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Abstract

Background: High-risk neuroblastoma is a complex genetic disease that is lethal in more than 50% of patients despite intense
multimodal therapy. Through genome-wide association studies (GWAS) and next-generation sequencing, we have identified
common single nucleotide polymorphisms and rare, pathogenic or likely pathogenic germline loss-of-function variants in BARD1
enriched in neuroblastoma patients. The functional implications of these findings remain poorly understood.

Methods: We correlated BARD1 genotype with expression in normal tissues and neuroblastomas, along with the burden of DNA
damage in tumors. To validate the functional consequences of germline pathogenic or likely pathogenic BARD1 variants, we used
CRISPR-Cas9 to generate isogenic neuroblastoma (IMR-5) and control (RPE1) cellular models harboring heterozygous BARD1 loss-of-
function variants (R112*, R150*, E287fs, and Q564*) and quantified genomic instability in these cells via next-generation sequencing
and with functional assays measuring the efficiency of DNA repair.

Results: Both common and rare neuroblastoma-associated BARD1 germline variants were associated with lower levels of BARD1
mRNA and an increased burden of DNA damage. Using isogenic heterozygous BARD1 loss-of-function variant cellular models, we
functionally validated this association with inefficient DNA repair. BARD1 loss-of-function variant isogenic cells exhibited reduced
efficiency in repairing Cas9-induced DNA damage, ineffective RAD51 focus formation at DNA double-strand break sites, and
enhanced sensitivity to cisplatin and poly (ADP-ribose) polymerase (PARP) inhibition both in vitro and in vivo.

Conclusions: Taken together, we demonstrate that germline BARD1 variants disrupt DNA repair fidelity. This is a fundamental
molecular mechanism contributing to neuroblastoma initiation that may have important therapeutic implications.

High-risk neuroblastoma remains a substantial clinical chal-
lenge, with mortality exceeding 50% despite intensive multimo-
dal chemoradiotherapy and immune-based treatment regimens
(1). In recent years, the genetic basis of neuroblastoma has come
into focus. Germline variants in ALK are the predominant cause
of familial neuroblastoma, accounting for 1%-2% of overall
patient cases (2), mutations in PHOX2B cause neuroblastoma in
the context of a global neurocristopathy that can be familial
(3,4), and multiple genomic loci have been implicated in predis-
position to the more common sporadic neuroblastoma through a
large genome-wide association study (GWAS) (5,6). One of the
most statistically significant neuroblastoma-associated genomic
regions in this GWAS is a complex linkage disequilibrium block

centered on the BRCAl-associated RING domain 1 (BARD1) gene (7).
The BARD1 protein is a well-documented heterodimerization part-
ner of BRCA1 (8,9), a critical interaction required for BRCA1 stability,
ubiquitin ligase activity, and other critical cellular functions includ-
ing repair of DNA double-strand breaks by homologous recombina-
tion (10-14). Common single nucleotide polymorphisms (SNPs) at
the BARD1 locus are associated with neuroblastoma across mul-
tiple ethnicities and are enriched in high-risk patients (5,7,15,16).
Additionally, BARD1 risk variants correlate with increased
expression of an oncogenically activated BARD1 isoform and
reduced expression of full-length BARD1I (17-19).

More recently, rare coding variants with larger predicted
effect sizes were also found to be enriched in the germline of

Received: March 10, 2023. Revised: June 8, 2023. Accepted: June 10, 2023

© The Author(s) 2023. Published by Oxford University Press. All rights reserved. For permissions, please email: journals.permissions@oup.com


https://orcid.org/0000-0002-1424-2858

sporadic neuroblastoma patients, including multiple putative
loss-of-function variants in the BARDI1 gene (20-22). Notably,
BARD1 coding variants are also enriched in the germline of
patients with several other malignancies (23-29), suggesting a
potential shared mechanism of tumor predisposition across mul-
tiple cancers. Large germline sequencing studies in pediatric and
adult cancers have successfully described the landscape of
cancer-associated germline variation across many malignancies
(30-32), but the precise functional implications of these germline
variants on tumor development remain largely undefined. To
address this need, here, we evaluated the functional impact of
both common and rare germline variation at the BARD1 locus in
neuroblastoma. Specifically, we aimed to determine whether
BARD1 variants perturb DNA repair efficiency in neuroblastoma
cells.

Methods

Detailed methods are provided in the Supplementary Methods
(available online). BARD1 isogenic cellular models were gener-
ated via CRISPR-Cas9 where Cas9 enzyme, guide RNAs, and
single-stranded mutated donor oligonucleotides were introduced
into neuroblastoma cells via electroporation. Genotypes were
confirmed by Sanger sequencing. Quantitative real-time poly-
merase chain reaction results were derived via the 274" method.
Whole genome sequencing was performed on isogenic and con-
trol cellular models. Quantification of DNA structural variants,
copy number, indels, single-nucleotide variants, and double-
strand breaks was performed as previously described (33-37).
Immunofluorescence images were obtained using a Leica fluo-
rescence microscope and standard staining protocols. RAD51 foci
were quantified using Focinator v2.0 software (38). The Clover-
LMNA assay was performed according to published methods (39).
Cytotoxicity studies were performed via serial dilution of drugs
and vehicle controls, and cell viability was measured via
CellTiter-Glo assays. In vivo studies were performed as previ-
ously described (40) using murine xenografts generated from
BARD1 isogenic cells.

Quantification and statistical analysis

Differences between groups were presented as the mean (SD) as
noted in the figure legends. All statistical analyses were 2-sided
and done with GraphPad Prism. P values less than .05 were con-
sidered statistically significant.

Results

Neuroblastoma-associated BARD1 common
germline variation correlates with increased
somatic DNA double-strand breaks

We previously reported that common SNPs at the BARDI locus
are associated with neuroblastoma predisposition across multi-
ple ethnicities (7,15,16,18) and that a subset of these SNPs are
correlated with the expression of an oncogenically activated
BARD1 isoform (17). However, we suspect that there are addi-
tional mechanisms involving BARD1 that contribute to neuro-
blastoma predisposition. In view of BARD1's critical role in
stabilizing BRCA1 and facilitating accurate DNA repair (11,41,42),
we first tested the hypothesis that common BARD1 variation is
associated with reduced BARD1 expression that results in a
genome-wide DNA repair deficiency. We selected the most statis-
tically signficant, directly genotyped common risk allele (T) at
SNP rs17487792 from our GWAS (5) for further analysis. We first
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queried the multitissue expression quantitative trait loci data
from the Genotype-Tissue Expression portal (https:// gtexportal.
org/) for the risk allele of this SNP and found that the T risk allele
was associated with a reduction in BARD1 expression across 33
normal tissues, notably including multiple nervous system tis-
sues (Figure 1, Aand B; P=1x 107° - 3 x 107°?). Next, to determine
if there was any association between the rs17487792 T risk allele
and genomic instability in neuroblastoma tumors, we used 2
large sets of primary neuroblastoma tumors subjected to either
paired tumor-normal whole-genome sequencing (n =134 tumors;
cohort 1) or SNP genotyping (n=383 tumors; cohort 2). Using
methods previously described (33,34), we quantified the tumor
burden of DNA double-strand breaks and correlated these data
with rs17487792 genotype in these 2 tumor datasets. Tumors
arising in children harboring a germline homozygous risk allele
genotype (T/T) at SNP 1517487792 had an increased burden of
double-strand breaks when compared with the homozygous
nonrisk allele genotype at this SNP (C/C; Figure 1, C-F). This
correlation between SNP rs17487792 genotype and quantity of
DNA double-strand breaks was more pronounced in patients
harboring tumors without MYCN amplification, an association
that was also found when limiting these analyses to only high-
risk neuroblastomas (Supplementary Figure 1, A-F, available
online). Taken together, these findings suggest that deficien-
cies in DNA repair associated with decreased BARD1 expression
are an additional mechanism by which common variants at
the BARD1 locus contribute to neuroblastoma predisposition.

Generation of isogenic neuroblastoma cellular
models harboring neuroblastoma-associated
BARD1 germline loss-of-function variants
(BARD17/™ut)

In a parallel study of 786 patients with neuroblastoma, we
observed that BARD1 was the most altered cancer predisposition
gene in the germline of neuroblastoma patients (22). We identi-
fied rare pathogenic or likely pathogenic nonsense, frameshift, or
splice site variants in BARD1 in the germline DNA in 8 (1%) of the
786 patients (22). These variants were distributed throughout the
BARD1 coding sequence and displayed no evidence of somatic
loss of heterozygosity (LOH) at the BARD1 locus in available
matched tumor DNA (Supplementary Table 1, available online).
Further, many of these variants are enriched in the germline
DNA of adults with other malignancies (Supplementary Table 1,
available online).

We next aimed to study the functional implications of these
germline pathogenic and likely pathogenic loss-of-function
BARD1 variants, focusing on DNA repair mechanisms of the
BARD1-BRCAL1 heterodimer (11,41,42). We introduced a subset of
these BARD1 variants as monoallelic knock-ins via CRISPR-Cas9
genome editing (Supplementary Tables 1 and 2, available online)
utilizing 2 complementary cell lines to study their functional
impact: IMR-5 (a MYCN-amplified, TP53 wild-type neuroblastoma
cell line; hereafter designated as IMR-5 BARD1™™"Y and hTERT
RPE1 (an immortalized cell line of neural crest origin; hereafter
designated as RPE1 BARD1*/™"Y (43). We chose to focus on the
identified pathogenic and likely pathogenic BARD1 loss-of-
function nonsense and frameshift variants rather than the
BARD1 splice site alterations or the common noncoding SNP var-
iations identified via GWAS, hypothesizing that these loss-of-
function variants may result in the most reproducible pheno-
types. We successfully engineered 4 of these variants
(BARDR1I2": R150%, E287fs, and Q564%) 3crogs these 2 cellular models
(Supplementary Table 1, available online). Heterozygosity for the
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Figure 1. Common BARD1 germline risk variants correlate with decreased BARD1 expression and genome-wide deficiencies in DNA repair. A) Plot of the
normalized effect size (NES) of the single nucleotide polymorphism (SNP) rs17487792 expression quantitative trait loci vs P value for 33 human tissues derived
from the Genotype-Tissue Expression (GTEx) project. B) Plots of BARD1 expression vs SNP 1517487792 genotype in tibial nerve (left) and brain cortex (right)
derived from the GTEx project. C-F) Violin plots depicting the number of DNA double-strand breaks (DSBs) in neuroblastoma tumors from patients with
different germline SNP rs17487792 genotypes. Panels C and D depict quantity of DNA DSBs in cohort 1 among all tumors or among only tumors without MYCN
amplification, respectively. Panels E and F depict quantity of DNA DSBs in cohort 2 among all tumors or among only tumors without MYCN amplification,
respectively. Red solid line denotes median, and blue dotted lines denote quartiles. MYCN NA = MYCN non-amplified; C = cytosine; T = thymine.

appropriate BARDI variant in the cells to be used for functional
assays was confirmed by Sanger sequencing (Figure 2, A). The
most likely exonic off-target CRISPR sites with cutting frequency
determination scores of at least 0.04 (n = 2-3 loci per mutation) as
determined by the CRISPOR tool (44) were also sequenced to
ensure no aberrant Cas9 editing had occurred (Supplementary
Table 3, available online). Clones with no evidence of editing at
either BARD1 allele, which had undergone similar single-cell
selection pressure, were chosen at random to use as controls for
subsequent sequencing and functional studies.

Cells heterozygous for BARD1 loss-of-function
variants have reduced BARD1 expression

We first sought to characterize BARD1 expression in these IMR-5
and RPE1 BARD1T™ cellular models, given that similar BRCA1
monoallelic variants induce functionally relevant BRCAI1 hap-
loinsufficiency (45,46) and considering our findings that
neuroblastoma-associated common BARD1 variation is associ-
ated with decreased BARD1 expression. Via real-time polymerase
chain reaction using 2 unique BARD1 TagMan probes, we found
that 3 of 4 BARDI"™! isogenic cellular models exhibited a

substantial reduction in BARDI expression compared to wild-
type parental cells or nontargeted clonal control cells (33%-56%
reduction in BARDI mRNA in IMR-5/RPE1 BARDI"™" cells;
Figure 2, B). However, IMR-5 BARD1*/?1?" cells had BARD1 mRNA
expression comparable to wild-type cells and nontargeted clonal
control cells (Figure 2, B). The BARDI*?'*" variant is unique
among the prioritized BARDI nonsense and frameshift variants
studied in that it has a nearby downstream putative start codon
(M145) distal to the aberrant stop codon, potentially allowing for
resumption of translation and avoidance of nonsense-mediated
decay, a phenomenon that has been previously described (47).
We also quantified BRCA1 mRNA as a control and found no dif-
ference in BRCA1 mRNA expression between wild-type, clonal
control cells, and BARD1*/™ut isogenic cells (Figure 2, B). Thus,
most of the prioritized neuroblastoma associated BARD1 loss-of-
function germline variants result in reduced BARDI expression.

BARD1*/™Ut cells exhibit widespread genomic
instability

The BRCA1-BARD1 heterodimer is essential for maintaining
genomic integrity, in part via the homology-directed repair of
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Figure 2. Neuroblastoma cells heterozygous for disease-associated BARD1 loss-of-function variants (BARD1"/™") have reduced BARD1 expression. A)
Representative chromatograms from IMR-5 and RPE1 BARD1 /™" isogenic cell lines. Black arrows indicate CRISPR-introduced BARD1 heterozygous
variants. Other variants reflect synonymous protospacer adjacent motif (PAM) changes (R150%, Q564*) or frameshift-induced nucleotide alterations
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expression measured via 2 unique TagMan probes. Data in panel B is represented as means (SD) of 2 biological replicates of each unique cell line,
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cell lines). WT = wild-type.

DNA double-strand breaks, and substantial homology-directed
repair defects have been observed in cellular models with hetero-
zygous loss-of-function BRCA1 mutants (10,45,48). Considering
these data, along with the correlation of neuroblastoma-
associated common variation with an increased number of DNA
double-strand breaks, we first quantified the genome-wide
impact of this BARDI haploinsufficiency on DNA repair in iso-
genic IMR-5 BARDI"/™U* cells. After 20 passages in cell culture,
genomic DNA from 3 representative IMR-5 BARD1"/™4¢ clones, a
nontargeted control clone, and wild-type parental cells were
examined via whole-genome sequencing. We identified genomic
aberrations that each clonal cell line acquired relative to the
wild-type parental cell line by applying Control-FREEC (35) and
Delly (36) as complementary algorithms for copy number and
structural variant analysis, respectively. Striking genomic insta-
bility was observed uniquely in the IMR-5 BARD1™/™1* isogenic
cell lines, including large-scale copy number alterations
(Figure 3, A; Supplementary Figure 2, A, available online) altering
a substantial number of genes (Figure 3, B), along with an

increase in structural variants (Figure 3, C and D; Supplementary
Figure 2, B and C, available online). We also quantified DNA
double-strand breaks (33,34) based on Control-FREEC and Delly
calls, and all 3 IMR-5 BARD1™/™U isogenic cell lines harbored
increased double-strand breaks compared with the nontargeted
control clone (Figure 3, E). These results were consistent using
stringent (Figure 3, C-E; Supplementary Figure 2, B and C, avail-
able online) and more relaxed structural variant filtering param-
eters (Supplementary Figure 3, A-E, available online). Parallel
analyses with MuTect (37) also revealed an increase in single-
nucleotide variants and indels in IMR-5 BARD1*/™! clones vs the
control clone, with variants in BARD1"™Y clones exhibiting
higher allele frequencies (Supplementary Figure 4, A-C, available
online). Finally, analysis of mutational signatures in the nontar-
geted control and isogenic IMR-5 BARD1/™ cell lines revealed
enhanced exposure of SBS3 (defective homologous recombina-
tion DNA repair; BRCA1 and 2 mutation) in the isogenic cell lines,
along with other DNA repair deficiency signatures (SBS6, defec-
tive DNA mismatch repair; SBS10, POLE mutation) uniquely
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found in a subset of the isogenic IMR-5 BARD1™/™" cell lines but
not the nontargeted control cells (Figure 3, F; Supplementary
Figure 4, D, available online).

BARD1%/™Ut cells are deficient in DNA repair and
are more sensitive to cisplatin and poly (ADP-
ribose) polymerase (PARP) inhibition

We next used several complementary functional studies to eval-
uate the ability of BARD1™/™4 isogenic cells to perform efficient
DNA repair. First, we used a CRISPR-based in vitro assay incorpo-
rating a fluorescent endogenous Clover tag (Figure 4, A) to
directly quantify homology-directed repair efficiency in the
BARD1+™1 isogenic models via flow cytometry (39). We found
that after Cas9-induced DNA cutting, IMR-5 BARD1 ™4 isogenic
cellular models consistently integrated the DNA repair template
with the Clover tag at approximately 50% the efficiency of wild-
type IMR-5 cells (relative mean Clover-positive BARD1+™"" iso-
genic cells 46%-53% of wild-type IMR-5 cells; Figure 4, B and C).
Notably, the relative reduction in homology-directed repair
capacity was consistent among the different isogenic cell lines,
except 1 of the 3 IMR-57E2 igogenic cell clones, which had
similar levels of Clover tag integration as wild-type IMR-5 cells
(Figure 4, C, blue triangles).

We next investigated whether BARD1V™ cells displayed
increased vulnerability to PARP inhibition, another well-
validated marker of DNA damage repair deficiency (49). We
treated both wild-type and isogenic IMR-5 BARD1™/™4¢ cells with
the PARP inhibitor olaparib (0.1-100 pM) and assessed
cytotoxicity after 4 days (Figure 4, D). IMR-5 BARD1*/™4¢ cells
exhibited enhanced sensitivity to olaparib compared with wild-
type cells (mean IMR-5*/™ [Csy 2.1-2.9 uM vs 4.7 uM for wild-
type IMR-5 cells; P <.05; Figure 4, D, left), as did RPE1 BARD1"/
Q64" cells (mean ICsp 5.9 uM vs 26.0 uM for wild-type RPE1 cells;
P<.01; Figure 4, D, right). Similarly, except for IMR-5 BARD1"
R150" BARD1+/™Ut cells also displayed increased sensitivity to the
DNA intercalating agent cisplatin (mean ICsq 201-235nM for IMR-
5 BARD1+/™U cells vs 362nM for wild-type IMR-5 cells [P < .01;
Figure 4, E, left] and 3450nM for RPE1 BARD1"™U¢ cells vs
9282nM for wild-type RPE1 cells [P <.05; Figure 4, E, right]). To
further validate these data, we designed a cytotoxicity assay
incorporating olaparib and cisplatin at escalating doses to evalu-
ate whether the combination was also more potent in IMR-5
BARD1™/™ cells than wild-type IMR-5 cells. Compared with
wild-type IMR-5 cells, BARD1/R112" and BARD1*/E%7% IMR-5 cells
were more sensitive to these drugs at every dose combination
tested, and BARD1*/R'%" cells were more sensitive at most doses
(Figure 4, F). Next, to confirm the sensitivity of BARDI*/™"¢ cells
to olaparib, we treated cohorts of mice xenografted with each iso-
genic line with 20mg/kg of olaparib daily for 28days (50).
Olaparib-treated BARD17/%112" and BARD1+/***"" isogenic xeno-
grafts had a statistically significant reduction in tumor growth vs
paired vehicle-treated, and wild-type IMR-5 and the much
slower-growing IMR-5 BARD1 /5227 xenografts did not show any
olaparib-induced tumor growth delay (Figure 4, G;
Supplementary Figure 5, A-D, available online). Mice harboring
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the BARD17/®'5" xenografts also had a longer progression-free
survival compared with paired vehicle treated mice (P<.01;
Supplementary Figure 5, E-H, available online).

Finally, we used the RPE1 isogenic model to evaluate the abil-
ity of BARD1*/™" cells to form RAD51 foci after treatment with
cisplatin (51). The larger nucleus of RPE1 cells facilitated
increased resolution of distinct RAD51 foci by immunofluores-
cence. Twenty-four hours after treatment with cisplatin, fewer
RPE1 BARD1+/®*" cells exhibited more than 10 RADS1 foci per
nucleus (mean of 40.1% vs 65.3% for wild-type RPE1 cells; P < .05;
Figure 4, H; Supplementary Figure 5, I, available online), and
nuclei from RPE1 BARD1+/ %" cells had fewer average RADS1
foci per nucleus overall (mean of 17 vs 30 for RPE1 wild-type cells;
P <.05; Figure 4, I; Supplementary Figure 5, I, available online).
Taken together, these findings suggest that neuroblastoma-
associated BARD1 loss-of-function variants markedly impair
DNA repair processes.

Discussion

Neuroblastoma, like all human cancers, is a genetic disease.
Common germline alleles at several genomic loci (eg, BARDI,
LMO1, CASC15) contribute to sporadic neuroblastoma predisposi-
tion, and rare heterozygous variants in neurodevelopmental
genes (PHOX2B and ALK) underlie familial neuroblastoma (2-
4,20). More recently, next-generation sequencing efforts focused
on germline DNA from neuroblastoma patients have also identi-
fied enrichment of potentially pathogenic variants in cancer pre-
disposition genes; among these, the most frequently altered gene
is BARD1 (22). Although substantial progress has been made in
defining the landscape of rare germline variation in cancer pre-
disposition genes across pediatric and adult cancers (30-32), less
effort has concentrated on elucidating how these disease-
associated genetic variants influence cancer development at the
molecular level, especially in pediatric malignancies. Thus, the
functional validation of neuroblastoma-associated BARD1 germ-
line variants described here not only further enhances our
understanding of the contribution of the BARD1 locus to neuro-
blastoma predisposition but also represents a critical attempt to
define the functional and potential clinical relevance of cancer-
associated germline variation.

Given that BARD1 is one of the most statistically significant
and replicated neuroblastoma-associated GWAS loci, we first
looked for genome-wide evidence of a DNA damage repair defect
in tumors from patients harboring a common BARD1 risk haplo-
type. We quantified DNA double-strand breaks in 2 large sets of
neuroblastoma tumors and observed a correlation between
germline SNP genotype and somatic DNA damage, which was
most robust in tumors without MYCN amplification. Given
MYCN'’s central role in response to DNA damage (52,53), this sug-
gests a potential compensatory mechanism for DNA repair in
neuroblastoma cells with high levels of MYCN. However, given
the low effect sizes of these neuroblastoma-associated common
variants, we chose to primarily focus on functional validation of
a subset of the recently identified loss-of-function BARDI

Figure 3. Continued

from panel A are shown in the outer circle for reference. D) Counts of structural variants in nontargeted control and BARD1 /™" IMR-5 cells. E) Counts
of DNA double-strand breaks in nontargeted control and BARD1*/™4t IMR-5 cells, quantified from the Control-FREEC copy number data (top) and Delly
structural variant data (bottom). F) Plot of mutational signature weights in nontargeted control and BARD1 /™" IMR-5 cells using COSMIC mutational

signatures v2. DSB = double-strand break.
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Figure 4. BARD1"/™" cells are deficient in DNA repair and sensitive to poly (ADP-ribose) polymerase (PARP) inhibition. A) Schematic of the Clover-

LMNA homology-directed repair assay (39). B) Representative flow cytometry plots of IMR-5 wild-type (WT) and BARD

177528785 cells cotransfected with

PpX330-LMNA1 guide RNA and pCR2.1 Clover-LMNA repair template plasmids with gating strategy for Clover-positive cells indicated. C) Violin plots
showing relative DNA damage repair efficiency across IMR-5 BARD1 /™! cells as quantified with the Clover-LMNA homology-directed repair assay
shown in panels A and B. D) Olaparib ICs, values in IMR-5 WT and BARD1 /™ cell lines (left) and in RPE1 WT and BARD1/™4 cell lines (right). E)
Cisplatin ICs, values in IMR-5 WT and BARD1 "™ cell lines (left) and in RPE1 WT and BARD1*/ ™! cell lines (right). F) Relative cytotoxicity of combined
olaparib and cisplatin in IMR-5 BARD1/™Ut cell lines compared with WT. Each square represents a single dose combination. Blue squares represent
drug combinations at which greater cytotoxicity is observed in BARD1 /™" cells; red squares represent drug combinations at which greater
cytotoxicity is observed in WT cells. Numbers in corner cells represent the percent of isogenic cells alive compared with WT cells alive at equivalent
doses. G) Violin plots of tumor volumes after 2 weeks of olaparib treatment in BARD1™/™%t vs WT IMR-5 cell line xenografts. (n = 9-11 mice per cohort).
Tumor volumes for olaparib-treated IMR-5 BARD1"/5287% xenografts measured on day 13. Solid lines denote medians, and dotted lines denote
quartiles. H) Proportion of RPE1 WT and BARD1/2°%*" cell nuclei with more than 10 RAD51 foci after treatment with cisplatin. I) Mean RAD51 foci per



germline variants with much larger predicted effect sizes. Our
findings support a model in which BARD1 loss-of-function var-
iants induce BARD1 haploinsufficiency leading to genomic insta-
bility from deficient DNA damage repair. This model may be
immediately relevant to other predicted loss-of-function variants
in DNA repair-related genes that are enriched in the germline of
children (and adults) with multiple tumor histotypes (30,32,54).

In further considering this haploinsufficiency model for heter-
ozygous BARD1 loss-of-function variants in neuroblastoma
tumorigenesis, it is important to note that the traditional model
for BRCA1- and BRCA2-associated familial malignancies involves
early LOH of the wild-type allele (55). Further, although emerging
evidence suggests that a subset of breast and ovarian tumors
from individuals with BRCA1 or BRCA2 germline variants lack
BRCA1 and 2 locus-specific LOH, these heterozygous tumors
exhibit homologous recombination deficiency scores similar to
non-BRCA1 and 2 mutated tumors (56). In contrast, a single hit to
a homologous recombination pathway gene may be sufficient to
induce homologous recombination deficiency in neuroblastoma
and other pediatric cancers as observed in a recent pan-pediatric
cancer study (57) that identified 8 patients with monoallelic
germline variants in homologous recombination pathway genes
such as BRCA2. Although none of the matched tumors in this
study carried a second hit to induce locus-specific LOH, they
exhibited mutational signatures consistent with homologous
recombination deficiency. Additionally, considering that homo-
zygous loss of either BARD1 or BRCA1 results in embryonic lethal-
ity in murine models (58), LOH may not be well tolerated as an
early event in pediatric cancers that commonly initiate during
embryogenesis.

Interestingly, although the prioritized BARD1 pathogenic and
likely pathogenic variants led to overall comparable defects in
DNA repair, there were some notable differences in how each iso-
genic cell line performed in a subset of these functional assays.
Considering the number of genomic alterations we observed by
sequencing these BARD1 loss-of-function mutant isogenic cells,
it is possible that acquired genetic changes uniquely endowed
individual models with other tumor-enhancing properties. For
example, although the isogenic IMR-5 BARD1*/%¥*°" model
showed increased sensitivity to PARP inhibition like other
BARD1+/™U isogenic cell lines, these cells appeared to have
uniquely acquired resistance to cisplatin. The IMR-5 BARD1"/
R159" model harbored the largest number of altered genes within
acquired copy number variants, with the observed copy number
changes in at least 5 of these genes being previously implicated
in platinum resistance (59). These data potentially explain the
acquired cisplatin resistance in this BARD1 isogenic cell line.
Additionally, the kinetics of in vivo growth were not identical
across this panel of isogenic cells with BARD1™/%**%" and BARD1*/
R112" cellular models having faster in vivo growth, again suggest-
ing the possible acquisition of additional genetic lesions that
facilitated cell growth in these cell lines.
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Although this study focused specifically on germline loss-of-
function variants, other heterozygous germline and somatic var-
iations in BARD1 have been identified in neuroblastoma (20,22).
These variants may induce similar defects in DNA repair effi-
ciency and genomic stability. The functional validation approach
taken here can be extended to these and other potentially patho-
genic germline variants recently identified across several child-
hood and adult malignancies, especially those that are predicted
to disrupt DNA repair pathways. However, although we focus on
utilizing established neuroblastoma and neural control cell lines
as models to study the functional impact of BARDI variants, it
will also be important to study the function of pathogenic and
likely pathogenic germline variants more directly in the develop-
ment of neuroblastoma. Although the neuroblastoma cell of ori-
gin has ultimately remained elusive, patient-derived induced
pluripotent stem cells and transgenic animal models may serve
as appropriate systems to address these questions in preclinical
studies (60-63). Although, considering the concerted effort and
resources required for these experimental approaches, they may
only be suitable for recurrent pathogenic and likely pathogenic
germline variants that are found across several tumor histotypes.
Another potential limitation of this study is the reliance on single
cell cloning approaches to generate a homogenous population of
cells harboring BARD1 germline pathogenic and likely pathogenic
variants because of inefficiency of knocking in these variants
using current CRISPR technology. Thus, we aimed to generate
multiple paired clones for these studies controlling for any
genomic differences in the parent cells. However, as the effi-
clency of this technology increases, similar studies can be per-
formed on bulk cell populations that best recapitulate
intratumoral heterogeneity.

As germline sequencing of pediatric cancer patients becomes
more widely adopted into clinical practice, the role of germline
variants in treatment stratification, normal tissue susceptibility
to cancer therapies, and implications for genetic counseling
must all be rigorously examined. For example, here, we suggest
tumors harboring BARD1 loss-of-function variants may be more
sensitive to DNA damaging agents, findings that may have
important implications for selection of treatment regimens espe-
cially in the relapse setting where several different chemothera-
peutic agents may be available to patients. Additionally, the
presence of cancer-associated gene variants within normal tis-
sues may result in substantial morbidities from cytotoxic thera-
pies. This phenomenon has been noted in cancer predisposition
syndromes such as Li-Fraumeni in which genotoxic treatments
can precipitate severe acute toxicity and contribute to an ele-
vated risk of second malignancy (64,65). Of note, during the prep-
aration of this manuscript, a patient presented to our oncology
clinic with a rare composite neuroblastoma-pheochromocytoma
tumor that was ultimately found to have a BARD1*'>" germline
variant. This patient was treated with our standard high-risk
neuroblastoma regimen, including conditioning with carboplatin,

Figure 4. Continued

RPE1 WT and BARD1+/?*%*" cell nucleus after treatment with cisplatin. Data in panel C are means (SD) of 3-10 biological replicates of each isogenic cell
line, including multiple cell lines with identical BARD1 variants (n = 2 IMR-5 BARD1*/?12"; n = 1 for IMR-5 BARD1*/****"; and n = 3 for IMR-5 BARD1*/

E287fs

cell lines). Data in panels D and E are means (SD) of 3-12 biological replicates of each isogenic cell line, including multiple cell lines with identical

BARD1 variants (n = 2 IMR-5 BARD1*/*12": n — 1 for IMR-5 BARD1*/**°%"; and n = 3 for IMR-5 BARD1*/%2¢7'S cell lines). Data in panels H and I represent
means (SD) of 3 biological replicates for each cell line with a total of 1262 nuclei (range = 245-718 nuclei per replicate) analyzed for RPE1 WT cells and a
total of 1596 nuclei (range = 300-905 nuclei per replicate) for RPE1 BARD1 /%% cells. *P < .05, **P < .01, ***P < .0001. LMNA = lamin A/C; NS = not

statistically significant as measured by t test.
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etoposide, and melphalan followed by autologous hematopoietic
stem cell transplantation (66), which precipitated severe acute
kidney injury progressing rapidly to renal failure and death.
Although the contribution of this patient’s germline BARD1 var-
iant to this fatal complication cannot be known, this case raises
the possibility that the BARDI?**®" variant caused increased renal
sensitivity to the carboplatin-containing transplant conditioning
regimen. A prior report from our institution focused on the toxic-
ities in 44 patients who received the same carboplatin, etoposide,
and melphalan conditioning places this patient’s complication in
context (67). Approximately one-third of these patients devel-
oped modest increases in serum creatinine, with 2 requiring brief
courses of dialysis, but none experienced irreversible or fatal kid-
ney injury. Unfortunately, germline sequencing data were not
available for these patients. However, clearly the influence of
germline variation in DNA repair-related genes, or other genes
critical in normal tissue homeostasis, on the development of nor-
mal tissue toxicity during multimodal cancer therapy merits fur-
ther investigation.

Additionally, the identification of pathogenic variants in the
germline of children with cancer has important genetic counsel-
ing implications as a majority of these are likely inherited in an
autosomal manner similar to recent findings in pediatric sarco-
mas (68). Although these moderate penetrance pathogenic var-
iants are unlikely to be sufficient to cause malignancy alone,
they do substantially increase the risk of developing cancer,
which has important repercussions for family members who
may also harbor an identical germline genotype. Furthermore, it
is now clear that pathogenic germline variants classically associ-
ated with adult cancer predisposition syndromes (eg, BRCA1 and
2) also contribute to cancer risk in children and adolescents (69),
further emphasizing the importance for cascade testing. Finally,
although at some larger academic medical centers it is common
practice to sequence both tumor and germline tissues at diagno-
sis, these data support adopting this parallel sequencing practice
for all pediatric cancer patients. Future studies will be essential
to illuminate additional functional implications of cancer-
predisposing germline genetic variants in tumorigenesis and how
best to expand their utility in oncology clinical practice.
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