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Cancer predisposing BARDI mutations affect exon skipping and
are associated with overexpression of specific BARDI isoforms
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Abstract. BARDI is the main binding partner of BRCA1
and is required for its stability and tumor-suppressor func-
tions. In breast cancer and other epithelial cell carcinomas,
alternatively spliced isoforms of BARDI are highly
upregulated and correlated with poor outcome. Recent data
indicate that germline mutations of BARDI may predispose
to breast and/or ovarian cancer. To evaluate the role of BARDI
germline mutations in predisposition to ovarian cancer we
scanned a cohort of 255 patients for the presence of previ-
ously reported mutations located in exons 5, 8 and 10 using
high-resolution melting analysis. Within this group we identi-
fied single-patients carrying mutation in exon 8 (c.1690C>T,
p-GIn564Ter), two different variants in exon 10 (c.1972C>T,
p-Arg658Tyr; c.1977A>G, p.=) and a carrier of novel missense
mutation located in exon 5 (c.1361C>T, p.Pro454Leu). Three
out of four identified mutations alter exonic splicing enhancing
motives and result in expression of incorrect splicing skipping
of exons 5, 8, and 2-9, respectively. Our data indicate that
BARDI variants may predispose to ovarian cancer in limited
number of patients although based on actual data it is difficult
to estimate its actual penetrance.
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Introduction

Ovarian cancer is a heterogeneous group of tumors, where
epithelial ovarian cancer accounts for the majority of cases.
The 5-year survival for invasive ovarian cancer strongly
depends on the stage at time of diagnosis and varies
from 30 to 90% (1,2). In the majority of patients late diag-
nosis and high morbidity result mainly from asymptomatic
manifestation of the disease (3). Although multiple genetic
and epigenetic changes have been studied, and some are
characteristic for ovarian cancer, it is still not clear how these
changes affect tumorigenesis. To date at least 15 oncogenes
and 16 potential tumor-suppressor genes in several signaling
pathways have been associated with ovarian cancer (4).

In the majority of populations, ~5-15% of all ovarian cancer
cases are caused by inheritance of mutations in genes with
an autosomal dominant pattern of transmission (such as
BRCA1/2). Although the actual proportion strongly depends on
the studied population and may be much higher, reaching 30%
in the Ashkenazi Jews (5-8). In Poland, the portion of heredi-
tary ovarian cancer due to BRCAI/2 mutation ranges from
13.5 to 14.9% (9-11).

Another ~6% of constitutive ovarian cancer cases are
related to alterations in low and moderate-penetrant genes (12).
These genes, products of which are known to interact with
BRCAL1/2, are involved in DNA repair and cell cycle regula-
tion and therefore are good candidates for possible breast and
ovarian susceptibility genes (13,14).

The human BARDI gene (BRCAl-associated RING
domain 1) is located at the long arm of chromosome 2
(2q34-35) and encodes a nuclear protein of 777 amino acids
that shares many structural and functional similarities with
BRCAI1 (15-17). Like BRCA1, BARDI has an amino-terminal
RING-finger motif and two carboxy-terminal BRCT
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domains (15). The RING-finger motif is known to be essential
for BRCA1/BARDI heterodimer formation, while BRCT
domains are found in proteins maintaining genome integ-
rity (18). Proper interaction between these proteins is crucial
for BRCAL stability and E3 ubiquitin ligase activity of the
BRCA1/BARDI1 complex (16,17,19).

BARDI has additionally three ankyrin (ANK) repeats
potentially mediating protein-protein interactions and present
in many proteins of various functions (20,21). Interestingly,
no other proteins comprising RING, ANK and BRCT motifs
together are known (16).

Like BRCA1, BARDI shows highest expression in actively
proliferating cells and those that undergo apoptosis (17,22).
Loss of BARDI, as well as BRCALI, leads to developmental
retardation and early embryonic lethality of corresponding
knockout mice; cells from these mice are characterized by
chromosomal instability (23). In addition, it was observed that
tumors with homozygous deletions of the entire BARDI gene
displayed a BRCA1 mutation-like expression profile (24).

Germline mutations in the BARDI gene, although detected
with low frequency and in a limited number of patients, can be
qualified as novel candidates for ovarian cancer susceptibility in
a subset of families negative for BRCA1/2 mutations. The first
study linking BARDI with ovarian cancer presented a patient
with clear cell ovarian carcinomain who the missense ¢.1692G>C
(p-GIn564His) mutation was identified (25). The p.GIn564His
reduces binding of BARDI to the polyadenylation cleavage
specification complex (CstF-50) and abrogates p53-dependent
apoptosis (22,26). Most recent publications reported three
BARDI mutations: One affecting splicing, c.1977A>G, p.=,
one non-sense, p.GIn715Ter and one frameshift c.2148delCA;
p.Thr716fs*12 (12,27,28). Finally, germline BARDI mutations
were identified in patients with a breast cancer (24,27,29-31),
cervical cancer (32), and neuroblastoma (33).

In the present study, we present four different possibly
pathogenic BARD] variants identified in a group of unselected
ovarian cancer patients. Three of the identified alterations
result in incorrect splicing of the corresponding exons, which
may prompt expression of specific BARDI isoforms and
promote carcinogenesis.

Materials and methods

Study population. The study comprised 255 unselected ovarian
cancer patients referred to the Department of Gynaecological
Oncology of Medical University of Gdansk between 1995
and 2009. Within the study group 162 (63.5%) patients were
diagnosed with serous ovarian cancer. The remaining 36.5%
of tumors were classified as endometroid (n=30/255; 12%);
mucinous (n=25/255; 10%); clear cell (n=17/255; 7%); and
non-differentiated (n=17/255; 7%). Four tumors (n=4/255; 1%)
did not have complete histopatological classification. Average
age at diagnosis was 58 (range, 20-88 years). Informed consent
was obtained from all of the patients and the study was approved
by the Medical Review Board of Medical University of Gdansk
(NKEB/399/2011-2012). The frequency of identified BARDI
variants was investigated in an unselected population-based
control group of 1,000 anonymous samples collected at birth
(dried blood spots) and in a group of 200 healthy females
matched by age.
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Blood samples. Patient samples: Genomic DNA was extracted
from the whole blood using the Genomic Midi AX kit (A&A
Biotechnology, Poland).

In addition, from selected patients a blood sample was
collected into Tempus™ Blood RNA Tubes and total RNA
was isolated with Tempus™ Spin RNA Isolation kit (Life
Technologies, USA). cDNA was synthesized using the Go
Script™ Reverse Transcriptase according to manufacturer's
instructions (Promega, USA).

Population-based control group: Genomic DNA was
extracted from 1,000 dried blood spots using Kapa Express
Extract kit (Kapa Biosystems, USA).

Tissue samples. Ovarian cancer: DNA from ovarian tumors
was extracted from formalin-fixed, paraffin-embedded (FFPE)
tissue blocks using Kapa Express Extract kit (Kapa Biosystems).
Total RNA from FFPE tissue blocks was isolated using the High
Pure FFPE RNA Micro kit (Roche Diagnostics, Switzerland).

Chronic myeloid leukemia (CML) controls: In order to
verify a presence of identified BARDI isoforms in a
hormone-independent cancer, we examined cDNA from bone
marrow cells from 120 CML patients.

Mutation screening. All samples were tested for the presence
of three previously described BARDI mutations (c.1315-2A>G
in intron 4; ¢.1690C>T in exon 8 and ¢.1977A>G in exon 10)
by using high-resolution melting analysis (LightScanner®
System; BioFire Defense, USA). Primers listed in Table I
were designed based on the BARDI gene sequence obtained
for the Ensemble database (http:/www.ensembl.org; BARDI:
ENSGO00000138376). In order to simplify subsequent
sequencing analysis, M13 adaptor sequences (indicated by
capital letters) were added to the 5'-end of each primer. All
amplicons demonstrating melting profiles distinct from those
of the wild-type samples were subsequently sequenced (ABI
PRISM 3130; Life Technologies). More detailed information
on screening protocols, can be obtained from the corre-
sponding author upon request.

Bioinformatics analysis and sequence variation nomenclature.
BARDI mutations were numbered according to the Human
Genome Variation Society guidelines (34). The BARDI
sequence was in accordance with GenBank NM_000465.2 All
mutations were analyzed for potential pathogenic effect using
the following in silico software: Alamut Mutation Interpretation
software, ESE finder, Human Splicing Finder, MutPred Splice,
Mutation Tester, PolyPhen 2, Rescue ESE and SIF'T.

Results

Here we investigated a role of BARDI germline mutations in
predisposition to ovarian cancer. Frequency of BARDI recur-
rent mutations was estimated in a group of 255 unselected
ovarian cancer patients. Exons 5, 8 and 10 together with
flanking intron sequences were analyzed by HRM technique
followed by bi-directional sequencing. A summary of the
identified BARDI alterations is presented in Table II.

BARDI germline mutations. In patient #109, diagnosed with
advanced serous ovarian cancer at the age of 70, a novel
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Table I. Sequences of the primers used for amplification of exons 5, 8 and 10 together with PCR and HRM conditions.
PCR annealing HRM melting
temperature  Product length range
No. Primer name Primer sequence ) (bp) (O
1 BARDI_ex5Frw  TGTAAAACGACGGCCAGTtttectttctttccttaatgett 64 236 78-88
2 BARDI1_ex5Rev.  CAGGAAACAGCTATGACCaagagtatatgtggcagaggatga
3 BARDI1_ex8Frw  TGTAAAACGACGGCCAGTtcgtctaatgtttttaacactggt 68 210 80-90
4 BARDI1_ex8Rev = CAGGAAACAGCTATGACCtctaccccacctcccaaaat
5 BARDI_ex10Frw  TGTAAAACGACGGCCAGTtcgtctaatgtttttaacactggt 63 293 80-90
6 BARDI_ex10Rev CAGGAAACAGCTATGACCagctgttgaaagggcagaag
BARDI1, BRCA1-associated RING domain 1.
Table II. BARDI gene variants identified in intron and exon sequences in 255 patients with ovarian cancer.
Unselected Healthy
Patients controls controls
(n=255) (n=1,000) (n=200)
No. Intron/exon Nucleotide change Effect Status n % n % n %o
Sequence variants identified in intron sequences
1 4 c.1315-19A>G NE 16704780 130 51 NA NA NA NA
2 10 ¢.2001+66A>G NE De Brakeleer et al (29) 7 275 NA NA NA NA
Sequence variants identified in exon sequences
1 5 c.1361C>T p.Pro454Leu  Novel 1 039 0 0 0 0
r.[=,1315_1395del]
p-Gly439_Leu465del
2 8 c.1690C>T p.GIn564Ter  Ratajska et al (27) 1 039 0 0 0 0
r.[=,1678_1810del]
p-Met560Ter
3 10 c.1972C>T p.Arg658Cys  rs3738888 1 0.39 3 03 2 1
c.1977A>G p= Ratajska ef al (27) 1 039 1 0.1 2 1

r.[=, 159_1903del]
p.Cys53_Trp635delinsfs*12

BARDI1, BRCA1-associated RING domain 1.

substitution c.1361C>T located in exon 5 was identified. The
substitution results in a change of a highly conserved amino
acid (p.Pro454Leu), located within the ANK repeats of the
protein which suggest possible alteration of the BARDI struc-
ture and/or interactions with other proteins. The information
regarding the patient family was limited and it was unclear
whether additional breast and/or ovarian cases were present in
other family members (Fig. 1A). The germline mutation was
found heterozygous in the tested tumor sample. The c.1361C>T
was not detected in the control groups.

The second identified genetic variant was a non-sense
mutation in exon 8 (c.1690C>T, p.GIn564Ter) previously
reported by us (27). This mutation is located between the ANK
repeats and the BRCT domains. The alteration was found in
patient #53 diagnosed with serous ovarian cancer at the age

of 65. The patients' family showed a strong aggregation of the
disease (Fig. 1B). The sisters of the proband were affected with
breast cancer and lymphoma. In addition, three nieces were
diagnosed with ovarian cancer at the age of 43 and a breast
cancer at the age of ~50. This variant was not found in the
studied control groups.

The third, possibly deleterious alteration, located in
exon 10 (c.1972C>T) was identified in patient #150 affected
with ovarian cancer at the age of ~50. The proband's paternal
aunt and grandmother were diagnosed with hepatic metastases
of unknown primary site (Fig. 1C). The substitution c.1972C>T
results in an amino acid change at position 658 (p.Arg658Cys),
which is located between the two BRCT domains. This genetic
variant was also detected in both control groups (unselected
control group: n=3/1,000; 0.3% and healthy individuals:



2612

A c.1351C>T B ¢.1690C>T

neo (7) Utering ca (7)

A

ov ca (~70)
BRCAT (+)

& 0 _oU

BARD1 (+)

" (50)

[ eOr]

BRCA1 (-} (ND)

br ca (~50) multiple, recurrent,

BRCAT (+) FA of br (~30)
BRCA1(-)
BARD1 (+)

RATAIJSKA et al: BARDI MUTATIONS AFFECT EXON SKIPPING

c c1972C>T D c.1977A>G
0o 2 B @9 &
| E— hepatic ca (?); —
of unknown
primary sites
S & 7 DO
5 B
hepatic ca :?LZ brca (57)
metastases of unknown ov ca (60)
primary sites BRCA1 (+)
i O O (ND) (ND) BARD1 {+)
A
ov ca (~50) e
BARD1 (+)
I
|:| n

Figure 1. Co-segregation analysis. (A) Pedigree of family #109 carrying mutation c.1361C>T; (B) pedigree of family #53 carrying mutation c.1690C>T
(BARDI) and ¢.5266dupC (BRCA1); (C) pedigree of family #150 carrying mutation c.1972C>T; (D) pedigree of family #4321 carrying mutation c.1977A>G.
(#) proband; (~70) age at diagnosis; (/) dead; (-) wild-type individuals; (+) individuals carrying mutation; (ND), not done. BARDI1, BRCA1-associated RING

domain 1.

n=2/200; 1%) suggesting its limited significance. Analysis
of the tumor sample revealed the heterozygous status of this
substitution.

Finally, we identified a carrier (#4321) of a previously
described c¢.1977A>G mutation in exon 10 (27). The patient
was diagnosed with both breast and ovarian cancer at the age
of 57 and 60, respectively. There was no information on other
cancer cases within the proband's family. Although co-segre-
gation analysis revealed that one of the proband's daughters
was a carrier of this alteration (Fig. 1D). Tumor tissue was not
available for the study. c.1977A>G variant was also detected
among control samples (unselected control group: n=1/1,000;
0.1% and healthy individuals: n=2/200; 1%).

Analysis of amplicons spanning the flanking intronic
sequence of exons 5, 8 and 10 lead to identification of two
frequent intronic variants c.1315-19A>G (rs6704780) and
¢.2001+66A>G (rs75237746), which are well-known polymor-
phisms (18). These were present in a studied group of patients
with a frequency of 49 and 2.6%, respectively. Because of the
high frequency, and therefore presumably neutral character of
these SNPs, we did not investigate their frequency in control
groups.

Identification of a BARDI/ BRCAI double mutation carrier.
Interestingly, mutational analysis of the BRCAI gene in
patient #53, positive for BARDI alteration (c.1690C>T),
revealed the presence of a deleterious mutation ¢.5266dupC
in exon 20. Further segregation analysis showed that both
BRCAI and BARDI mutations were present in other family
members (Fig. 1B). Investigation of the mutation status in
tumor tissue of patient #53 reveled a heterozygotic character
of both alterations.

Cancer-associated alterations of the BARDI gene affect
splicing. In order to evaluate the possible effect of the identified
BARDI sequence alterations on protein function and splicing,
in silico analysis was performed. The synonymous substitution
¢.1977A>G, previously reported to affect splicing (27), was

used as indicator of accuracy in predicting potential splicing
disruption. Although the employed software packages indi-
vidually generated inconsistent results, the combined analyses
indicated a possible influence of the tested mutations on the
splicing process (Table III).

In order to confirm the in silico results, RT-PCR using RNA
isolated from patients' peripheral blood cells was applied. In
one case, due to the death of the patient with BARDI ¢.1361C>T
substitution, RNA was extracted from the normal tissue
macrodissected from the resected tumor sample. RT-PCR was
performed with primers located within exons 4 and 6. Agarose
gel electrophoresis showed two prominent bands. The upper
band had the expected wild-type size (218 bp) and the lower
band of 137 bp corresponded to a fragment lacking exon 5.
Sequencing of the shorter band confirmed exon 5 skipping,
resulting in in-frame deletion from c.1315 to ¢.1395 [r.(=,
1315_1395del); p.Gly439_Leu465del] (Fig. 2A-D). On the
protein level, this deletion results in disruption of the Ist and
2nd ANK repeat.

Similarly, the ¢.1690C>T mutation in exon 8 was exam-
ined. The RT-PCR experiment was performed using forward
and reverse primers in exons 7 and 9, respectively. Once
again agarose gel electrophoresis exhibited two bands: One
band corresponding to the wild-type fragment (264 bp) and
a lower band. Sequencing of the smaller band confirmed the
presence of frame-shift deletion of exon 8 [r.(=,1678_1810del)],
resulting in formation of premature stop codon at position
p-Met560 (Fig. 2E-H).

Finally, c.1972C>T substitution located in exon 10 was
analyzed. RNA was extracted and RT-PCR using previously
described primers was applied (27). Alteration c.1972C>T
does not affect the splicing process.

Ovarian cancer-associated BARDI alterations might be
cancer-specific. Ultimately, we analyzed 120 samples of
patients with CML to assess the frequency of the newly iden-
tified BARDI isoforms (lacking exon 5 and 8, respectively)
in other, hormone-independent types of cancer. None of the



Table III. Prediction of possible pathogenicity of identified mutations performed by combining seven different in silico tools.

Predicted pathogenicity

Predicted effect on splicing

Human Splicing

MutPred

Nucleotide

Mutation Tester

SIFT

PolyPhen 2

Rescue ESE

Alamut

Effect Splice Finder

change

Exon

Sequence variants identified in exon sequences

Disease-causing

Probably Deleterious

Eliminates one

Eliminates binding motifs for SC35

Probably affects

Neutral
splicing

c.1361C>T p.Pro454Leu

5

damaging

binding motif

Not relevant

Not relevant Not relevant

No effect on existing
binding motifs

Eliminates binding motifs for SF2/ASF;

creates new SRp55 binding motif

Probably affects

Affecting
splicing

p.GIn564Ter

¢.1690C>T

8

Deleterious Disease-causing

Probably benign

No effect on existing
binding motifs

Eliminates binding motifs for SF2/ASF;

affects SC35 and SRp55 binding motifs
Eliminates binding motifs for SF2/ASF

p.Arg658Cys  Neutral Probably no effect
on splicing
and SRp55; creates new SRp40

c.1972C>T

10

Not relevant

Not relevant

Not relevant

Eliminates five
binding motifs

Probably affects

splicing

Affecting

c.1977A>G
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binding motif; affects second SF2/ASF

binding motif

analyzed sample showed the presence of BARDI alterations
resulting in formation of the isoforms lacking exons 5 or 8
(data not shown).

Discussion

All initial BARDI studies described a limited number of
sequence variants, including several missense mutations and
one in-frame deletion of 21 bp with unknown consequence
for the protein function. However, more recent studies
reported several truncating mutations, which were segregating
with the disease. Interestingly, BARDI germline variants
were identified not only in patients with breast and ovarian
cancer (12,24,27-29,31), but also among individuals with
familial neuroblastoma (33).

In the present study, in a cohort of 255 unselected ovarian
cancer cases, one novel and three previously reported genomic
BARDI alterations in exons 5, 8 and 10 (c.1361C>T; ¢.1690C>T,
¢.1972C>T, c.1977A>G) were identified. All four genetic vari-
ants were absent or infrequent in the control group (0.1-0.3%),
indicating their pathogenic potential.

¢.1361C>T mutation disrupts the binding motif for splicing
factor SC35 and results in an in-frame deletion of exon 5
and disruption of two presumably important ANK repeats.
Based on previously published data, we assume that lack of
27 amino acids at positions p.Gly439_Leu465 may diminish
the ability of BARDI to induce apoptosis (35,36). BARDI
mRNAs lacking exon 5 could be a full length (FL) BARDI or
mRNA isoforms lacking also other exons, namely BARDI,
BARDIla, BARDIk, BARDI1¢p, BARDIY (Fig. 3B), which have
been described before for breast, ovarian, lung, colon cancer
and neuroblastoma (37-40).

¢.1361C>T is the second BARDI mutation resulting in
exon 5 skipping. In a previous study, we identified an intronic
variant located in the donor site of intron 4 (c.1315-2A>G)
that also resulted in in-frame deletion of exon 5 (27). Exon 5
deletion was first observed in the ovarian cancer cell line
NuTu-19 (41), derived from spontaneous mutation of rat ovarian
cancer cells that recapitulates human ovarian cancer when
injected intraperitoneally into mice. This cell line expressed
no FL BARDI, but BARDIf which had an additional deletion
of exon 5 (41). The NuTu-19 cells were resistant to apoptosis
induction, but became sensitive when expressing exogenous
FL BARDI suggesting that loss of exon 5 leads to isoforms
that have lost tumor-suppressor functions affecting the apop-
tosis pathway (41). BARDIp with an additional exon 5 deletion
was also observed in mouse spermatogenesis (42). However,
impact of exon 5 deletion on the function of FL BARDI or
BARDI has not been determined.

The second identified alteration, ¢.1690C>T, was located
in exon 8. In silico analysis showed that this alteration signifi-
cantly changed the binding motif for splicing factors. Splicing
alteration was confirmed by RT-PCR [r.(=,1678_1810del),
p-Met5607]. Translation of the ¢.1690C>T mutation results in
a truncated protein lacking the BRCT domains, which play
an integral role in the DNA damage response (43). BRCAI
mutations located in BRCT domains are correlated with an
increased risk for both breast and ovarian cancer (44,45). It
was demonstrated that BRCA1 truncated only by 10 amino
acids is less stable, does not accumulate in the nucleus and
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Figure 2. (A-D) Analysis of variant c.1361C>T. (A) Sequence analysis of exon 5 of the BARDI gene. The mutation is marked with an arrow. (B) In silico
tools analysis shows left panel with original ESE motifs located within exon 5 and right panel with ESE motifs status in sequence that harbors the mutation.
(C) mRNA expression analysis: Agarose gel electrophoresis of PCR spanning exon 5 revealed two bands: upper band (1) the expected wild-type allele (218 bp)
and lower band (2) of 137 bp corresponding to deletion of exon 5. (D) Sequence of the wild-type band (top panel) and the bottom panel exhibit an in-frame dele-
tion of exon 5 of BARDI gene. (E-H) Analysis of mutation ¢.1690C>T in BARDI. (E) Sequencing results demonstrating alterations located in exon 8 of BARD/
gene (arrows). (F) In silico tool analysis shows original ESE motifs located within exon 8 of wild-type BARDI and right panel with ESE motifs status after in
BARDI sequence with ¢.1690C>T mutation. (G) Agarose gel electrophoresis revealed two bands: Upper band (1) of the expected wild-type allele (264 bp) and
lower band (2) with a size of 131 bp. (H) cDNA sequence analysis confirmed sequence of the wild-type BARD! (top panel) and deletion of exon 8 of BARDI

gene (bottom panel). BARDI, BRCA1l-associated RING domain 1.

fails to colocalize with BARD1 and BRIP1 (44). It is therefore
likely that lack of BARD1 BRCT domains have a similar
impact on protein function.

In addition, this mutation could not only produce a
truncated product of FL BARDI mRNA, but also truncated
proteins from BARDI isoform mRNAs (Fig. 3C). Previously
we reported the BARDI c.1690C>T alteration as a non-sense
mutation (27), but additional studies showed its impact on
splicing alteration.

Moreover, the carrier of ¢.1690C>T mutation in BARDI
was also diagnosed with mutation ¢.5266dupC in the BRCAI
gene. The duplication of the cytosine at position ¢.5266 is
the second most frequent BRCAI mutation all over the world
and the most common in Poland (10,11,18). The ¢.1690C>T
mutation in BARDI was previously described in a family with
an aggregation of breast, colon, and uterine cancer and was
further identified in four different families with aggregation
of breast and ovarian cancer (27, and Ratajska unpublished
data). Co-existence of BARDI and BRCAI could have either
an aggravating or a mitigating affect. However, co-segregation
of both mutations may indicate the latter. Another case of
co-occurrence of germline BARDI (p.Gln715Ter) and BRCAI
(c.3600dell1) mutations was described in a patient with
serous carcinoma (28). Moreover, co-occurrence of a BARDI
(p-Cys557Ser) germline alteration witha BRCA2 (c.771_775del)

truncating mutation was reported as a risk amplifying factor
to carriers of both mutations (46). As BRCA1, BRCA2 and
BARDI act together in several tumor suppressor pathways, it
is likely that double mutations increase the risk of cancer.

Within this study group, we identified a carrier of recur-
rent BARDI missense mutation (c.1972C>T; p.Arg658Cys)
located in exon 10. Several studies have classified c.1972C>T
substitution as possibly deleterious (29) or with unknown
significance (25,30,47). Rudd et al suggested its correlation
with a risk of lung cancer with an odds ratio 1.55 (47). In our
study, in silico analysis performed by using Mutation Tester,
PolyPhen, and SIFT indicated its potentially damaging char-
acter. However, RT-PCR showed that this variant does not alter
the splicing of BARDI gene.

Finally, we described another case of synonymous change
(c.1977A>G) that results in aberrant splicing, leading to
a transcript lacking exons 2-9. This mRNA is identical to
BARDIn (Fig. 3A), which can either be translated from the
first methionine and end with a premature stop codon in
exon 10 (p.Cys53_Trp635delinsfs‘12), or translation could
start with a first methionine in an alternative open reading
frame (ORF) (39,48). This c.1977A>G alteration was previ-
ously identified and characterized in a patient with clear cell
ovarian cancer with familial aggregation of the disease (27).
Additionally, BARDI isoform was found by Li ef al in human
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Figure 3. The schematic structure of protein coding FL BARD1 mRNA and splice isoforms is presented (A). Thick line, non-coding sequences; dashed bar,
exon skipping; gray bars, protein coding sequence corresponding the main BARDI reading frame. White bars, alternative, in-frame ORFs. The positions of
RING domain, ANK repeats and BRCT domains are shown on the top. The expected length of the polypeptides encoded by the isoforms is shown on the right.
(B) The structure of the BARDI splice isoforms with the exon 5 skipping. (C) The structure of the BARDI splice isoforms with exon 8 skipping. BARDI,
BRCA1-associated RING domain 1; FL, full length; ORF, open reading frame; ANK, ankyrin.

cytotrophoblast invasion and in gynecological cancers, and
authors showed the presence of a 21-kDa protein, consistence
with the predicted molecular weight of BARDI (39,48).
Importantly, our results underscore the necessity of multi-
level BARDI mutation screening, as the molecular analysis
limited to DNA may result in high-level misclassification of
the detected genetic variants. This phenomenon was widely
studied in NFI and ATM, where authors demonstrated
that ~13% of patients may be incorrectly diagnosed (49-51).
Several studies demonstrated that BARDI isoforms are
widely expressed in different types of cancer and that spliced
isoforms are often more abundant than FL BARDI1 (37-40).
Moreover, RNA interference experiments suggested that
BARDI splice variants have functional roles and are the
driving force of tumorigenesis (37,39,40,52-54). It was shown

that the expression of alternatively spliced BARDI isoforms
was associated with poor outcome and short survival of
breast and lung cancer patients. The link between sequence
alterations and alternative splicing causing tumorigenesis was
convincingly demonstrated for neuroblastoma (40). SNPs that
are significantly associated with aggressive neuroblastoma
were identified in intronic sequences of BARDI. Increased
expression of BARDIP was linked to the disease-associated
SNP and to functions in malignant transformation (40).

Thus, we suggest that germline BARDI mutations are
responsible for a portion of hereditary ovarian cancers and
BARDI should be included in gene panels that are used for
molecular diagnosis of breast and ovarian patients. The actual
pathogenic role of BARDI sequence variants is rather due to
activation of alternative splicing and enhanced expression
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of certain isoforms than mutations per se. Even apparently
harmless variants may lead to incorrect splicing process and
expression of oncogenic dominant negative forms of BARDI.
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