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Abstract 

BARD1 is associated with the development of high-risk neuroblastoma patients. Particularly, the 
expression of full length (FL) isoform, FL BARD1, correlates to high-risk neuroblastoma 
development and its inhibition is sufficient to induce neuroblastoma cells towards a worst 
phenotype. Here we have investigated the mechanisms of FL BARD1 in neuroblastoma cell lines 
depleted for FL BARD1 expression. We have shown that FL BARD1 expression protects the cells 
from spontaneous DNA damage and from damage accumulated after irradiation. We demonstrated 
a role for FL BARD1 as tumor suppressor to prevent unscheduled mitotic entry of DNA damaged 
cells and to lead to death cells that have bypassed cell cycle checkpoints. FL BARD1-depleted cells 
that have survived to checkpoints acquire features of aggressiveness. Overall, our results show that 
FL BARD1 may defend cells against cancer and prevent malignant transformation of cells. 
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Introduction 
Neuroblastoma is a pediatric malignancy that 

arises from the sympathetic nervous system. The cure 
of neuroblastoma patients remains a challenge for the 
pediatric oncologists; indeed, the number of 
long-term survivors of high-risk neuroblastoma with 
5-year survival is 40%, despite decades of 
considerable international efforts to improve outcome 
(1). High-throughput sequencing-based studies have 
reported that recurrent mutations of single genes are 
infrequent in primary neuroblastoma with activating 
mutations in ALK and inactivating mutations in 
ATRX, and TERT rearrangements being the most 
frequent (2-4). Gain of function mutations in ALK in 
~10% of cases has emerged as the only validated 
therapeutic target (4-6). Recent single-nucleotide 
polymorphism (SNP) based genome-wide association 

studies (GWAS) have identified several susceptibility 
neuroblastoma genes (CASC15, BARD1, LMO1, 
DUSP12, HSD17B12, DDX4/IL31RA, HACE1, LIN28B, 
NEFL) (7-12) and BARD1 results to be the most 
strongly associated gene (10-13). Many of the 
identified loci impart oncogenic dependencies in 
established tumors.  

BARD1 is characterized by full length (FL) and 
diverse spliced isoforms. Several scientific evidences 
show that cancer-associated BARD1 isoforms 
antagonize the functions of FL BARD1 as tumor 
suppressor and act as a driving force for 
carcinogenesis. In particular, BARD1 oncogenic 
isoforms are often up-regulated and associated with 
negative prognosis in breast, ovarian, endometrial 
and lung cancers (14, 15). In particular, the isoform 
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BARD1β is an oncogenic driver of high risk 
neuroblastoma tumorigenesis through interaction 
with Aurora family of kinases (16). Although FL 
BARD1 expression can have oncogenic effects (17-20), 
its role as tumor suppressor remains to be elucidated. 
Somatic acquired mutations of BARD1 are relatively 
low frequent in cancer and, even if rare, BARD1 
mutations seem to drive malignant transformation 
(21, 22). Diverse BARD1 SNPs with cis-effect on FL 
BARD1 are identified as protective variants against 
high-risk neuroblastoma (10, 13), whereas variants 
with a cis-effect on isoform BARD1β are associated 
with high-risk neuroblastoma (23). Additionally, in 
our recent sequencing study, BARD1 is enriched in 
rare, potentially pathogenic, germline variants (24). 

The BARD1 RING domain is an ubiquitin ligase 
forming a heterodimer with BRCA1, which also 
harbors a RING domain. The heterodimeric complex 
localizes at site of DNA damage and functions in the 
regulation of centrosome amplification and 
chromosome de-condensation (25, 26). Literature data 
report that BARD1 and BRCA1 gene knockouts have 
similar phenotypes demonstrating that both BARD1 
and BRCA1 are essential for cell viability and 
maintenance of genome integrity (27, 28). Overall, 
both proteins may function individually, interacting 
with various proteins and the dissociation of the 
heterodimer might be regulated by posttranslational 
protein modifications such as phosphorylation, 
ubiquitination or parsylation. FL BARD1 protein not 
in complex with BRCA1 has emerged as key player in 
poly(ADP-ribose) (PAR) signaling after DNA damage 
(29) and its cytoplasmic localization is associated with 
pro-apoptotic activity (30, 31). Another BRCA1- 
independent function of BARD1 is observed at late 
stage of mitosis where FL BARD1 protein dissociates 
from BRCA1 and interacts with BRCA2 and Aurora 
kinase B, essential for the completion of cytokinesis 
(32).  

We previously reported that the repression of FL 
BARD1 is crucial for neuroblastoma cells proliferation 
and invasion (13). In this study, we further 
investigated FL BARD1 in neuroblastoma cells to 
support the hypothesis of its role as tumor suppressor 
gene. We show that FL BARD1 is involved in DNA 
damage response and FL BARD1 depletion allows 
neuroblastoma cells to proceed in mitosis by avoiding 
cell cycle checkpoints. Based on these observations, 
we assume that accumulated mutations during DNA 
damage may not be repaired in absence of FL BARD1 
and thus, unrepaired cells might acquire features that 
are more aggressive. Additionally, we demonstrated a 
role for FL BARD1 as tumor suppressor that is 
independent of DNA damage response that needs 
major elucidation in the next future. 

2. Material and Methods 
2.1 Correlation analysis between the 
expression of FL BARD1 and all genes 

Correlation analysis was performed through the 
R2 platform (r2.amc.nl) using the defaults parameters 
(FDR<0.01) and the above-mentioned dataset of 161 
neuroblastoma tumors profiled by RNAseq through 
TARGET project. For this analysis, we used the 
transcript ENST00000260947 that identifies the FL 
BARD1. The Gene Ontology and KEGG pathway 
analyses were performed through the same R2 
platform, on the genes that significantly correlated 
with FL BARD1 expression. 

2.2 Cell culture and Irradiation 
The human SHSY5Y and SKNSH cell lines 

obtained from the American Type Culture Collection 
(respectively ATCC #CRL-2266 and #HTB-11) were 
grown in Dulbecco's Modified Eagle Medium 
(DMEM; Sigma) at 37 C, 5% CO2 in a humidified 
atmosphere. The medium was supplemented with 
10% heat-inactivated FBS (Sigma), 1 mmol/L 
L-glutamine, penicillin (100 U/mL), and streptomycin 
(100mg/mL; Invitrogen). The cell lines were 
authenticated and early-passage cells were used for 
all the experiments. Irradiation (IR) treatment 
(160-kVp X-rays; 25mA; half-value layer of 0.3 mmCu) 
was administered using the RS2000 Biological 
Irradiator (RADSOURCE Technologies) at a dose rate 
of 5Gy (17.57 mGy /sec).  

2.3 Production of Lentiviral particles and 
Infection of cell lines 

To knockdown FL BARD1 gene expression, 
pGIPZ Lentiviral shRNAmir targeting human BARD1 
were purchased from Open Biosystems (Thermo 
Fisher Scientific, Inc.). We used two different shRNA 
against FL BARD1: V2LHS_93186 and V3LHS_365581. 
A non-silencing pGIPZ Lentiviral shRNAmir was 
used as control (RHS4346). HEK293 were transfected 
with 10µg of shRNA plasmid DNA and 30µl of 
Trans-Lentiviral packaging Mix (OpenBiosystem) and 
25µl TrasFectin (Bio-Rad) in 10mm plate. The 
supernatants (10 ml for points) were harvested after 
24 hours, centrifuged at low speed to remove cell 
debris and filtered through a 0.45 μm filter (33, 34). In 
vitro transduction and determination of lentivector 
Titre was performer as already reported (35). After 48 
hours of incubation, the transduced cells were 
examined microscopically for the presence of 
TurboGFP expression (70-90%). To obtain 100% GFP 
positive cells we added puromycin in the medium for 
additional 10 days.  
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2.4 Preparation of nuclear and cytosol extracts 
Cells were suspended in cell lysis buffer [10 mM 

HEPES; pH 7.5, 10 mM KCl, 0.1 mM EDTA, 1 mM 
dithiothreitol (DTT), 0.5% Nonidet-40, 0.5 mM 
phenylmethylsulfonyl fluoride (PMSF), protease 
inhibitor cocktail (Sigma)] and incubated in ice for 
15-20 min. Tubes are vortexed to disrupt cell 
membranes and then centrifuged at 12,000 g at 4°C for 
10 min. The supernatant was stored at -80°C until 
further use as cytoplasmic extract. The pellets were 
washed thrice with cell lysis buffer and suspended in 
nuclear extraction buffer [20 mM HEPES (pH 7.5), 400 
mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF] 
with protease inhibitor cocktail and incubated in ice 
for 30 min. Nuclear proteins were collected upon 
centrifugation at 12.000 rpm for 15 min at 4°C. Protein 
concentration was estimated by using Bradford’s 
reagent (BioRad) [29].  

2.5 Western blotting assay 
Protein extracts were electrophoresed on 

polyacrylamide gel (Invitrogen) and transferred onto 
nitrocellulose membranes (Millipore). After 1 hour (h) 
blocking with 5% dry fat milk in phosphate-buffered 
saline (PBS) containing 0.02% Tween-20, the 
membranes were incubated with the primary 
antibody overnight at 4 C° and with the secondary 
antibody for 1h at room temperature. Primary 
antibodies used are: anti-human BARD1 
(cod-A300-263A, Bethyl, 1:1000), γH2AX 
(phosphoSer139) (cod-H5912, Sigma Aldrich, 1:1000), 
phosphor-p53(Ser-15) (cod-9284 Cell Signaling, 1:500), 
p53 (sc-6243, Santa Cruz, 1:500), Cyclin B (sc-752 Santa 
Cruz, 1:500), CDK1 (sc-54, Santa Cruz, 1:1000); 
phospho-H3 (06-570 Millipore). Mouse monoclonal 
anti-β-Actin antibody (cod-A5441, Sigma-Aldrich, 
1:6000) and anti-H3 (cod-06-755, Millipore, 1:1000), 
were used as loading control for cytosol and nuclei 
extracts respectively. Secondary peroxidase-labeled 
antibody to rabbit IgG (cod041506, KPL) and to mouse 
IgG (cod041806, KPL) were diluted at 1:2000. Protein 
bands were visualized with enhanced 
chemiluminescence plus reagent (GE Healthcare). The 
protein bands image were acquired with GelDoc 2000 
system (Bio-Rad) and the densitometry measurement 
was performed by Quantity One 4.5 tool (Bio-Rad). 

2.6 Cell cycle distribution 
Cells were seeded in cell culture 10-mm×20-mm 

dishes (Corning) at a density of 1×106 cells. For the cell 
cycle analysis, 1×106 cells were washed in PBS and 
suspended in 200 μl propidium iodide (50 μg/ml in 
PBS; Sigma), plus 50 μl RNaseA solution (100 μg/ml 
in water; Sigma) and NP40 (0/004% in PBS) and 
incubated at 37 °C for 3h in the dark. The cell-cycle 

distribution was analyzed by fluorescence-activated 
cell sorting (BD FACS, Canto II, BD Biosciences). The 
means (%) were calculated from two independent 
experiments. 

2.7 Assay for caspase-3 activity 
Caspase-3 activity was evaluated using Caspase 

Fluorescent (AFC) Substrate/Inhibitor QuantiPak 
(ENZO Life Sciences) following the manufacturer's 
protocol, and Microplate Imaging System (Bio-Rad) 
performed the measurement of enzymatic activity at 
530nm. The means and standard deviations were 
calculated from two independent experiments.  

2.8 Cell viability assay 
Cells were grown for a total of 10 days after IR. 

Irradiated cells (IR) and not-irradiated cells (V) were 
seeded as six replicates into 96-well plates at a density 
of 104 cells per well. After 7, 8, 9, and 10 days of IR, the 
metabolic activities of the samples were assessed as a 
surrogate marker for cell proliferation, using the 3-(4, 
5-dimethylthiazol-2-yl), 5-diphenyltetrazolium 
bromide assay, according to the manufacture protocol 
(Promega). The means and standard deviations were 
calculated from two independent experiments. 

2.9 Colony formation assay in soft agar 
Two hundred thousand cells were plated in 

0.35% agar on a bottom layer of 1% agar in 35-mm 
dishes (Corning). The plates incubated at 37 °C for 4 
weeks were stained with 0.01% crystal violet. 
Colonies with 20 cells or more were counted. The 
means and standard deviations were calculated from 
three independent experiments. 

3. Results 
3.1 FL BARD1 functions in DNA damage 
response  

We have previously evaluated the mRNA levels 
of FL BARD1 in high-risk neuroblastomas compared 
with low and intermediate risk neuroblastomas and in 
patients with favorable neuroblastomas (Stage 4s) 
compared to metastatic neuroblastomas (Stage 4) (36). 
The results showed that patients with high-risk and 
metastatic tumors have reduced FL BARD1 
expression. These findings have encouraged us to 
further investigate the biological role of FL BARD1 as 
tumor suppressor in neuroblastoma. 

Firstly, we carried out a correlation analysis 
between FL BARD1 expression versus all genes in 161 
neuroblastomas profiled by RNAseq that allows 
distinguishing among alternative spliced transcripts. 
The gene ontology and pathways analysis showed 
that the expression of FL BARD1 (ENST00000260947) 
is correlated with the expression of genes involved in 
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cell cycle and DNA repair (Figure 1, Table S1).  
To investigate a role for FL BARD1 as tumor 

suppressor, two neuroblastoma cell lines (SKNSH and 
SHSY5Y) were depleted for FL BARD1 expression 
upon stable transfection with lentiviral plasmids 
expressing short hairpin RNA against BARD1 
(shBARD1#A, ahBARD1#B). Unsilenced cells were 
transfected with control plasmid (shCTR). In both cell 
lines the efficient depletion of FL BARD1 in 
shBARD1#A and shBARD1#B transfected cells 
(shBARD1#A and shBARD1#B cells) in contrast with 
shCTR transfected cells (shCTR cells) was verified by 
western blotting (Figure 2A). Since BARD1β 
expression might establish competing mechanisms, 
we verified the absence of BARD1β increment in FL 
BARD1-depleted cells (Figure S1). To confirm the 
specificity of our findings in neuroblastoma cells, all 
below described experiments have been replicated in 
two additional cell lines, shown in supplementary 
data. 

 In absence of induced DNA damage, we 
observed an increment of γH2AX protein in 
shBARD1#A and shBARD1#B cells compared to 
shCTR cells (Figure 2B). To understand the potential 
mechanism of FL BARD1 in DNA damage, we treated 
SHSY5Y and SKNSH cells (shBARD1#A, 
shBARD1#B, shCTR) with 5Gy X-ray to induce DNA 
damage and evaluated γH2AX protein increment 
after different time points from irradiation (IR) 
exposure (30 min, 1h, 3h, 6h, 24h, 36h, 48h). To 
visualize the γH2AX protein expression levels, the 
protein bands intensities were measured by 
densitometry and normalized with respect to loading 
control H3, as shown in the graphs (Figure 2C-D). The 
analysis of γH2AX expression showed higher levels of 
γH2AX in shBARD1#A and shBARD1#B cells than 
shCTR cells, with strong increment after 24h in 
SKNSH shBARD1 cells (Figure 2C) and after 36h in 
SHSY5Y shBARD1 cells (Figure 2D). These findings 

show that higher levels of FL BARD1 expression 
might protect neuroblastoma cells from spontaneous 
damages and from damages accumulation after IR. 

3.2 FL BARD1 functions in regulating G2/M cell 
cycle phase and apoptosis 

The G2-M DNA damage checkpoint ensures that 
cells do not initiate mitosis before they have a chance 
to repair damaged DNA after replication. The 
transition of cells from the G2 phase to the M phase is 
driven by critical cell cycle proteins, cyclin B and 
Cdc25C, which were poly-ubiquitinated and 
degraded by FL BARD1 in complex with BRCA1 (37, 
38). Here, to evaluate the essential role of FL BARD1 
for G2-M checkpoint activation we chose post-IR time 
points where we have previously observed the higher 
γH2AX protein increment in FL BARD1-depleted cells 
(Figure 2C-D). In line with literature data, in FL 
BARD1-depleted cells (shBARD1#A and 
shBARD1#B) the levels of cyclin B are higher than in 
unsilenced cells (shCTR) (Figure 3A). Furthermore, 
the degradation of cyclin B in post-IR SKNSH and 
SHSY5Y shCTR cells goes with an increase of cells 
accumulated in G2 phase of the cell cycle, compared 
to not-irradiated SKNSH and SHSY5Y shCTR cells (V) 
(Figure 3B-C). In SKNSH cell line, the increase of 
post-IR shBARD1 cells accumulated in G2 phase 
compared to non-irradiated shBARD1 (V) cells was 
less than that observed in post-IR shCTR cells 
compared to non-irradiated shCTR (V) cells (Figure 
3B). Conversely in SHSY5Y cell line, we do not 
observe an increase of shBARD1 cells accumulated in 
G2 phase, compared to shBARD1 non-irradiated cells 
(V) (Figure 3C). These results suggest that cells 
depleted for FL BARD1 expression have a defective 
G2-M checkpoint and enter mitosis before repairing 
their DNA. Increase of phopsho-H3 levels in post-IR 
shBARD1 cells respect to shCTR cells further 
confirmed these observations (Figure 3A). 

 

 
Figure 1. FL BARD1 expression correlates with expression of genes involved in the cell cycle and DNA repair. Gene Ontology results for genes that significantly 
correlated with FL BARD1 expression (RNAseq) in 161 neuroblastoma tumors. P-value is reported as -Log10 (P) on X-axis. 
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Figure 2. FL BARD1 functions in DNA damage response. SKNSH and SHSY5Y cell lines were silenced for FL BARD1 expression upon transfection with lentiviral plasmids 
(shBARD1#A, shBARD1#B). Unsilenced control cells were transfected with plasmid shCTR. The efficiency of short harpin silencing was verified by western blotting, using an 
antibody against FL BARD1 isoform. The molecular weight of FL BARD1 isoform is reported. The higher band in the blot is an aspecific staining. β-Actin levels were used as 
loading control (A). The detection of Υ -H2AX protein was verified in nuclear extract of silenced (shBARD1) and unsilenced control (shCTR) cells, by western blotting. Antibody 
against histone H3 was used as loading control (B). SKNSH shBARD1 and shCTR cells (C) and SHSY5Y shBARD1 and shCTR cells (D) were treated with 5 Gy IR. The expression 
of Υ- H2AX was measured by western blotting in a time-course (30 min, 1h, 3h, 6h, 12h, 24h, 36h, 48h) after IR. The integral optical density (IOD) of Υ- H2AX protein bands 
were measured and normalized respect to loading control protein band H3. The arrows indicate the higher increment of Υ- H2AX in each cell line. The experiments were 
repeated twice. 
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Figure 3. FL BARD1 functions in G2-M cell cycle phase. Cyclin B and CDK1 protein levels were verified in cytosol extracts and phospho-H3 and H3 protein levels were 
verified in nuclei extracts by western blotting in SKNSH (24 hours post-IR) and in SHSY5Y (36 hours post-IR) cells (A). Cell cycle distribution phases were reported as mean 
percentages between two experiments, in SKNSH shBARD1 and shCTR IR cells and non-irradiated cells (V) (B) and in SHSY5Y shBARD1 and shCTR IR cells and non-irradiated 
cells (V) (C).  

 
Figure 4. FL BARD1 functions in regulating apoptosis. Phospho-p53 and p53 and β-Actin protein levels were verified by western blotting in shBARD1 and shCTR cells, 
in SKNSH (24 hours post-IR) and SHSY5Y (36 hours post-IR) cell lines (A). Caspase-3 activity was evaluated in SKNSH shBARD1 and shCTR IR and V cells (B) and in SHSY5Y 
shBARD1 and shCTR IR and V cells (C). The asterisk is indicative of p-value ≤ 0.05. The experiments were repeated twice. 

 
Literature data report that FL BARD1 not in 

complex with BRCA1 acts as an adaptor for p53, 
enabling it to be targeted for ATM/ATR-directed 
serine-15 phosphorylation (p53Ser-15) following IR/ 
UV-induced DNA damage in several cell types. This 
phosphorylation is required for p53 apoptotic 
function (25, 26). We observed that the depletion of FL 
BARD1 (in shBARD1 cells) disrupted p53Ser-15 in 
post-IR SKNSH and SHSY5Y cells whereas p53Ser-15 
was observed in post-IR SKNSH and SHSY5Y shCTR 
cells (Figure 4A). The impaired p53 function is further 
confirmed by the decrease in caspase-3 activity in 
post-IR shBARD1 cells compared to post-IR shCTR 
cells, both in SKNSH and SHSY5Y cell lines. Caspase 
activity in post-IR cells was represented as a ratio to 
caspase activity in non-irradiated (V) cells (Figure 
4B-C). These observations suggest a role for FL 
BARD1 to drive cells towards a protective arrest into 
apoptosis after initial DNA damage. SKNSH and 
SHSY5Y cells are both p53-wild type. To strength FL 

BARD1 involvement in DNA damage response, we 
verified FL BARD1 involvement in G1 and G2 
checkpoints in two additional cell lines p53-mutated: 
SKNAS cells show homozygous deletion of exons 
10-11 of p53 (39) and SKNFI cells show missense 
mutation located in exon 7 of p53 (40). As reported in 
the supplementary data, in shCTR and shBARD1 p53 
mutated cells there is a basal level of p53 
phosphorylation at DNA damage, which indicates the 
lack of p53 activation and G1 checkpoint. On the 
contrary, we observed cyclin B degradation and the 
increase of phospho-H3 levels in shBARD1 cells 
compared to shCTR cells, which indicates the FL 
BARD1 control of the G2 checkpoint (Figure S2-S3).  

3.3 Loss of FL BARD1 promotes cells 
proliferation and cells growth and increases 
cells clonogenic activity. 

We evaluated cells proliferation and cells growth 
ability in soft agar of SKNSH, SHSY5Y, SKNAS and 
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SKNFI cells depleted or not of FL BARD1 expression. 
In both proliferation and soft agar assays, shBARD1 V 
cells are more proliferating and growing than shCTR 
V cells, showing a role of FL BARD1 tumor 
suppressor independent from induced DNA damage 
(Figure 5; Figure S4), as previously shown (13). 

We demonstrated that FL BARD1 depletion 
influences clonogenic activity in post-DNA damaged 
neuroblastoma cells. Cells proliferation of post-IR 
shCTR and shBARD1 cells was evaluated seven days 
after IR (D7) and in the following eight (D8), nine (D9) 
and ten (D10) days post-IR. Interesting to note, 
shBARD1 IR cells show higher cell viability (P < 0.05, 

D9, D10 SKNSH; P < 0.05 D9, D10 SHSY5Y; Figure 
5A, C) and higher colony numbers in soft agar assay 
than shCTR IR cells (P < 0.05, Figure 5B, D). Loss of 
FL BARD1 increasing clonogenic activity was 
confirmed in two additional cell lines, SKNAS and 
SKNFI, as shown in the supplementary data (Figure 
S4). 

Overall, proliferation rate and growth ability in 
soft agar decrease in post-IR cells respect to V cells 
(both shCTR and shBARD1 cells) except in SKNAS 
cells, probably because intrinsic irradiation-sensitivity 
differs among cell lines.  

 
 

 
Figure 5. FL BARD1 depletion promotes cells proliferation and cells growth. Cell proliferation assay was performed after seven days from IR (D7). SKNSH shBARD1 
(V and IR) and shCTR (V and IR) cells viability were evaluated in the following 8 (8D), 9 (9D) and 10 days (10D) from IR and normalized respect to D7 (A). Soft agar assay was 
performed for the same cells and colonies number for each experimental point is reported on Y-axis (B). SHSY5Y shBARD1 (V and IR) and shCTR (V and IR) cells viability were 
evaluated in the following 8 (8D), 9 (9D) and 10 days (10D) from IR and normalized respect to D7 as shown in (C). Soft agar assay was performed for the same cells and colonies 
number for each experimental point in reported on Y-axis (D). The asterisks show the increments of colonies number with P<0.05 in shBARD1 V cells compared to shCTR V 
cells and in shBARD1 IR cells compared to shCTR IR cells (B, D). Cell viability assays were repeated twice, colony formation assays were repeated three times. 
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4. Discussion  
BARD1 and BRCA1 form a heterodimer via their 

N-terminal RING finger domains. This interaction is 
essential for BRCA1 stability and for relocation of 
BRCA1 to DNA damage sites. BRCA1/BARD1 
heterodimer acts as an E3 ubiquitin ligase that 
ubiquitinates RNA polymerase II, preventing the 
transcription of the damaged DNA, and restoring 
genetic stability. Although BARD1 function is 
associated with the function of heterodimer, on the 
other hand, BARD1 also acts independently of 
BRCA1. Indeed, BARD1 expression, upregulated by 
genotoxic stress, is involved in apoptosis through 
binding and stabilizing p53 independently of BRCA1. 
Furthermore, FL BARD1 may interact with additional 
partners through its protein domains and act in 
several pathways essential for cells vitality but these 
aspects need more elucidations (22). 

BARD1 locus is one of the most significant and 
robustly replicated association signals enriched in 
high-risk subset of neuroblastoma (10, 13). We found 
high-risk variants that fall into promoter correlate 
with low expression of FL BARD1 and with 
neuroblastoma development. On the other hand, 
high-risk variants that fall into introns correlate with 
high expression of cancer-associated BARD1β isoform 
that antagonizes FL BARD1 functions and acts as a 
driving force for carcinogenesis. Although we have 
previously shown that down-regulation of FL BARD1 
has oncogenic effects (13), a role for FL BARD1 as 
tumor suppressor gene has not been examined in 
neuroblastoma cells. 

In the present study, we show that FL BARD1 
expression correlates with the expression of genes 
involved in DNA repair and cell cycle in 
neuroblastoma samples, probably due to 
BARD1/BRCA1 heterodimer function. From 
literature, cells deficient of BRCA1 tend to accumulate 
DNA damage by increasing γH2AX phosphorylation 
that can further lead to genome instability and 
carcinogenesis (41). In the same way, our data show 
that neuroblastoma cells deficient in FL BARD1 tend 
to accumulate γH2AX phosphorylation 
spontaneously or upon DNA insults suggesting 
higher levels of FL BARD1 expression protect 
neuroblastoma cells from DNA damages 
accumulation while lower levels of FL BARD1 make 
cells prone to carcinogenesis by accumulating more 
mutations. 

G1 and G2/M checkpoints are important steps to 
avoid that cancer cells treated with DNA damage 
agents could be able to repair the damage and 
continue to proliferate accumulating more damages 
than before. Literature reports that BRCA1 targets 

G2/M cell cycle proteins for degradation (38). Here 
we show that FL BARD1, as part of the heterodimer 
BRCA1/BARD1, prevent unscheduled mitotic entry 
of DNA damaged neuroblastoma cells via a 
mechanism requiring downregulation of cyclin 
B/Cdk1 and cell cycle arrest at the G2-M boundary. 
Indeed cells depleted of FL BARD1 have a defective 
G2-M checkpoint and enter mitosis before repairing 
their DNA. After initial DNA insults, we observe a 
p53 inactivation and a decrease in apoptosis in FL 
BARD1-depleted cells. This is in accordance with 
literature data showing that BARD1 acts as an adaptor 
for p53, enabling it to be targeted for 
ATM/ATR-directed phosphorylation following IR/ 
UV-induced DNA damage (31). These data suggest 
that FL BARD1 through p53Ser-15 further drives 
DNA damaged cells towards a protective arrest into 
apoptosis. The control of FL BARD1 on apoptosis 
through p53 stability fails in neuroblastoma 
p53-mutated cells but the control of FL BARD1 on 
p53-independent G2 cell cycle checkpoint remains. 
Taken together, our data clarify that higher expression 
of FL BARD1 is necessary to arrest cells in G1 and 
G2/M checkpoints following IR and FL BARD1 is still 
necessary to arrest cells in G2/M checkpoint in 
p53-mutated cells. 

Increased clonogenic activities in post-DNA 
damage cells further shows the role of tumor 
suppressor for FL BARD1 in DNA damage. The 
increase in cell proliferation and cell growth in soft 
agar in neuroblastoma cells depleted of FL BARD1 
expression shows an additional role of tumor 
suppressor not dependent on DNA induced damage, 
according to our previous report (13). These findings 
suggest that higher FL BARD1 expression in primary 
neuroblastoma is a protective factor to defend cells 
against spontaneous DNA insults and thus 
preventing cells malignant transformation. In the 
present study, we have not investigated if that tumor 
suppressor role for FL BARD1 is dependent from 
BRCA1, but we should consider that FL BARD1 might 
act in additional pathways involved in carcinogenesis 
through additional binding partners that remain not 
investigated.  

Neuroblastoma derived cell lines with genomic 
alterations of DNA-damage response associated 
genes and with BRCA1 or 2 and BARD1 mutations 
exhibited sensitivity to PARP1 inhibitors (PARP1i) 
(42). Particularly, neuroblastoma patients with 
11q-loss (with ATM haploinsufficiency) define a 
subgroup of patients with higher sensitivity to 
PARP1i (43). In these cells deficient of homologous 
recombination repair, PARP1i lock PARP1 onto DNA, 
blocking progression of a replication fork and leading 
cells to synthetic lethal death (44, 45). Since FL BARD1 
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acts in heterodimer with BRCA1 in DNA 
double-strand-break repair and has shown to bind 
PARP1 in DNA damage response (29), it is reasonable 
to assume that FL BARD1 deficient cells could less 
efficiently repair the double strand breaks generated 
by PARP1i and die quickly.  

The presented data support the onco-suppressor 
role of FL BARD1 in neuroblastoma and its 
involvement in DNA repair and cell cycle and 
provides evidence that abnormal expression or 
genetic mutations of BARD1 might be a reliable 
biomarker for tumor prevention opening the way to 
new approach for therapy decision making. 
Nevertheless, FL BARD1 characterization is 
incomplete in cancer and major elucidation, related to 
mechanisms by which FL BARD1 results in potential 
oncogenic vulnerabilities, needs in the next years.  

Supplementary Material  
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http://www.jcancer.org/v11p1495s1.pdf  

Acknowledgements 
This study was supported by grants from 

Associazione Italiana per la Ricerca sul Cancro (AIRC) 
(20757 and 19255); Ministero della Salute 
(GR-2011-02348722); “Fondazione Italiana per la Lotta 
al Neuroblastoma”; OPEN Associazione Oncologica 
Pediatrica e Neuroblastoma and by Regione 
Campania “SATIN” grant 2018-2020. F.C. was 
supported by Fondazione Umberto Veronesi post-Doc 
Fellowship. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Brodeur GM, Bagatell R. Mechanisms of neuroblastoma regression. Nat Rev 

Clin Oncol. 2014;11(12):704-13.  
2. Cobrinik D, Ostrovnaya I, Hassimi M, et al. Recurrent Pre-existing and 

Acquired DNA Copy Number Alterations, Including Focal TERT Gains, in 
Neuroblastoma Central Nervous System Metastases. Gene Chromosome 
Canc. 2013;52(12):1150-66.  

3. Combaret V, Iacono I, Bellini A, et al. Detection of tumor ALK status in 
neuroblastoma patients using peripheral blood. Cancer Med-Us. 
2015;4(4):540-50.  

4. Pugh TJ, Morozova O, Attiyeh EF, et al. The genetic landscape of high-risk 
neuroblastoma. Nat Genet. 2013;45(3):279-84.  

5. Mosse YP, Laudenslager M, Longo L, et al. Identification of ALK as a major 
familial neuroblastoma predisposition gene. Nature. 2008;455(7215):930-U22.  

6. Longo L, Panza E, Schena F, et al. Genetic predisposition to familial 
neuroblastoma: Identification of two novel genomic regions at 2p and 12p. 
Hum Hered. 2007;63(3-4):205-11.  

7. Maris JM, Mosse YP, Bradfield JP, et al. Chromosome 6p22 locus associated 
with clinically aggressive neuroblastoma. New Engl J Med. 
2008;358(24):2585-93.  

8. Capasso M, Devoto M, Hou CP, et al. Common variations in BARD1 influence 
susceptibility to high-risk neuroblastoma. Nat Genet. 2009;41(6):718-23.  

9. Capasso M, Diskin S, Cimmino F, et al. Common Genetic Variants in NEFL 
Influence Gene Expression and Neuroblastoma Risk. Cancer Res. 
2014;74(23):6913-24.  

10. Capasso M, Diskin SJ, Totaro F, et al. Replication of GWAS-identified 
neuroblastoma risk loci strengthens the role of BARD1 and affirms the 

cumulative effect of genetic variations on disease susceptibility. 
Carcinogenesis. 2014;35(3):737.  

11. Oldridge DA, Wood AC, Weichert-Leahey N, et al. Genetic predisposition to 
neuroblastoma mediated by a LMO1 super-enhancer polymorphism. Nature. 
2015;528(7582):418-421. 

12. Russell MR, Penikis A, Oldridge DA, et al. CASC15-S Is a Tumor Suppressor 
lncRNA at the 6p22 Neuroblastoma Susceptibility Locus. Cancer Res. 
2015;75(15):3155-66.  

13. Cimmino F, Avitabile M, Diskin SJ, et al. Fine mapping of 2q35 high-risk 
neuroblastoma locus reveals independent functional risk variants and 
suggests full-length BARD1 as tumor-suppressor. Int J Cancer. 
2018;143(11):2828-37.  

14. Wu JY, Vlastos AT, Pelte MF, et al. Aberrant expression of BARD1 in breast 
and ovarian cancers with poor prognosis. Int J Cancer. 2006;118(5):1215-26. 

15. Zhang YQ, Bianco A, Malkinson AM, et al. BARD1: an independent predictor 
of survival in non-small cell lung cancer. Int J Cancer. 2012;131(1):83-94.  

16. Bosse KR, Diskin SJ, Cole KA, et al. Common variation at BARD1 results in the 
expression of an oncogenic isoform that influences neuroblastoma 
susceptibility and oncogenicity. Cancer Res. 2012;72(8):2068-78.  

17. Irminger-Finger I, Soriano JV, Vaudan G, et al. In vitro repression of 
Brca1-associated RING domain gene, Bard1, induces phenotypic changes in 
mammary epithelial cells. The Journal of Cell Biology. 1998;143(5):1329-39.  

18. McCarthy EE, Celebi JT, Baer R, et al. Loss of Bard1, the heterodimeric partner 
of the Brca1 tumor suppressor, results in early embryonic lethality and 
chromosomal instability. Mol Cell Biol. 2003;23(14):5056-63.  

19. Sporn JC, Hothorn T, Jung B. BARD1 expression predicts outcome in colon 
cancer. Clin Cancer Res. 2011;17(16):5451-62.  

20. Capasso M, Diskin SJ, Totaro F, et al. Replication of GWAS-identified 
neuroblastoma risk loci strengthens the role of BARD1 and affirms the 
cumulative effect of genetic variations on disease susceptibility. 
Carcinogenesis. 2013;34(3):605-11.  

21. Irminger-Finger I, Ratajska M, Pilyugin M. New concepts on BARD1: 
Regulator of BRCA pathways and beyond. Int J Biochem Cell B. 2016;72:1-17.  

22. Cimmino F, Formicola D, Capasso M. Dualistic Role of BARD1 in Cancer. 
Genes. 2017;8(12).  

23. Bosse KR, Diskin SJ, Cole KA, et al. Common Variation at BARD1 Results in 
the Expression of an Oncogenic Isoform That Influences Neuroblastoma 
Susceptibility and Oncogenicity. Cancer Res. 2012;72(8):2068-78.  

24. Lasorsa VA, Formicola D, Pignataro P, et al. Exome and deep sequencing of 
clinically aggressive neuroblastoma reveal somatic mutations that affect key 
pathways involved in cancer progression. Oncotarget. 2016;7(16):21840-52.  

25. Yoshino Y, Qi H, Fujita H, et al. BRCA1-Interacting Protein OLA1 Requires 
Interaction with BARD1 to Regulate Centrosome Number. Mol Cancer Res. 
2018;16(10):1499-511.  

26. Westermark UK, Reyngold M, Olshen AB, et al. BARD1 participates with 
BRCA1 in homology-directed repair of chromosome breaks. Mol Cell Biol. 
2003;23(21):7926-36.  

27. McCarthy EE, Celebi JT, Baer R, et al. Loss of Bard1, the heterodimeric partner 
of the Brca1 tumor suppressor, results in early embryonic lethality and 
chromosomal instability. Mol Cell Biol. 2003;23(14):5056-63.  

28. Shakya R, Szabolcs M, McCarthy E, et al. The basal-like mammary carcinomas 
induced by Brca1 or Bard1 inactivation implicate the BRCA1/BARD1 
heterodimer in tumor suppression. P Natl Acad Sci USA. 2008;105(19):7040-5.  

29. Li M, Yu XC. Function of BRCA1 in the DNA Damage Response Is Mediated 
by ADP-Ribosylation. Cancer Cell. 2013;23(5):693-704. 

30. Feki A, Jefford CE, Berardi P, et al. BARD1 induces apoptosis by catalysing 
phosphorylation of p53 by DNA-damage response kinase. Oncogene. 
2005;24(23):3726-36.  

31. Fabbro M, Savage K, Hobson K, et al. BRCA1-BARD1 complexes are required 
for p53(Ser-15) phosphorylation and a G(1)/S arrest following ionizing 
radiation-induced DNA damage. J Biol Chem. 2004;279(30):31251-8.  

32. Ryser S, Dizin E, Jefford CE, et al. Distinct Roles of BARD1 Isoforms in Mitosis: 
Full-Length BARD1 Mediates Aurora B Degradation, Cancer-Associated 
BARD1 beta Scaffolds Aurora B and BRCA2. Cancer Res. 2009;69(3):1125-34.  

33. Cimmino F, Pezone L, Avitabile M, et al. Proteomic Alterations in Response to 
Hypoxia Inducible Factor 2 alpha in Normoxic Neuroblastoma Cells. J 
Proteome Res. 2016;15(10):3643-55.  

34. Cimmino F, Pezone L, Avitabile M, et al. Inhibition of hypoxia inducible 
factors combined with all-trans retinoic acid treatment enhances glial 
transdifferentiationof neuroblastoma cells. Sci Rep. 2015;5.  

35. Zhang B, Metharom P, Jullie H, et al. The significance of controlled conditions 
in lentiviral vector titration and in the use of multiplicity of infection (MOI) for 
predicting gene transfer events. Genet Vaccines Ther. 2004;2(1):6. 

36. Cimmino F, Avitabile M, Diskin SJ, et al. Fine mapping of 2q35 high-risk 
neuroblastoma locus reveals independent functional risk variants and 
suggests full-length BARD1 as tumor-suppressor. Int J Cancer. 
2018;143(11):2828-37.  

37. Yarden RI, Pardo-Reoyo S, Sgagias M, et al. BRCA1 regulates the G2/M 
checkpoint by activating Chk1 kinase upon DNA damage. Nat Genet. 
2002;30(3):285-9.  

38. Shabbeer S, Omer D, Berneman D, et al. BRCA1 targets G2/M cell cycle 
proteins for ubiquitination and proteasomal degradation. Oncogene. 
2013;32(42):5005-16.  



 Journal of Cancer 2020, Vol. 11 

 
http://www.jcancer.org 

1504 

39. Nakamura Y, Ozaki T, Niizuma H, et al. Functional characterization of a new 
p53 mutant generated by homozygous deletion in a neuroblastoma cell line. 
Biochem Bioph Res Co. 2007;354(4):892-8.  

40. Van Maerken T, Rihani A, Dreidax D, et al. Functional Analysis of the p53 
Pathway in Neuroblastoma Cells Using the Small-Molecule MDM2 
Antagonist Nutlin-3. Mol Cancer Ther. 2011;10(6):983-93.  

41. Zamborszky J, Szikriszt B, Gervai JZ, et al. Loss of BRCA1 or BRCA2 markedly 
increases the rate of base substitution mutagenesis and has distinct effects on 
genomic deletions. Oncogene. 2017;36(35):5085-6.  

42. Takagi M, Yoshida M, Nemoto Y, et al. Loss of DNA Damage Response in 
Neuroblastoma and Utility of a PARP Inhibitor. J Natl Cancer Inst. 
2017;109(11).  

43. Sanmartin E, Munoz L, Piqueras M, et al. Deletion of 11q in Neuroblastomas 
Drives Sensitivity to PARP Inhibition. Clin Cancer Res. 2017;23(22):6875-87.  

44. Shaheen M, Allen C, Nickoloff JA, et al. Synthetic lethality: exploiting the 
addiction of cancer to DNA repair. Blood. 2011;117(23):6074-82.  

45. Wang Z, Wang F, Tang T, et al. The role of PARP1 in the DNA damage 
response and its application in tumor therapy. Front Med. 2012; 6(2):156-64. 

 


