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Germline BARDI variants predispose to mesothelioma
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We report that ~1.8% of all mesothelioma patients and 4.9% of those younger than 55,
carry rare germline variants of the BRCA1 associated RING domain 1 (BARDI) gene
that were predicted to be damaging by computational analyses. We conducted functional
assays, essential for accurate interpretation of missense variants, in primary fibroblasts
that we established in tissue culture from a patient carrying the heterozygous BARD1V5?3*
mutation. We found that these cells had genomic instability, reduced DNA repair, and
impaired apoptosis. Investigating the underlying signaling pathways, we found that
BARDI forms a trimeric protein complex with p53 and SERCA2 that regulates calcium
signaling and apoptosis. We validated these findings in BARDI-silenced primary human
mesothelial cells exposed to asbestos. Our study elucidated mechanisms of BARDI activity
and revealed that heterozygous germline BARDI mutations favor the development of
mesothelioma and increase the susceptibility to asbestos carcinogenesis. These mesothe-
liomas are significantly less aggressive compared to mesotheliomas in asbestos workers.

genetics | carcinogenesis | mesothelioma | gene x environment | cancer prevention

Cancer for the most part is a disease of old age, however, in recent years there has been
an unexplained increase of cancer diagnoses among young patients. Various hypotheses,
including exposure to increasing amounts of environmental carcinogens, have been pro-
posed, yet there are no firm data to support these hypotheses (1). Mesothelioma, one of
the best examples of a cancer caused by environmental carcinogens, is one of the malig-
nancies that we see with increasing frequency in younger patients (2). This is very difficult
to explain because asbestos causes cancer about 30 to 60+ y after initial exposure, thus
most asbestos workers developed mesothelioma when they are old (2). Because, asbestos
use was banned in the 80 s (2), former asbestos workers are now in their 70 s to 90 s, thus
we should see mesothelioma in older not younger patients! (3)

In previous studies, we found that heterozygous germline mutations in the BAPI gene
cause the BAP1 Cancer Syndrome, characterized by a high incidence of mesothelioma
(4-9). We found that BAPI-linked mesotheliomas had a distinct clinical presentation:
These patients very rarely had evidence of asbestos exposure, the median age of onset
was 54 y old, several of them were in their 20 s and 30 s, the male to female and the
pleural to peritoneal mesothelioma ratios were 1:1, compared to about 7:1 in mesothe-
liomas developing in asbestos workers (8, 10-12). Intriguingly, mesotheliomas developing
in carriers of germline BAPI mutations had a median survival of 5 ~ 7 y and some were
apparently cured as they survived mesothelioma for >20 y (8, 10-16). In contrast, mes-
otheliomas developing in asbestos workers have a median survival of ~1 vy, are resistant
to therapy, and are uniformly fatal (14). These differences point to different mechanisms
underlying the pathogenesis of these malignancies. In additional targeted next-generation
sequence studies we, and others, found that ~8 to 16% of mesotheliomas developed in
carriers of germline BAPI mutations—the most frequent mutations—and, occasionally,
in the contest of other tumor predisposition syndromes (8, 10-16). We also found some
mesotheliomas developing in younger patients and associated with prolonged survival
that did not contain mutations of any of the genes tested, which included those known
to predispose to cancer (11). We suspected that additional genes, not included in our
testing panel (11) might cause or predispose to less aggressive mesotheliomas in younger
patients. It is important to identify carriers of germline mutations that predispose to
cancer because screening of these individuals and of their affected family members for
early cancer detection can be life-saving. Also, when diagnosed with cancer, these patients
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Significance

There has been an unexplained
increase of mesothelioma in
younger patients who have not
worked in the asbestos industry.
We report that inherited
germline mutations of BARD1
cause some mesotheliomas in
young patients. They experience
significantly prolonged survival
up to 20+ y and they require
tailored screening and
therapeutic approaches.
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have a better prognosis and may respond to specific target ther-
apies (8, 13, 17, 18).

Our hypothesis was that mutations in genes whose disrupted
functions would lead to alteration in signaling pathways similar to
those caused by BAPI mutations might also cause mesothelioma
and that these mesotheliomas would be less aggressive. BARD1
appeared to be a possible candidate because although BAPI stands
for “BRCA1-associated-protein-1” (19) a subsequent study pro-
posed that BAP1 does not bind BRCAL, rather it binds BARD1
preventing its binding to BRCA1 (20). The BRCA1/BARD1 com-
plex has E3 ligase activity and modulates DNA repair by homol-
ogous recombination. Therefore, BARD similarly to BRCAI and
BAP1, modulates DNA repair (21-23). In the cytoplasm BARD1
competes with Mouse Double Minute 2 homolog (MDM?2) to
bind TP53 (24-26). BARD1 inactivating mutations allow MDM2
to bind p53, which is therefore ubiquitylated and degraded, impair-
ing p53-induced apoptosis. Recent findings revealed a negative
genetic interaction between BLM loss and BARD1 deficiency that
leads to chromosomal breakage, micronucleation, and cell death
(27). Some germline BARDI mutations and large deletions have
recently been linked to breast and ovarian cancer and possibly to
neuroblastoma (28-32). The possible causative association of
germline BARDI mutations with other human cancers remains
speculative (33). Accordingly, most germline BARDI mutations
are classified in ClinVar either as benign or as variant of unknown
significance, largely because of the lack of integrated clinical and
mechanistic evidence required to establish cause-effect relation-
ships. We reasoned that if BAP1 interacts with BARD1 to modulate
homologous recombination and possibly other cellular pathways,
germline BARDI mutations might also predispose to mesotheli-
oma, and that these patients might have a better prognosis, similar
to carriers of germline BAPI mutations.

Results

Identification of Germline Mutations in the BARD1 Gene of
Mesothelioma Patients. We searched The Cancer Genome Atlas
(TCGA) mesothelioma datasets for genetic determinants of cancer
survival (tcga-survival.com) and found 37 mesothelioma patients
with low BARDI expression. These patients had a significantly
increased median survival compared to patients with high BARD1
expression (P = 0.009679, Fig. 1A4). We verified and confirmed
that BAP1 coprecipitates with BARD1 and not with BRCA1
(81 Appendix, Fig. S14).

We investigated a cohort of 61 patients who developed meso-
thelioma at young age (55< y old) and who had no evidence of
asbestos exposure. Their DNA samples were sequenced and
analyzed for the presence of BARDI mutations using comprehen-
sive techniques, including Whole Exome Sequencing (WES) to
identify Single Nucleotide Variants—results verified by Sanger
sequencing—and digital multiplex ligation-dependent probe
amplification (digital-MLPA) to identify copy number variations
ranging from whole chromosomes to single exons (34, 35). We
used the Combined Annotation Depletion (CADD, version 1.6)
score to rate the potential deleteriousness of the identified BARD1
variants. CADD utilizes machine learning on a variety of genomic
features derived from surrounding sequence context, gene model
annotations, evolutionary constraints, and functional predictions
(36). The Minor Allele Frequency (MAF) for the variations found
in the research cohort was defined using the Genome Aggregation
Database (gnomAD, version 2) (37). Finally, we used the
MutationSignificance Cutoff (MSC), a gene-specific score to iden-
tify the lowest expected clinical-biological relevant CADD score
value (38). 27/61 (44.2%) carried pathogenic BAP! variants with

https://doi.org/10.1073/pnas.2405231121

a CADD score 220 (MSC = 18.4). Our previous results showed
that all BAPI mutations with a CADD score >18 and with a MAF
< 0.01-i.e., rare variants—were pathogenic and could be causally
linked to mesothelioma (11, 39, 40). Single patients carried path-
ogenic rare variants in tumor suppressor genes, including BRCA1,
BRCA2, TP53, etc., that are well known to cause other tumor
predisposition syndromes. Three of 61 mesothelioma patients
(4.9%) carried rare, MAF < 0.01, heterozygous germline BARD 1
variants with CADD scores >20 (MSC = 14.2); all of them had
a significantly prolonged survival (S Appendix, Tables S1 and S2).
Among these three mesothelioma patients, two had different mis-
sense BARDI variants and one carried a BARD1 deletion (Fig. 1
Band Cand SI Appendix, Fig. S1 B—D and Tables S1 and S2).

About 90% of mesotheliomas contain either or both BAPI and
CDKNZ2A somatic (acquired) biallelic inactivating mutations—CD-
KN2A codes for p14 and p16. Inactivation of these genes is considered
the main driver of sporadic -not genetically related- mesothelioma
(41-43). The mesothelioma biopsy from the patient carrying
BARDIY5?3* was available to us. Immunohistochemistry (IHC)
showed that BAP1 expression was retained in the BARDIY>?3* mes-
othelioma cells, evidence of wild-type BAPI (41, 44). Fluorescence
in situ hybridization was negative for homozygous deletion of the
CDKN2A (9p21). These findings were supported by IHC that showed
p16 nuclear expression in the mesothelioma cells (S Appendix, Fig. S2
Aand B). In summary, neither BAPI nor CDKN2A inactivation con-
tributed to mesothelioma, at least in one of these three patients.

We considered whether the 2 BARDI mutations and the
BARDI deletion described above might be causally linked to mes-
othelioma because of their high in silico pathogenicity prediction
scores, their low frequency in the human population, the early
onset of these mesotheliomas and the unusually significant pro-
longed survival of these three patients. BARDI mutations have
not been linked to mesothelioma to date. The two missense
BARD1 mutations (Val523Ala, Arg43Ser) are listed on ClinVar
with “conflicting interpretation” for the Val53Ala and “uncertain
significance” for the Arg43Ser; the BARDI deletion (7-11) is not
in ClinVar. In summary, the ClinVar archive did not help us judge
their possible pathogenicity.

Distinguishing pathogenic from harmless variants in the absence
of clinical data and large family pedigrees showing cosegregation—
which are rarely available—is challenging (45). There is a general
agreement that functional assays are essential for accurate interpre-
tation of missense variants and that current prediction tools, includ-
ing CADD, should be used with caution (46). The BARD V5"
variant had been tested with unclear results in a study that used an
assay for homology-directed DNA repair in which 76 BARDI var-
iants were screened. In that assay, the BARD 1V3%* mutation showed
a reduced nonsignificant difference in DNA repair (47).

To assess the biologic consequences of mutated BARD1 resulting
in reduced BARDI protein levels we established fibroblast cultures
from the BARD V5% variant carrier (FM-26), a living patient with
the longest mesothelioma survival (>23 y). This patient had diffuse
peritoneal mesothelioma with widespread multiple tumor nodules
throughout the abdominal cavity, biopsies of her tumor demonstrated
tumor cell invasion (Fig. 1.D and ST Appendix, Fig S1B). Visible tumor
nodules were ablated and she was treated with chemotherapy, expected
survival was ~12 mo: 23 years later she is alive and well.

Studying the primary cells of this patient without any laboratory
manipulation we ensured that the results were specific for the
BARD V5% and were not affected by technical manipulation. To
validate the general relevance of the results studying this particular
variant, we down-regulated BARD! in primary benign Human
Mesothelial cells (HM) that we established in tissue culture from
pleural fluids of patients with nonmalignant conditions. In the
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germline BARDT mutations
we identified in six mesothe-
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Tables S1 and S2): three de-
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(marked in red) and three de-
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ing (marked in violet). BARD1
domains are shown: RING do-
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domains (yellow). Exons and
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assays described below we considered that mesothelial cells are very
susceptible to asbestos-induced DNA damage, cell death, and trans-
formation (measured as foci formation) (48). Fibroblasts, instead,
are not susceptible to asbestos toxicity; however, they are susceptible
to radiation and H,O,-induced DNA damage and cell death (48).

Germline BARD1V323A Heterozygous Mutation and Reduced
BARD1 Levels Increase Genome Instability and DNA Damage
In Vitro. The ability of BARD1 to modulate DNA repair by
homologous recombination has been ascribed to its nuclear
localization. Subcellular fractionation of primary BARDI¥T and

PNAS 2024 Vol.121 No.29 2405231121

BARD V5% fibroblasts revealed that the amount of BARD1 protein
was specifically reduced in the nuclear fraction of BARDIY3?3*
fibroblasts compared to BARDI wild-type (BARDIV™) control
fibroblasts from a donor matched by sex and age (Fig. 24). These
findings were supported by immunofluorescence (IF) showing that
BARD1 protein levels were significantly reduced in the nucleus of
BARD 1?3 fibroblasts (S Appendix, Fig. S3 A and B). Together
these findings suggested a reduced BARD1 nuclear activity.

We tested the response of BARDIYV*** to DNA damage by
measuring the number of micronuclei in primary human BARDIY'T
and BARD1V5?3* fibroblasts exposed to 1GY of ionizing radiation
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Fig. 2. Effects of BARD1Y>23A mutation and of reduced BARD1 levels in DNA damage response. (4) Nuclear-cytoplasmic fractionation of BARDTWT and BARD7V523A
fibroblasts. Reduced nuclear BARD1 localization was detected in BARD1V5%3A fibroblasts compared to BARD1"T cells. Abbreviations: H, Homogenate; C, Cytoplasm;
N, Nucleus. (B-E) Chromosomal instability was determined as micronuclei frequency at interphase. (B) Primary human BARD1WT and BARD1V523A fibroblasts were
treated with 1GY ionizing radiation (IR) for 5 min in PBS or left untreated (PBS); 48 h later, the number of micronuclei (indicated by white arrows) was determined
by DAPI staining. (Scale bars: 10 um.) (C) Percentage of interphase cells with micronuclei in >140 cells counted per treatment from n = 2 BARDI"T and n = 2
BARD1V523A mutant; data shown as one representative experiment. P values are calculated by unpaired two-tailed Student’s t tests (*P < 0.05). (D) Primary HM
cells were transfected with a pool of siRNAs for BARDT gene (siBARD1) or a control siRNA (Scr) and then treated with 5 pg/cm? crocidolite for 24 h or left untreated
(PBS); 48 h later, the number of micronuclei (indicated by white arrows) was determined by DAPI staining. (Scale bars: 10 pm.) (E) Percentage of interphase cells
with micronuclei in 2140 cells counted per treatment from n = 3 independent experiments; data are shown as mean + SD. P values are calculated by unpaired
two-tailed Student's t tests (*P < 0.05). (F and G) y-H2AX foci formation in BARDTWT and BARD1Y523 fibroblasts upon DNA damage. (F) BARD1WT and BARD1V>23A
fibroblasts were treated with 1GY IR for 5 min in PBS or left untreated (PBS), followed by a recovery of 30 min and stained for endogenous y-H2AX. (Scale bars:
10 um.) (G) Number of y-H2AX foci in 30 cells counted per each group. P values are calculated by unpaired two-tailed Student's t tests (**P < 0.01). (H) Western
blot comparing y-H2AX protein levels in BARDTWT and BARD1V523A fibroblasts after the treatment with 100 pM H,0, for 24 h (+) or left untreated (-). (/ and J) y-H2AX
foci formation in HM cells silenced for BARDT gene. (/) Primary HM cells were transfected with a pool of siRNAs for BARDT gene (siBARD1) or a control siRNA
(Scr) and then treated with 5 pg/cm? crocidolite for 24 h or left untreated (PBS); 24 h later, the y-H2AX foci number in each cell was counted. At least 35 cells
were included per each group. (Scale bars: 10 pm.) (/) Number of y-H2AX foci in 35 cells counted per each group. P values are calculated by unpaired two-tailed
Student's t tests (*P < 0.05). (K) Western blot comparing y-H2AX protein levels in HM cells silenced for BARD1. DNA damage in HM cells silenced for BARD1 gene
and exposed to 5 pg/cm? crocidolite for 24 h (+). Decimals: BARD1/GAPDH, y-H2AX/GAPDH, p-ATM/a-TUBULIN, y-H2AX/a-TUBULIN.
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(IR). We found a significant increase in the number of micronuclei
in BARD1">%* fibroblasts (P < 0.05) (Fig. 2 Band C). We validated
these findings in primary HM exposed to crocidolite, the most
carcinogenic among asbestos fibers (49). BARD1 was silenced using
a pool of four individual siRNAs targeting BARDI (siBARD1); a
nonspecific siRNA (scramble) was used as control. Micronuclei
occurred at a significantly higher frequency in BARDI-silenced
HM exposed to asbestos compared to control (Scr) (*2 < 0.05)
(Fig. 2 D and E).

Phosphorylation of histone H2AX at serine 139 (y-H2AX) is
an ecarly cellular response to DNA double-strand breaks. Upon
DNA damage, y-H2AX is localized to discrete nuclear foci that
can be used as indicator of DNA damage (50). BARD V5?3 mutant
fibroblasts showed a significant increase in the y-H2AX foci upon
exposure to 1GY of IR compared to BARDI™" fibroblasts (Fig. 2
Fand G). In parallel experiments, treatment of primary BARDIV?T
and BARD V5% fibroblasts with H,O, for 24 h to induce DNA
damage led to an increase in the phosphorylation of H2AX and
ATM proteins in human BARDIV>*** fibroblasts (Fig. 2H). In
parallel, we detected a significant increase in the number of
v-H2AX foci after crocidolite exposure (Fig. 2 7and /), as well as
an increased expression of y-H2AX protein in BARDI-silenced
HM cells compared to controls (Fig. 2K). Kinetics analyses showed
a prolonged phosphorylation of H2AX indicating that DNA repair
was delayed in BARD V5% compared to the BARDI¥" fibroblasts
(SI Appendix, Fig. S3C).

Reactive oxygen species (ROS) induce DNA damage and may
contribute to malignant transformation (51). We observed a signif-
icantly higher intracellular ROS production in BARD1Y>**A fibro-
blasts that was further enhanced upon exposure to 1GY of IR
(SI Appendix, Fig. S3D). Investigating this finding, we found that
BARDIY*** mutant fibroblasts produce more mitochondrial ROS
compared to BARD IV cells (ST Appendix, Fig. S3E). Downregulation
of BARD1 in primary HM exposed to asbestos resulted in a signif-
icant increase of intracellular ROS production, as well (ST Appendix,
Fig. S3F).

In summary, we found that primary BARD1Y>** fibroblasts
show reduced amounts of nuclear BARDI1 protein, resulting in
increased genome instability, delayed DNA repair, and they produce
higher amounts of mutagenic ROS compared to primary fibroblasts
containing BARDI¥T. These findings were reproduced in primary
HM cells exposed to asbestos in which we down-regulated BARD1

expression.

BARD1Y523A Destabilizes p53 Impairing Ca?* Homeostasis and
Apoptosis. The BARDIV>?** mutation is in the ANKYRIN
(ANK) domain that binds and stabilizes p53 (26, 52).
Coimmunoprecipitation assays (Co-IP) revealed reduced BARD1—
p53 interaction in primary BARDIV>?3A fibroblasts compared to
both BARDIY" and to BAPI*'~ primary fibroblasts—controls—
(Fig. 3A). BARDI¥T and BARDIY>*" fibroblasts were treated
with H,0, to induce cell death: We found reduced CLEAVED
CASPASE-3 and reduced p53 levels in BARD1Y>*** fibroblasts
compared to BARDIYT control cells (Fig. 3B). In parallel, in
BARDI-silenced HM exposed to asbestos, we detected lower
amounts of cleaved caspase-3 compared to controls (Fig. 3 Cand
D). Moreover, p53 levels were reduced in BARDI-silenced HM
cells (Fig. 3 C and D). These results suggested that the reduced
BARD1-p53 interaction led to decreased p53 protein levels and
reduced apoptosis.

We demonstrated that dysregulation of intracellular calcium
(Ca**) homeostasis reduces apoptosis and plays a key role in pro-
moting mesothelioma in carriers of germline BAPI mutations
because these mutations impair IP3R3 the Ca** channel that releases

PNAS 2024 Vol.121 No.29 2405231121

Ca** from the endoplasmic reticulum (ER) into the cytoplasm/
mitochondria (48). Also p53, although through different mecha-
nisms, modulates Ca** and apoptosis by 1) transcriptional activation
of TRPCG, a Ca** channel located on the cell membrane that con-
trols cellular Ca** uptake, and 2) binding to and activating SERCA,
the Ca** channel that regulates the uptake of Ca** into the ER
(54-56). We hypothesized that BARD1 might also modulate Ca**
intracellular concentrations and apoptosis by stabilizing p53. Thus,
we tested the hypothesis that BARDI mutations might reduce ER,
cytosolic, and mitochondrial Ca** concentrations and thus favor
malignant transformation by impairing intrinsic apoptosis.

We measured Ca?* concentrations in BARDIV T and BARD 1V>?3
fibroblasts and in BARDI-silenced HM. Upon stimulation with
1 uM Bradykinin (BK) we observed a significant reduction of
mitochondrial (Fig. 3 E~H) and cytosolic (SI Appendix, Fig. S4
A-F) Ca** concentrations in both BARD 1?4 fibroblasts and in
BARD I-silenced HM compared to controls. To test whether these
Ca** alterations were specifically caused by the BARD I mutation,
we transduced BARDIV>%* fibroblasts with a human BARD1
adenovirus (Ad-BARD1) and we measured mitochondrial Ca?*
levels following stimulation with BK. Cells infected with Ad-BARD1
showed significantly increased Ca®* concentrations compared to
the control cells infected with a nonspecific GFP adenovirus (Fig. 3
I and J and SI Appendix, Fig. S4F). We observed significantly
reduced Ca®* concentrations and Ca** refilling rates in the ER of
BARDIY>?3* fibroblasts compared to WT fibroblasts stimulated
with CaCl, (Fig. 3 K~M). Using the fluorescent Ca** indicator
Fura-2/AM we detected significantly lower cytosolic Ca** responses
after proapoptotic stimulation with H,O, in BARDIY>** fibro-
blasts compared to the BARDI¥T fibroblasts (SI Appendix, Fig. S4
G and H) evidence of reduced amounts of Ca®* released from the
ER. Next, we investigated possible mechanisms responsible for these
effects.

BARD1 Modulates Apoptosis by Stabilizing the TP53-SERCA2
Interaction and TRPC6 Activity. We tested whether BARDI1
modulates Ca** flux in a p53-dependent manner by reducing the
activity of TRPC6 and SERCA?2 (the dominant isoform in humans)
Ca®* pumps. We detected lower TRPCG protein levels in BARD1V523A
fibroblasts compared to controls (S Appendix, Fig. S5A). Accordingly,
qRT-PCR revealed in BARD1V5?*A fibroblasts a significant reduction
in the TRPC6 mRNA levels compared to controls (SI Appendix,
Fig. S5B). To test whether the reduced TRPCG6 expression was
altering Ca** uptake, we measured the Ca®* concentrations using
cytosolic targeted aequorin probes in BARDIYT and BARD1V>**
fibroblasts (S Appendix, Fig. S5 Cand D). We observed significantly
reduced cytosolic Ca®* concentrations in BARDIY>**A fibroblasts
compared to WT cells (57 Appendix, Fig. S5 C and D). In parallel
experiments, we detected reduced TRPCG6 and p53 expression in
BARDI-silenced HM (S Appendix, Fig. S5E).

To investigate whether BARD1 regulates p53—SERCA? inter-
action, we coimmunoprecipitated cell lysates from BARD YT and
BARDIY>*3* fibroblasts with a p53 antibody and blotted for
SERCA2 and p53. The p53—SERCA?2 interaction was reduced in
BARDIY**3* compared to BARDIYT cells (Fig. 44). A reverse
endogenous Co-IP with a SERCA2 antibody produced similar
results, even after Adriamycin treatment, a drug that induces p53
overexpression (Fig. 4B).

To identify the localization of BARD1, we performed a subcel-
lular fractionation of mesothelioma cells established in culture
containing both WT BARDI and WT 7P53. We detected
BARDI1 expression in the total homogenate, in the cytoplasm,
and in the nuclear fraction. We found that BARD1 colocalizes
with p53and SERCA2 in the ER and in the Mitochondria-associated
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Fig. 3. BARD1Y52%A mutation increases resistance to apoptosis by modulating Ca?* homeostasis. (4) Co-IP of endogenous p53 with BARD1 (used as bait) in
fibroblast cell cultures from BARDTWT individuals or carriers of heterozygous BARD1Y>23A or BAP1*/~ mutations. Lower amounts of the coprecipitated BARD1-p53
proteins are found in BARD1V523A cells. (B) Western blot comparing p53 and cleaved caspase-3 levels upon DNA damage. BARDTWT and BARD1V523* fibroblasts
were treated with 100 puM H,0, for 24 h (+) or left untreated (-). P53 and CLEAVED CASPASE-3 levels were reduced in BARD1V52% fibroblasts. (C) HM cells were
transfected with siRNAs for BARD1 (siBARD1) or control siRNA (Scr) and then treated with 5 pg/cm? crocidolite for 24 h or left untreated (PBS); Reduced cleaved
caspase-3 was detected in BARD1-silenced HM after crocidolite treatment. Lower p53 amounts were also found in both untreated or crocidolite-treated BARD1-
silenced HM. (D) Bar graph: BARD1/GAPDH, p53/GAPDH, CLEAVED CASPASE-3/GAPDH densitometry of bands in primary BARD1-silenced HM after exposure
to 5 pg/cm? crocidolite for 24 h, shown as mean + SD of the n = 4 biological replicates, one displayed in (Fig. 3C). (E-H) Intracellular mitochondrial Ca?* levels in
BARD1WT and BARD1V523A fibroblasts and in HM transduced with siRNA-CTR or siRNA specific for BARD1. Representative traces of single cells Ca* measurements
using mitochondrial targeted aequorin probe (53) in BARDTWT and BARD1Y523 fibroblasts (E) and in HM transduced with siRNA-CTR or siRNA specific for BARD1
(G). Reduced intracellular Ca?* in the mitochondria of BARD1Y5%3A fibroblasts (F) and in BARD1-silenced HM (H). (/ and J) Mitochondrial Ca?* levels in BARD1V5%3A
fibroblasts transduced with Ad-BARD1 or Ad-GFP (Green Fluorescent Protein used as control). (/) Representative traces of single cells Ca?* measurements using
mitochondrial targeted aequorin probe showing increased mitochondrial Ca?* in BARD1Y523 fibroblasts upon treatment with 1 pM BK. BARD1Y523A fibroblasts
were transduced with Ad-BARD1(orange line) or Ad-GFP (blue line), used as control. j, Increased intracellular mitochondrial Ca?* levels in BARD1Y523A fibroblasts
upon transduction of Ad-BARD1 compared to the control cells (Ad-GFP). (K-M) Ca* levels in the ER of BARDTYT and BARD1Y>23A fibroblasts. (K) Representative
traces of single cells Ca?* measurements using ER targeted aequorin probe (53) showing decreased ER Ca?* in BARD1Y>23A fibroblasts upon treatment with CaCl,.
Significant reduction of total ER Ca?* levels (L) and significant reduction of ER Ca®* refilling rate in BARDT mutant cells (M). Decimals: BARD1/GAPDH, p53/GAPDH,
CLEAVED CASPASE-3/CASPASE-3 in B; BARD1/GAPDH, p53/GAPDH, CLEAVED CASPASE-3/GAPDH in C. P values are calculated by unpaired two-tailed Student’s t
tests (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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endoplasmic-reticulum membranes (MAMs, Fig. 4C). IF with
CALNEXIN as the ER marker s showed colocalization of BARD1,
p53, and SERCA2 in the ER (Fig. 4D). Proximity Ligation Assay
(PLA) on BARDI¥" and BARDIV>*** fibroblasts showed that
BARD1-SERCA2, SERCA2-p53, and BARD1-p53 interacted
in the ER/MAMs (Fig. 4E). We found no significant differences
in the discrete fluorescent number of PLA dots per cell for the
BARD1-SERCA2 interaction between BARDIY T and BARD 1V>234
fibroblasts (Fig. 4F), whereas the number of discrete fluorescent
PLA dots per cell was significantly lower in BARD1Y>*3* fibroblasts
compared to the BARDIYT for the SERCA2—p53 and for the
BARD1-p53 interactions (Fig. 4 G and H).

These data suggested that BARD1 might interact with both p53
and SERCA?2 in the ER. To test this hypothesis, we performed a
Co-IP from the ER fraction obtained by cellular fractionation of
HEK293 cells -used because these experiments required a large
number of cells that were not available from primary cells. BARD1,
p53, and SERCA2 coimmunoprecipitated using an anti-BARD1
antibody (Fig. 54). Reverse Co-IP using p53 (Fig. 5B) or
anti-SERCA2 (Fig. 5C) antibodies supported that BARDI, p53,
and SERCA?2 coprecipitated. Same results were obtained by Co-IP
in primary BARDIYT and BARD 1Y5%* fibroblast cell lysates using

an anti-BARD1 antibody (57 Appendix, Fig. S5F). These data sug-
gested that BARD1 forms a trimer with p53 and SERCA2.

To validate this hypothesis, we performed Surface Plasmon
Resonance (SPR) experiments using recombinantly expressed human
proteins. First, we confirmed the binding of BARD1 to SERCA2,
immobilized as ligand by noncovalent capture to an anti-his mAb
coupled to the surface of a Biacore CM5 optical sensor chip.
Recombinant BARD1 was passed over the immobilized SERCA2
ligand at 167 nM concentration in a single binding cycle (Fig. 5D
and ST Appendix, Fig. S6A). To assess the strength of the BARD1-
SERCA?2 interaction we performed kinetic binding analysis of the
BARD1-SERCA2 binding sensorgrams by mathematical curve fit-
ting applying a Langmuir 1:1 binding model (Fig. 5D and
SI Appendix, Fig. S6 A and B). Kinetic binding constants were deter-
mined from the fitted curves indicating that BARD1 strongly inter-
acts with SERCA2 with a K, of 6.0 + 1.2 (Fig. 5D and ST Appendix,
Fig. S6B). We further tested whether BARD1, SERCA2, and p53
could form a trimeric protein complex. By sequential injection
BARDI1 and p53 were passed at 167 nM concentration as analytes
over the captured SERCA2 ligand (Fig. 5E and SI Appendix,
Fig. S6C). A double-referenced sensorgram, generated by subtraction
of an amine-activated flow cell 1 background reference curve and a
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SERCA2 sensorgram run without subsequent BARD1 and p53
injection to compensate for complex dissociation from the anti-his
mAb during the sequential analyte binding process, is shown in
Fig. 5E. The sensorgrams show binding signals for both, BARD1
and p53, to his-tag captured SERCA2 ligand, thus confirming the
formation of a trimolecular binding complex.

Reduced BARD1 Levels Favor Asbestos-Induced Transformation
In Vitro and Biallelic BARD1 Inactivation Is Detected in Invading
Mesothelioma Cells. To test whether BARD1 inactivation influences
asbestos carcinogenesis, we performed in vitro foci transformation
assays, exposing HM silenced for BARD1 to 5 ug/cm? of asbestos.
Asbestos induced a significantly higher number of tridimensional
foci in BARDI- silenced HM (Fig. 6 A and B). Proliferation assays
revealed increased proliferation of BARD">*** fibroblasts compared
with BARDI™" upon exposure to IR (Fig. 6 C-F), and increased
viability of BARDIV>** fibroblasts exposed to H,0, compared to
the BARDIY" counterpart (Fig. 6G).

IHC of BARD 1?3 mesothelioma biopsies revealed BARD1
and p53 staining in the superficial area containing benign atypical
mesothelial hyperplasia. The positive staining of both BARD1
and p53 is evidence of at least one remaining functional BARDI
allele capable of binding p53, preventing MDM2 binding and
degradation of p53. The deeper part of the biopsy contains invad-
ing malignant mesothelioma cells, which for the most part show
loss of both BARD1 and p53 staining, evidence of biallelic BARDI
inactivation, with parallel loss of p53 likely due to its complete
degradation (Fig. 6H). This interpretation was supported by gene
expression analyses from the TCGA database showing a significant
positive correlation between BARDI and 7P53 gene expression
in 87 mesotheliomas (Fig. 6/). Together, these data support a path-
ogenic role of reduced BARD levels, as observed in cells carrying

https://doi.org/10.1073/pnas.2405231121

1250 sequential BARD1 and p53 analyte binding process.
The shown curve was selected from experiments run
in duplicate.

the BARD 1Y% variants and in cells in which we down-regulated
BARDI1 using siRNAs, possibly in cooperation with asbestos, gene
x environment interaction, in causing mesothelioma.

Germline BARD1 Pathogenic Variants Are Associated with
Mesothelioma. To investigate the frequency of germline BARD 1
mutations in mesotheliomas, regardless of age or evidence of
asbestos exposure, we analyzed the germline DNA of 264 sporadic
mesotheliomas for BARD1 using WES, digital-MLPA, and Sanger
sequencing. We tested 101 patients from the USA, 131 from Japan,
and 32 from Italy. Survival information for these patients was not
available. We found three carriers of rare BARDI mutations with
a CADD score >20, all in the USA cohort (87 Appendix, Fig. S1
B and C and Table S3).

In addition to these three variants (S/ Appendix, Table S3), we
detected the variant p.Arg658Cys (CADD score of 24.3) in three US
and two Japanese patients with sporadic mesothelioma and it was
also detected in two cases in the initial screening in young patients.
We did not include this variant among those we consider pathogenic
because although its frequency in the western population is 0.0081,
gnomAD v4 shows that this variant is frequent among Amish and
Finnish people. Similarly, 9 Japanese mesothelioma patients carried
the p.Ser241Cys. Although this mutation has a CADD score of 24.1
and is rare in the Western population (frequency = 0.00013), it has
a frequency of 0.054 in the Japanese population. Because these var-
iants are not rare in some populations, we are unsure about their
possible pathogenic role and thus they were not included in
SI Appendix, Table S3. Further studies would be needed to rule out
a possible contributory role of these variants to mesothelioma, as
some variants may be carcinogenic in specific contexts. For example,
a study reported that two single germline BARDI mutations cause
no obvious cellular phenotype, but when they exist simultaneously
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Fig. 6. BARD1 depletion and BARD7V523* mutation induce malignant transformation. (4 and B) In vitro transformation measured as tridimensional foci formation.
Primary HM cells were silenced with scramble siRNA or a pool of siBARD1, and then exposed to crocidolite asbestos (5 pg/cm?) in the presence of TNFa. Increased
number of foci formation in BARD1-silenced HM. Data shown are mean + SD of n = 3 technical replicates from n = 3 independent experiments. P values are calculated
by unpaired two-tailed Student's t tests. (*P < 0.05). (C-F) Cell proliferation assay in BARDT"T and BARD1">%* fibroblasts after exposure to 1GY of IR. BARDT"T and
BARD1Y>?*Afibroblasts were seeded at 250 cells/well (D), 500 cells/well (E), and 1,000 cells/well (F) after exposure to 1GY of ionizing. Significantly higher cell proliferation
was observed in BARD1Y523A fibroblasts. P values are calculated by unpaired two-tailed Student's ¢ tests (**P < 0.01). (G) Cell viability assay in BARDTWT and BARD 1V523A
fibroblasts after treatment with 200 pM H,0, for 3 h or left untreated. BARD1Y>2** fibroblasts showed a significant increase in the percentage of viable cells after
treatment with H,0, compared with BARDT"T cells. P values are calculated by unpaired two-tailed Student’s t tests (**P < 0.01). (H) BARD1 and p53 immunostaining
in mesothelioma tumor tissue sample from BARD1V523 carrier (female). Photomicrograph at 100x, 200x Surface, and 200x Invading. (Scale bar: 100 um.) (/) Scatter
plot visualizing the correlation between BARD7 and TP53 gene expression in 87 cases of mesothelioma patients described in OncoDB (TCGA database).

in cis they promote tumorigenesis (32). Moreover, a mesothelioma
patient with the BARDI variant p.Arg658Cys also had a pathogenic
BAPI variant. The effect of BARDI variants in combination with
other gene variants may be the subject of future studies.

Discussion

Recent studies revealed a larger than expected percentage of indi-
viduals carrying heterozygous germline variants (commonly called
mutations) in various tumor suppressor genes: Depending on the
gene involved the risk of cancer may be slightly increased or, at
times, approach 100% (57). Genetically linked cancers develop
for the most part in patients that are 10 to 30 y younger compared

PNAS 2024 Vol.121 No.29 2405231121

to their sporadic counterparts (2). Here, we have linked germline
BARD1 mutations to the development of mesothelioma in young
patients. Therefore, BARDI should be included in the screening
panel of mesothelioma patients for germline mutations. The car-
riers of the germline BARDI mutations studied here experienced
a statistically significantly (*2 < 0.05) improved survival compared
to sporadic mesothelioma, with a median survival of 3.0 y, with
95% confidence limits (2.6, 23.0). This unlikely finding in spo-
radic mesothelioma is similar to mesotheliomas developing in
carriers of germline BAPI mutations (8).

To investigate the significance of BARD1 inactivation, we stud-
ied the functional effects of one of these variants, BARDIY>*,
that we detected in the germline of a mesothelioma living patient

https://doi.org/10.1073/pnas.2405231121
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with the exceptional survival of 23 y, in spite of tumor cell invasion
detected histologically (Fig. 1). We used the patient’s primary
BARD1V>*3* heterozygous cells — that do not require any exper-
imental manipulation — to investigate whether and how this
BARDI mutation might influence key cellular signaling pathways.
In parallel experiments, we validated the results in primary HM
cells obtained from nonmalignant pleural effusions in which we
down-regulated BARD using siRNAs.

Studying the effects of both the BARDI1Y5*3* variant and of
reduced BARDI levels obtained using siRNAs in primary HM we
found that: 1) BARDIY5** impaired DNA repair and increased
DNA damage; 2) BARD1Y>?3* as well as reduced BARD1 levels
increase intracellular ROS production, an effect that contributes
to DNA damage; 3) BARD1 modulates apoptosis through Ca**
signaling and both BARD1V5%3" as well as reduced BARD1 protein
levels impair apoptosis because of decreased ER, cytosolic, and
mitochondrial Ca?* concentrations; 4) BARD1 modulates intra-
cellular Ca** homeostasis in a TP53-dependent manner. Specifically,
BARD 1% and downregulation of BARD1 leads to p53 degra-
dation that in turn causes reduced TRPC6 activity and reduced
p53-SERCA2 interaction resulting in reduced Ca** intracellular
levels and decreased apoptosis; 5) BARDI forms a trimeric com-
plex with p53 and SERCA2 that colocalize in the ER and MAMs
to modulate Ca** flux and apoptosis, which we demonstrated
through Co-IP and SPR experiments; 6) BARDI1V5%A 35 well as
reduced BARDI levels facilitate in vitro cell transformation by
asbestos and ionizing irradiation (Fig. 7).

The similarity of the results in both, cells carrying BARD
heterozygous mutation and HM cells in which we down-regulated
BARD1 using siRNAs, suggests that our results can be attributed to
the reduced amounts of functional (wild-type allele) BARDI rather
than to the specific mutation per se. Therefore, we anticipate that the
deletion of BARDI 7-11 and the truncating deletion detected in the
screening of sporadic mesotheliomas (S/ Appendix, Tables S1 and S2)
will induce similar alterations and therefore are pathogenic and con-
tribute to mesothelioma in these patients. The literature supports
that large deletions of BARDI predispose to breast and ovarian cancer
(33). As for the remaining four missense BARDI mutations they are
rare and their high CADD scores suggest that they are pathogenic.
Functional studies were not conducted because cells from these
patients were not available.

]VSZSA

Our findings revealed that both BAPI and BARDI inactivate
similar pathways: DNA repair, calcium signaling, and cell death,
although through different mechanisms. These findings suggest that
perturbations of these signaling pathways play a key role in the
pathogenesis of mesothelioma. In addition, these findings suggest
that mesotheliomas developing in BAPI and BARD I-mutant car-
riers may be susceptible to similar therapeutic approaches.
Mesothelioma patients carrying BAPI mutations are more suscep-
tible to Platinum and Pemetrexed chemotherapy (58); it seems
possible that BARD I-mutant patients may also benefit from this
therapy. Germline BARDI mutation carriers may also benefit from
MDM?2 inhibitors, such as XR-2, currently in clinical trial for pros-
tate cancer (59). Moreover, recent results show that BARDI loss
increased sensitivity to the PARP inhibitors Olaparib and Rucaparib
across a panel of prostate cancer cell lines (60), suggesting a potential
antitumor activity in patients with BARDI mutations.

In the past century mesothelioma was characteristically a disease
of older men who had worked in the asbestos industry (2).
Mesotheliomas in patients younger than 55 y old, and in women,
were rare (2). The question is why are we increasingly seeing meso-
theliomas in young patients, often women, who have not worked in
the asbestos industry? In recent studies, we found that about 50% of
mesothelioma patients younger than 55 with no evidence of profes-
sional asbestos exposure carried germline BAP! mutations — and
occasionally pathogenic mutations of 7P53, BLM, BRCAI, and
BRCA2, etc. These findings have been independently supported
(14-16, 61). Here, we report that about 1.8% of all mesothelioma
patients and 4.9% of those younger than 55, carried rare germline
variants of the BARDI gene that our computational analyses, CADD
score >20, and invitro mechanistic studies found pathogenic.
Together, these findings indicate that mesotheliomas in young patients
are often caused by germline mutations of tumor suppressor genes.

It is very important that those caring for these patients under-
stand that genetically linked mesotheliomas, especially when
detected at an early stage, have a much less aggressive clinical course
compared to patients with asbestos-induced mesotheliomas: These
are different diseases. The former is minimally invasive, patients
survive for several years and respond to therapy. Some patients have
been cured, like the patient carrying germline BARD1Y>%* who
donated her cells for this study. However, they are at risk of devel-
oping additional cancers, therefore they require screening for early
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Fig. 7. Carriers of BARD1Y52** mutation
Ca? have impaired DNA repair and apoptosis,
promoting malignant cell transformation.
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nuclear BARD1 regulates DNA repair
through BRCA1 binding upon DNA damage;
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APOPTOSIS of the cell, thus modulating intracellular
Ca? flux and cell death. In BARD7V523,
reduced BARD1 activity results in increased
DNA damage, increased ROS production,
reduced TRPC6 expression, and loss of
BARD1-SERCA2-p53 trimeric complex in
the ER, resulting in impaired Ca?* flux and
resistance to apoptosis.
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cancer detection that can be life-saving (8, 13, 17). Instead, spo-
radic mesotheliomas, often asbestos-induced, are highly invasive
malignancies resistant to therapy and these patients have a dismal
median survival of 12 mo from diagnosis (2).

Our results present the paradox that on one hand, BARDI muta-
tions cause mesothelioma, and on the other hand, mesotheliomas in
BARDI*~ carriers are significantly less aggressive and minimally
invasive. Why? Either their tumor cells are less aggressive, or BARDI*~
carriers can “fight” mesothelioma growth, or both. Remarkably, we
see the same paradox in germline BAPI*'~ carriers.

Younger age does not appear to play a major role, since asbestos
and erionite-related mesothelioma in those exposed since birth age,
are as aggressive as those developing in older patients. Similarly, inac-
tivation of BAP!I and BARD! in cancer cells may not be the only
factor, as asbestos-related mesotheliomas with acquired BAP! or
BARDI mutations have an improved survival that is measured in
months, not in years (2, 8, 11, 58) and Fig. 1A4. Therefore, in addition
of the effects on the tumor cells, it seems possible that reduced BAP!
and BARDI levels may induce epigenetic changes and/or influence
signal pathways in the tumor microenvironment (TME), resulting
in an altered TME/immune response that impair cancer growth.

In summary, we uncovered common signaling pathways affected
by reduced BAP1 and BARDI levels that lead to the development
of mesothelioma in young adults. We hope that by studying these
pathways we will identify those responsible for the improved sur-
vival and that by targeting these same pathways in patients with
sporadic mesothelioma, and possibly with other malignancies, we
will improve their survival too. The NCI has now opened two
clinical trials in the Bethesda Medical Center to study mesotheli-
oma in carriers of pathogenic germline mutations and in their
family members who inherited the same mutation, directed by Drs.
Hassan (natural history protocol NCT03830229) and Schrump
(surgical surveillance protocol NCT04431024). These trials are
helping us to identify the most effective preventive, early detection
and therapeutic approaches for these patients. Therefore, for the 8
to 16% growing fraction of mesotheliomas developing in carriers
of germline mutations, there is reason for optimism.

Materials and Methods

Subjects. BARDT mutated carriers and their wild-type counterparts provided
informed written consent. The collection and use of patient information and
samples were approved by the Institutional Review Board (IRB) of the University
of Hawaii (IRB no. CHS14406).

Study Population, Exome Sequencing, Digital-MLPA Analysis, Validation
of Candidate Variants, Sanger Sequencing, Gene-Level Analysis. See

Sl Appendix.

Cell Cultures, Reagents, Gene Silencing with siRNA, Adenoviruses,
Antibodies. According to standard procedures; see S/ Appendix.

Immunoblotting, Quantitative PCR, Co-IP, IF, Duolink Proximity Ligation
In Situ Assay, In Vitro Cell Transformation Assay, IHC. According to standard
procedures; see S/ Appendix.

Subcellular Fractionation, Kinetics of H2AX Phosphorylation. Performed
as described (48). See SI Appendix for additional details.

Determination of Micronuclei Frequency. It was performed as described
(62). Micronuclei from a minimum of 100 interphase cells were quantified in

1. J.Zhao, The global trends in incidence, death, burden and risk factors of early-onset cancer from
1990 to 2019. BMJ Oncol. 2,12 (2023).

2. M.Carbone et al., Mesothelioma: Scientific clues for prevention, diagnosis, and therapy. CA Cancer
J. Clin. 69, 402-429 (2019).
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crocidolite-treated or IR-treated cultures, as well as in untreated (PBS only) cul-
tures, from two independent experiments (biological replicates: n = 2 BARDT',
n =2 BARD1Y%%A). See S Appendix for additional details.

Intracellular Ca?* Concentration Measurements. This was performed as
described (48). See SI Appendix for details.

SPR Experiments. This was performed as described (63). See S/ Appendix for
details.

Statistics and Reproducibility. Pvalues were calculated using a two-tailed unpaired
Student ttest, unless otherwise specified. Pvalues < 0.05 were considered statistically
significant and marked with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001; ****P
<0.0001), asindicated in the figure legends. All data collected met the normal distri-
bution assumption of the test. Data are represented as mean = SD, unless otherwise
specified in the figure legends. The exact sample size (n) for experimental groups/
conditions and whether samples represent technical, or cell culture replicates are
indicated in the figure legends. The results shown are representative of experiments
independently conducted three times that produced similar results.

Data, Materials, and Software Availability. All data are included in the man-
uscriptand S/ Appendix.
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