itary mass measuring 7.4 ×6.7 cm (Fig. 1A). No metastatic lesions outside the kidneys were
identified. The patient was diagnosed with presumed bilateral Wilms’ tumor and was initiat-
ed on 6 wk of vincristine, actinomycin-D (dactinomycin), and doxorubicin (VAD) therapy with
good response, followed by an additional 6 wk prior to resection. She underwent full left ne-
phrectomy and right partial nephrectomy with final classification of clinical stage V because
of bilateral involvement and surgical stage I with complete resection. Pathology of nephrec-
tomy specimen revealed two circumscribed and encapsulated tumors, the larger 4 cm and
the smaller 1 cm in greatest diameter, and one circumscribed 3-cm nodule of similar firm and
homogenous solid appearance resected from the lower pole in the contralateral kidney; no
macrocysts, necrosis, or hemorrhagewere noted.Morphologically, all tumors showed tripha-
sic nephroblastoma with predominant epithelial cytodifferentiation, including glomeruloid,
tubular, and papillary structures, conspicuous microcysts throughout, and dystrophic calcifi-
cation. Isolated foci of nodular confluent fibrosis were noted suggestive of regressed tumor
field area. Mitotic activity was inconspicuous and no residual blastemal primitive areas or an-
aplasia were present (Fig. 2). Final International Society of Pediatric Oncology (SIOP) post-
therapy classification of the tumor was mixed histology. The patient completed a further
12 wk of therapy per EE-4A without radiation and remains in complete remission 97 mo
off therapy (Fig. 3).

The younger female sibling, Patient 2, was born at 34 wk gestation complicated by apnea
of prematurity and presented at 14 mo of age with asymptomatic bilateral masses palpable
in the abdomen. Initial CT scan evaluations revealed bilateral intrarenal masses. In the left
kidney there were two masses, the largest being 6×4.9 cm, and in the right three masses,
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Figure 1. Radiologic presentation. Upon initial presentation, axial contrast-enhanced computed tomography
(CT) demonstrates large bilateral masses within the kidney for Patient 1 (A) and Patient 2 (B) at diagnosis.
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Figure 2. Histologic analysis of tumor specimen. (A) 20× and (B) 40× magnification revealed triphasic neph-
roblastoma with predominant epithelial cytodifferentiation, including glomeruloid, tubular, and papillary
structures, conspicuous microcysts throughout, and dystrophic calcification. Isolated foci of nodular confluent
fibrosis (A, right lower) are suggestive of regressed tumor area. No areas of anaplasia were noted.
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Figure 3. Radiologic response to therapy. (A) Axial contrast-enhancedCT demonstrates postoperative chang-
es following chemotherapy and full left nephrectomy and right partial nephrectomy in case 1, three years off
therapy. (B) Axial non-contrast-enhanced CT due to renal toxicity demonstrates postoperative changes follow-
ing chemotherapy, bilateral flank irradiation, and bilateral partial nephrectomies in Case 2, three years off
therapy.
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the largest measuring 6×4.9 cm (Fig. 1B). No metastatic lesions outside the kidneys were
identified. Patient was diagnosed with presumed bilateral Wilms’ tumor and was initiated
on 6 wk of VAD therapy with good response, followed by an additional 6 wk prior to resec-
tion. Her treatment was complicated by vocal cord paralysis requiring reduction in vincristine
dosing. She underwent bilateral partial nephrectomy with final clinical stage V because of
bilateral involvement and surgical stage III with positive surgical margins. Pathology of the
resected tumor specimens consisted of six circumscribed encapsulated tumors, three from
each kidney, ranging from 0.9 cm to 4.6 cm in greatest diameter. Grossly composed of
firm and homogeneous appearing treated tumor, no macrocysts, hemorrhage, or necrosis
were noted. The morphology was identical to the treated tumors described in the older sib-
ling, and again the SIOP posttherapy classification of the tumor was mixed histology. The
patient proceeded to bilateral flank radiation because of positive surgical margins and com-
pleted a further 12 wk of therapy per DD-4A. She remains in complete remission 53 mo off
therapy (Fig. 3).

Genomic Analyses
Based on nearly identical disease presentation, we suspected an inherited variant may be
present that predisposed to Wilms’ tumors. Initial efforts therefore focused on identification
of a potentially pathogenic germline mutation (i.e., found in all samples). Of shared variants
between all three samples and after filtering based on annotations we identified a single pu-
tatively pathogenic mutation, which resulted in a truncation of TRIM28 (Bunch and
Calderwood 2015; Kim et al. 2015; Czerwinska et al. 2017; Liu et al. 2017; Halliday et al.
2018). The TRIM28mutation is predicted to introduce stop codon at glutamine 701 resulting
in the loss of 135 carboxy-terminal amino acids (Table 1). The truncated region includes a
TIF1-like bromodomain and a number of putative phosphorylation and acetylation sites
(https://www.ncbi.nlm.nih.gov/protein/5032179). This variant is not observed in 1000
Genomes, Exome Variant Server, or Exome Aggregation Consortium (ExAC). Indeed, no
TRIM28 loss of function variants are observed in ExAC, leading to a calculated probability
of loss of function (LOF) intolerance of 1, which suggests the gene is completely intolerant
of LOF variation.

Interestingly, the single tumor samples from both patients have high alternate variant al-
lele frequency (VAF) at the TRIM28 position (93.8%, 97.4%), suggesting that the variant is ho-
mozygous in the tumors. The allele frequency in Patient 2’s germline sample is 63.6%,
suggesting that the variant is heterozygous in thegermline. Plotting allele frequencyof all var-
iants across Chromosome 19 in both samples shows a loss of allele frequencies of∼50% start-
ing in theq armsof bothpatients’ tumor samples and including theTRIM28 locus at the endof
the chromosome. The expected 50% allele frequency indicative of heterozygosity is ob-
served in the germline sample. This suggests that a loss of heterozygosity (LOH) occurred
in each tumor sample. The breakpoints appear to be different in each patient, supporting
the notion of a separate somatic event (Fig. 4). Furthermore, somatic copy-number analysis
did not showaChromosome19q arm loss of coverageacross the LOH region in either patient
tumor sample, suggesting this is a copy-neutral LOH event (Fig. 5).

Table 1. Variant table

Gene Chromosome
HGVS DNA
reference

HGVS protein
reference

Variant
type

Predicted effect
(substitution,
deletion, etc.)

dbSNP/
dbVar ID

Genotype
(heterozygous/
homozygous)

TRIM28 19 NC_000019.9:
g.59061222C>T

p.NP_005753.1:
p.Gln701∗

Stop-
gain

Substitution - Heterozygous
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Figure 4. Chromosome 19 allele frequencies at all variant positions in (A) Patient 2’s blood, (B) Patient 2’s tu-
mor, and (C ) Patient 1’s tumor. Red boxes indicate regions where heterozygosity (50% allele frequency) is no
longer observed. The y-axis is the allele frequency (alternate allele reads/total reads); the x-axis is the position
on Chromosome 19. The asterisk (∗) indicates the approximate position of TRIM28.

Figure 5. Chromosome 19 somatic copy-number changes for tumor samples. Note that Patient 1’s tumor was
compared to Patient 2’s blood for copy-number variation (CNV) detection. The y-axis is the log2 read depth
ratio; the x-axis is the Chromosome 19 position. Note the average log2 depth ratio on the q arm is 0, indicating
no large copy-number change.
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In addition to the putatively pathogenic germline TRIM28 mutation with evidence of
LOH in both tumor samples, we evaluated the sequencing data for additional potentially on-
cogenic mutations. From Patient 2’s germline-matched tumor sample, we identified 59 high-
confidence somatic mutations, for a mutational frequency of 0.90 mutations/Mb. Of these,
nine were protein-altering. From the tumor with unmatched sequencing, we identified 5,140
variants with minimum genotype quality of 15, excluding Tranche100 variants, and exclud-
ing variants observed at 1% or more in 1000 Genomes. Of these, 793 were protein-altering.
Between both tumors, we identified 26 variants with possible oncogenic function based on
annotations. Splicing variants were observed in RECQL4 (all samples) and ATM (one in all
samples; one in Patient 2 tumor and germline). Two stop-gain variants were observed in
CR1 in Patient 1’s tumor (Supplemental Table S1).

Somatic copy-number variants (CNVs) were identified by comparing each tumor sample
to one patient’s matched germline sample. The unmatched pair shows ∼8.3 MB of CNVs (26
events), whereas the matched pair shows 2.2 MB (12 events). Affected genes were cross-ref-
erencedwith the Catalogue of SomaticMutations in Cancer (COSMIC) Cancer GeneCensus,
and a single copy amplification of HIST1H3B was observed in Patient 2.

DISCUSSION

Driver mutations have long been sought to help understand the pathogenesis of Wilms’ tu-
mor. A lack of identification of the phenotype of the more common Wilms’ tumor predispo-
sition mutations in our patients led us to the hypothesis that they harbored a novel somatic
predisposition gene. Although during the interval from posing this hypothesis to writing up
this manuscript witnessed tremendous gains in genomic understanding of Wilms’ tumor in-
cluding multiple publications demonstrating TRIM28 predisposition to Wilms’, our sibling
pair provides additional detail, a novel truncation of the carboxy-terminal 145 amino acids,
and a more pronounced clinical presentation of bilateral, multifocal disease. This nonsense
mutation may either produce a truncated protein or lead to nonsense-mediated decay, as
we do not have any evidence of the truncated protein being detected. This is the most car-
boxy-terminalmutation reported in the literature to date andmayhelp toward understanding
the minimal essential loss required toward tumor development. The genetic variant predict-
ed to result in TRIM28Q701X was observed in all samples. This variant was heterozygous in
the blood sample of Patient 2 and homozygous in both tumor samples. Allele frequency and
copy-number analysis suggest a germline heterozygous mutation became homozygous
because of a copy-neutral loss of the functional allele. Interestingly, the LOH breakpoint
was slightly different in the two siblings, but included most of the q arm of Chromosome
19 (despite the fact that TRIM28 is located at the extreme end of the chromosome). Patient
2 had a matched tumor/normal sample pair, enabling calculation of the somatic mutation
rateof 0.9mutations/MB. This is a lowermutation rate, althoughnot as lowas somechildhood
cancers (Alexandrovet al. 2013). CNVanalysis showed lowgenomic fraction affectedby copy-
number change (0.073%–0.28%), lower than the average cancer (Beroukhim et al. 2010).
These results suggestWilms’ tumors have lower single-nucleotide and copy-number change
alterations thanmany other tumors. Althoughweobserved single-nucleotide and copy-num-
ber changes in knowncancer genes, the functional impact of thesemutationswas not obvious
and requires further consideration in larger cohorts of Wilms’ tumors.

Previous reports ofTRIM28-associatedWilms’ tumor have shownadiversemakeupofmu-
tations and associated proteins, while revealing close similarities in clinical and histological
presentations. The Children’s Oncology Group (COG) and TARGET initiative evaluation pro-
duced a comprehensive review of the genetic variation in Wilms’ tumor and still only noted
440 of the 651 tumors sampled in their analysis to carry mutations that were predicted to
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be damaging (Gadd et al. 2017). TRIM28 was identified in this study as a rarer mutation, and
inactivation of TRIM28 has been recently reported as a recurrent genomic feature of a subset
of Wilms’ tumor with early age of onset and good prognosis, including as a germline event in
several familial cases (Armstrong et al. 2018; Diets et al. 2019;Mahamdallie et al. 2019). A co-
hort of five patients with TRIM28mutations diagnosed between 7 and 39 mo, including two
sibling pairs, was previously characterized (Halliday et al. 2018). The authors identified three
primary frameshift mutations: c.525_526del germline mutation with loss of heterozygosity
and retention of the variant allele in both tumors in the first sibling pair,
c.1746_1747delinsC germline mutation with loss of heterozygosity and retention of the var-
iant allele in both tumors in the second sibling pair, and c.1935delinsGA somatic mutation
combined with exon 1 methylation in tumor in the final patient. The LOH in all tumors lead
to the conclusion that a complete loss of TRIM28was present in the tumors, and this was con-
firmed on histologic analysis. The six localized tumors all demonstrated a predominant epi-
thelial component at the time of resection and all patients had superior outcomes with all
alive at >19 yr since diagnosis. An additional cohort of patients was reported by COG iden-
tifying nine unrelated patients (Armstrong et al. 2018). These patients had similar age distri-
bution of the previous cohorts, all shared epithelial histology, and none of the patients
developed relapsed disease. This study also identified novel somatic frameshift mutations
along with nonsense and three splice site mutations within TRIM28. Only one of the nine pa-
tients was proven to have a germline component, which consisted of a nonsense mutation
leading to a protein change of p.Arg487x. This nonsense mutation and protein change was
identified as well in an unrelated patient. A third analysis focused initially on two sibling pairs
in which one sibling had unilateral disease and the other had bilateral disease in both pairs.
After identification of TRIM28mutations, it then expanded its cohort to screen a further 269
patients with Wilms’ tumor and identified an additional seven cases with TRIM28mutations.
Germline mutations were identified in eight of the nine total patients, and LOH was noted in
all but one of the germline cases. In both the familial cases and the sporadic cases, the pre-
dominant pathology was epithelial in 11 of the 12 cases and was seen in low-risk patients.
Each sibling pair showed its own unique TRIM28 mutation, and all sporadic cases had their
own unique mutations identified as well (Diets et al. 2019).

In a further analysis of potential Wilms’ tumor predisposition syndromes, a recent study
identified 17 individuals from 13 families with pathogenic truncating mutations of TRIM28
(Mahamdallie et al. 2019). The predominant histology in these patients was again identified
as epithelial, and all but one survived their disease. Unlike the prior studies, there were some
patients who shared previously identified genetic and protein changes. Three siblings
shared a mutation in c.1746_1747delinsC seen in the first cohort discussed, and one patient
was identified that shared protein change in p.Arg487X similar to the COG study. A summary
of the gene mutations and protein changes identified in our and the related studies can be
found in Table 2.

Similar to these prior cohorts, our patients were both identified at a young age and had
an excellent outcome despite bilateral disease at presentation.

TRIM28, also known as KAP1 and TIF1, was initially discovered as a partner of the
Krüppel-associated box domain–containing zinc finger transcription factors (KRAB-ANFs)
by multiple institutions in the mid-1990s (Friedman et al. 1996; Kim et al. 1996;
Moosmann et al. 1996). Its function has been further elucidated since its initial defined
role with KRAB factors in gene repression (Iyengar and Farnham 2011). It has displayed crit-
ical roles in transcriptional control and DNA repair via stabilizing the pausing of RNA poly-
merase II close to the transcriptional start, leading to its accumulation preparing genes for
induction (Bunch and Calderwood 2015). Further analysis of TRIM28 has more clearly de-
fined its role in ontogenesis in a variety of cancers. Through polyubiquitination it generates
degradation of p53, AMPK, and FBP1, leading to suppression of apoptosis, promotion of
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tumor cell survival, down-regulation of autophagy, and stimulation of the Warburg effect
(Czerwinska et al. 2017). It has been further revealed through HDAC1-mediated deacetyla-
tion in p53-null cells to suppress e2F1-mediated apoptosis after DNA damage (Chen et al.
2012). These analyses of the oncogenic and tumor-suppressive roles of TRIM28 have been
broad-reaching across multiple cancers including brain, breast, gastric, and pancreatic tu-
mors and have focused on high levels of expression in these cancer types. Recent studies
have looked specifically into TRIM28’s role in Wilms’ tumor as LOF appears to be more crit-
ical as the majority of tumors express LOH.

In the normal developing kidney, TRIM28 is active during early embryonic development
in both kidney branching and morphogenesis (Cammas et al. 2000). In a tumor-suppressor
capacity, TRIM28 has been shown to coimmunoprecipitate in the nucleus withWTX, a gene
commonly inactivated inWilms’ tumors, via modulating its chromatin binding and coregulat-
ing the expression of DNA repeat elements. This effect has suggested that TRIM28 plays a
role in epigenetic silencing and could contribute to its activity in oncogenesis and regulation

Table 2. Summary of TRIM28 mutations and associated protein changes in Wilms’ tumor patients

Study Gene mutation Protein change

This study c.2101C>T p.Gln701x

Halliday et al. 2018 c.525_526del p.Glu175Aspfs∗29
c.1746_1747delinsC p.Glu583Argfs∗93
c.1935delinsGA and exon 1 methylation p.Phe645Leufs∗30

Armstrong et al. 2018 g.59056439_59056440 insCGGCGGGG) p.Gln233x
g.59056466T>G -
g.59058844C>T p.Arg230x
g.59058853C>T p.Asp105fs
g.59059081G>A -
g.59059081G>A -
g.59060404C>T p.Arg487x
g.59060970_59060971 delTT p.Phe645fs

Diets et al. 2019 c.175del p.Leu59Trpfs∗34
c.246_247del p.Cys83Phefs∗6
c.520_523 del p.Cys174Argfs∗4
c.586+2T>C p.Cys152Glyfs∗50
c.847C>T p.Gln283∗

c.1015C>T pGln339∗

c.1162_1162insGA p.Met389Argfs∗2
c.1562_1569dup p.Arg524Leufs∗155
c.1629del p.Ala544Profs∗132

Mahamdallie et al. 2019 209_210delAG -
239_245del7 -
429dupC -
525_526delGA -
688C→T p.Arg230X
840–2A→G -
929G→A p.Gly310Asp
1085T→A p.Leu362X
1150G→T p.Glu384X
1250C→A p.Ser417X
1300_1301dupAA -
1459C→T p.Arg487X
1746_1747delinsC -
1957delC De -
2508A→G p.X836TrpextX?

TRIM28 congenital predisposition to Wilms’ tumor

C O L D S P R I N G H A R B O R

Molecular Case Studies

Moore et al. 2020 Cold Spring Harb Mol Case Stud 6: a004796 8 of 11



of cellular differentiation as well (Kim et al. 2015). Similarly, with respect to cellular
differentiation, TRIM28 has been shown to regulate epithelial-to-mesenchymal transition
(EMT) in the embryo, and when it is up-regulated in adult cancers, it has been implicated
in promoting carcinoma invasion and metastasis (Czerwinska et al. 2017). The loss of this
function through the absence of TRIM28 may impact the lineage-specific development in
the kidney and lead to an oncogenic proliferation of epithelial cells. This can be evident
based on the high prevalence of epithelial predominant histology in the studied tumors
with TRIM28 LOH.

In summary, we report a case of siblings with bilateral Wilms’ tumor with congenital
TRIM28 heterozygous truncation and LOH in the tumor. Both presented with diffuse disease
but have had excellent clinical courses. While ongoing analysis searches for distinct driver
mutations in Wilms’ tumor, further biologic studies should evaluate this gene outside of
low-stage disease and may be able to identify patients with more favorable prognoses
with diffuse presentation, perhaps in stage V patients without extrarenal metastases.

METHODS

Tissue acquisition was through pedsTCC, MCC17319 open at both Moffitt Cancer Center
and Johns Hopkins/All Children’s Hospitals, and both parents consented to this study. A
chart review and sequencing analysis were conducted under IRB approval (MCC50205,
University of South Florida IRB). To further evaluate our patients to identify a possible inher-
ited predisposition for development of Wilms’ tumor, we performed whole-exome sequenc-
ing (Agilent XT Clinical Research Exome) on peripheral blood collected in remission and
from the largest resected tumor from each kidney in the patients after 12 wk of neoadjuvant
VAD from each of the siblings. Sequence coverage data can be found in Supplemental Table
S2. Paired-end sequencing was performed on Illumina NextSeq 500 (76×2) instrument,
generating an average of 69,114,554 total read pairs in the tumor samples and
44,395,933 read pairs in the germline sample, resulting in 111.8× (tumor) and 77.1× (germ-
line) mean coverage across the capture region after mapping and duplicate sequence re-
moval. Some 99.2% (tumor) and 98.8% (germline) of targeted bases achieved at least 10×
depth of coverage. The Burrows–Wheeler Aligner was used to align sequence reads to
the human reference (Li and Durbin 2009). The Genome Analysis Toolkit was used for inser-
tion/deletion realignment, quality score recalibration, and identification of single-nucleotide
and insertion/deletion variants across all samples (DePristo et al. 2011). Variants in the least-
sensitive tranche (Tranche99.90to100.0) were excluded, as were variants with genotype
quality of <15. Tumor-specific mutations were separately identified with Strelka (Saunders
et al. 2012) and MuTect (Cibulskis et al. 2013). We excluded common inherited variants
by retaining those variants with minor allele frequency (MAF) < 0.01 in the 1000 Genomes
Project. To further limit our findings to those most likely to be oncogenic, we utilized curated
databases including the COSMIC Cancer Gene Census (Sondka et al. 2018) (download-
ed 7/2019), the Exome Variant Server (http://evs.gs.washington.edu/EVS/), and ExAC
(Lek et al. 2016) to manually review variants for functional consequence and known status
as an oncogene/tumor-suppressor gene. Tumor-specific copy-number alterations were de-
tected using EXCAVATOR (Magi et al. 2013). Variants with possible oncogenic function
were defined as follows: protein altering, high quality (not Tranche99.90to100.0, GQ≥15,
1000 Genomes<1%, ESP AA or EA<1%). Tier1 variants were observed in COSMIC v68 in
five or more samples (n=12) or as truncation variants in COSMIC Cancer Census Tier 1 tu-
mor-suppressor genes (TSGs) (n=3). Tier2 variants included PolyPhen status of “probably
damaging” in any Cancer Census gene (n=11) or truncating mutations in Census Tier 2
TSGs (n=0).
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ADDITIONAL INFORMATION

Data Deposition and Access
The full data generated in the course of this work are available upon request from our insti-
tution. The variant was deposited in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and can
be found under accession number VCV000973190.1.
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