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ARTICLE INFO ABSTRACT

Keywords: Pancreatic ductal adenocarcinoma (PDAC) remains one of the deadliest cancers demanding better and more
Pancreatic ductal adenocarcinoma effective therapies. BARD1 or BRCA1-Associated -Ring Domain-1 plays a pivotal role in homologous recombi-
BARDl, . nation repair (HRR). However, its function and the underlying molecular mechanisms in PDAC are still not fully
PD?IT\P (;;};fgior elucidated. Here, we demonstrate that BARD1 is overexpressed in PDAC and its genetic inhibition suppresses c-
-Mye Myc and disrupts c-Myc dependent transcriptional program. Mechanistically, BARD1 stabilizes c-Myc through
ubiquitin—proteasome system by regulating FBXW7. Importantly, targeting BARD1 using either siRNAs or
CRISPR/Cas9 deletion blocks PDAC growth in vitro and in vivo, without any signs of toxicity to mice. Using a
focused drug library of 477 DNA damage response compounds, we also found that BARD1 inhibition enhances
therapeutic efficacy of several clinically relevant agents (fold changes >4), including PARPi, in HRR proficient
PDAC cells. These data uncover BARD1 as an attractive therapeutic target for HRR proficient PDAC.
Introduction Although the cornerstone of systemic therapy for advanced or met-

Pancreatic ductal adenocarcinoma (PDAC) is the most common
malignant neoplasm of the pancreas, and it is anticipated to become the
second highest cause of cancer-related mortality in the U.S by 2030 [1,
2]. The 5-year overall survival rate for PDAC has doubled in the last
decade, but still remains at a dismal 13 % [3]. The high mortality rate
and poor outcomes of PDAC can be attributed to both late diagnosis and
the presence of a harsh tumor microenvironment which makes treat-
ment considerably more complex [4]. The current standard treatment
regimens for PDAC revolve around surgical resection of the pancreas
and systemic therapies with either FOLFIRINOX (5-fluorouracil, leuco-
vorin, irinotecan, and oxaliplatin) or gemcitabine- nanoparticle albu-
min-bound (nab-) paclitaxel [2,5,6].

astatic PDAC remains cytotoxic chemotherapy, recently, non-cytotoxic
maintenance therapy with Poly- (ADP) -ribose- polymerase inhibitors
(PARPi) have been actively explored. These drugs are a class of DNA
repair inhibitors, that prevent the process of PARP1 enzyme mediated
DNA repair at sites of DNA damage, causing PARP trapping and selective
cell death in tumors where the homologous recombination repair (HRR)
system is deficient [7,8]. Olaparib was the first approved PARPi by the
FDA in 2019 for patients with metastatic PDAC harboring germline
mutations in BRCA1/2 genes [5,9,10]. Since then, many other PARPis
are being evaluated either as single agent or in combination strategies
for PDAC [5,11,12]. Our group also found the combination of veliparib
(PARPi) and FOLFOX was safe for patients with metastatic PDAC in a
Phase I/II clinical trial and showed promising activity in
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platinum-sensitive HRR deficient tumors [12]. Since, only a small pro-
portion of PDAC patients have HRR deficiencies: for example, BRCA
mutations are only found in about 5-10 % of PDAC cases, the utility of
PARPis remains limited in the clinic [11,13]. Therefore, strategies to
refine and expand this current narrow therapeutic scope are crucial.

BARD1 or BRCA1- Associated- Ring- Domain- 1 is a DNA repair
protein, which forms an obligate heterodimer with BRCA1 via its N-
terminus RING finger domain, facilitating the process of HR repair [14].
Studies have shown that the heterodimer not only aids in strand ex-
change after the loading of RAD51 on single stranded DNA in the process
of HR repair, but it is also involved in the process of DNA end resection
[15-17]. BARDI1 also acts independent of BRCA1 and is necessary for
cell survival and genomic stability [18,19]. Both BRCA1 dependent and
independent functions of full-length BARD1 (FL-BARD1) suggest a
tumor suppressor role of BARD1. However, many cancer predisposing
mutations in BARD1 (Q564H, V695L and S761N) compromise this
tumor suppressor activity [20-23]. In PDAC patients, some incidences
(0.1-0.8 %) of pathogenic variants in BARDI have also been observed
[22,24-26]. Some studies have also found upregulation of BARD1 iso-
form expression in breast, ovarian, melanoma and hepatocellular can-
cers [20,27,28]. These isoforms are associated with disease progression,
uncontrolled growth and proliferation of tumors, as well as invasion [29,
30]. Previously, we published that PDAC cells upregulate BARD1 in
response to DNA damaging agents (PARPi and platinum) via an RNA
binding post-transcriptional mechanism (HuR/ELAVL-1) and, inhibition
of BARD1 enhances cell sensitivity to these two agents in HRR proficient
PDAGC, thus positing BARD1 as a therapeutic target to enhance efficacy
of DNA damage response agents in HRR proficient PDAC [31]. While
BARD1 has been explored by others as a therapeutic target in cancers of
the colon, breast, and neuroblastoma, its functional and mechanistic
role in PDAC is poorly understood [14,20,26,32].

Herein in this study, we characterized BARD1 as a therapeutic target
in homologous recombination repair proficient PDAC and uncovered a
crucial role of BARD1 in mediating stability of the oncoprotein, c-Myc.
BARD1 inhibition abrogates PDAC cell and tumor growth and enhances
efficacy of several DNA damage response agents. Our findings highlight
and add to the rationale for potential anticancer strategies aimed at
BARD1 for the treatment of PDAC patients, including those that harbor
HRR -proficient tumors which comprise >90 % PDAC patient
population.

Materials and methods
Cell culture

Pancreatic adenocarcinoma (PDAC) MiaPaCa-2, Panc-1, BXPC-3,
HPAF and normal HPNE cell lines were obtained from American Type
Culture Collection (Manassas, VA) and maintained in culture according
to the manufacturer’s instructions. All cell lines were cultured in DMEM
with 10 % FBS at 5 % CO5 and 37°C. CRISPR BARD1 Knockout MiaPaCa-
2 pooled cell lines were purchased from Synthego (Menlo Park, CA). A
single guide RNA (CUUCUCCAGGCGGUCGAGCG) against Exon 1 of
Human BARD1 (Transcript ID: ENST00000260947.9) was used to
generate knockout pools (Synthego Corp, Redwood City, CA), followed
by single-cell FACS sorting and validation by Sanger sequencing, TOPO
TA cloning and western blot analysis. All cell lines were STR authenti-
cated and were tested for Mycoplasma monthly, using PCR based my-
coplasma detection kit (#MP0035 Sigma Aldrich, St. Louis, MO). Cells
were passaged at least twice after thawing and before experimental use.

Drugs and DNA damage compound library

PARP inhibitors were obtained from MedChem Express (Monmouth
Junction, NJ). Cycloheximide and MG-132 were obtained from Sigma
Aldrich. Stock solutions were diluted prior to use at indicated concen-
trations. DNA damage response drug library (96 well format) was
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purchased from Selleckchem (Houston, TX) and utilized as per manu-
facturer’s instructions.

Drug screening

A library of DNA damage response agents (Table S1) was screened at
a concentration of 10 pM (Selleckchem). Compounds were diluted and
stored in FBS free culture media prior to treatment of 96-well plates.
Scramble siRNA (SCR) or BARD1 siRNA (siB#1 and siB#2) transfected
MiaPaCa-2 cells were plated on 96-well plates at a density of 800 cells
per well. After 24 h, cells were treated in duplicate with drugs at the
concentration of 10 uM in 0.01 % DMSO. DMSO-treated cells were used
as controls. Cells were grown in 5 % CO; and 37°C for 5 days and cell
survival was measured using Pico Green assay [31]. Data was normal-
ized with values obtained from DMSO-treated control cells and plotted
on scatter plot. Compounds that showed >50 % inhibition for siB and <
50 % inhibition for SCR control were selected and further studied.

SiRNA transfections

All siRNA transfections were carried using RNAiMAX (Thermo Fisher
Scientific, Waltham, MA) for 48 h according to the manufacturer’s
protocol. The following BARD1 siRNA was purchased from Thermo
Fisher Scientific: siB#1:s1887 (5-CGCUAUUGCUGCUACCAGATT-3),
and ON-TARGETplus Human BARD1 smartpool siRNA (siB#2: 1-
003873-00-0005) was purchased from Horizon Discovery Ltd. (Cam-
bridge, UK) and used as previously described [33]. Non-targeting siRNA
(siSCR) (D-001810-01-20) was purchased from Horizon Discovery Ltd.

RT-gPCR and mRNA expression analysis

Total RNA was extracted using the RNeasy mini kit (Qiagen Inc.,
Germantown, MD). 2 pg total RNA was used to make complementary
DNA (cDNA) using the High Capacity cDNA Reverse Transcriptase kit
(Life Technologies Corp). Quantitative PCR (RT-qPCR) was performed
as previously described [31,34,35]. Relative quantification was per-
formed using the 2-AACt method. A list of primers used in the study is
included in the Table S2.

Genomic DNA extraction and sequencing

Genomic DNA of human PDAC cell lines was extracted by using the
DNeasy Blood & Tissue Kit (Qiagen Inc., Germantown, MD) following
the manufacturer’s protocol. PCR was performed using a DNA thermal
cycler and a set of primers. PCR products were analyzed by agarose gel
electrophoresis and Sanger sequenced using specific primers.

Cell survival analysis

Cell survival and IC50 values were analyzed by Pico Green assay as
previously described [31,35]. Percentage of relative cell survival was
calculated and plotted using Graph Pad Prism 9.2.0 software.

GR50 analysis

Growth rate inhibition (GR) and GRsg values were analyzed by Pico
Green assay and calculated using a published and validated GR calcu-
lator (http://www.grcalculator.org/grtutorial/Home.html) [36].

Colony formation assay

Colony formation assays were conducted in 6-well plates. 500-2000
cells were plated in each well and colonies were allowed to form for 14
days [31,35,37]. Colonies were first fixed in 100 % methanol and then
stained with freshly prepared Coomassie blue solution (0.05 % Coo-
massie blue in 80 % methanol and 20 % water). Colonies were counted
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using ImageJ software and graphed using Graph Pad Prism 9.2.0
software.

Matrigel boyden chamber invasion assays

The assay was performed as per the manufacturer’s instructions.
Briefly, cells were transfected with siRNAs, and serum-starved over-
night. 5 x 10* cells in serum free media were placed in the top well of
Matrigel invasion chambers (BD Biosciences, Chicago, IL), with 20 %
FBS media (chemoattractant) in the lower chamber. Cells were allowed
to invade/migrate through the membrane for 24 h at 37 °C. After 24 h,
cells on the upper surface of the membrane were removed with cotton
swabs, membranes were cut and cells on the undersurface of the mem-
branes were fixed in 100 % methanol, stained with crystal violet and all
cells were counted [33].

Immunoblot analysis

Cells were lysed in ice cold RIPA buffer (Santa Cruz Biotechnology
Inc., Dallas, TX) supplemented with fresh protease inhibitor cocktail,
PMSF and phosphatase inhibitor sodium orthovanadate. Protein sam-
ples were made in 4X Laemmli buffer and fractionated on SDS-PAGE gels
(Bio-Rad, Hercules, CA). Samples were transferred on PVDF membranes
and probed with primary and secondary antibodies, before scanning and
quantitation using Odyssey Infrared Imaging System (LI-COR Bio-
sciences, Lincoln, NE) as previously described [31,34,35]. All primary
and secondary antibodies were obtained commercially. Thermo Fisher
Scientific: a-Tubulin; Cell Signaling Technology (Danvers, MA): c-Myc;
Abcam (Boston, MA): BARD1 (ab226854).

Immunohistochemistry (IHC)

Tissue microarrays (TMAs) were purchased from TissueArray.Com
LLC (PA483e and PA242e) and stained with BARD1 antibody. Briefly,
antigen retrieval was performed on the Roche Ventana Discovery
ULTRA staining platform using Discovery CCI (Roche cat#950-500) for
a total application time of 64 min. The primary antibody BARD1 was
diluted to 1:200 and incubated at 36 °C for 44 min. Secondary immu-
nostaining used a horseradish peroxidase (HRP) multimer cocktail
(Roche cat#760-500) and immune complexes were visualized using the
UltraView universal DAB (diaminobenzidine tetrahydrochloride)
detection kit (Roche cat#760-500). Slides were then washed with a Tris
based reaction buffer (Roche cat#950-300) and counter-stained with
Hematoxylin II (Roche cat #790-2208) for 8 min. Slides were scanned
on an AperioScope (20X objective, 20X zoom; Vista, CA). Pathologists
scored TMAs blindly on a microscope. All immunolabeled samples were
given a total IHC score by a surgical pathologist, equivalent to the la-
beling intensity score (0, negative staining; 1, moderate staining; or 2,
strong staining) multiplied by a score reflecting the percentage of
labeled cells (0-10 %=0, 10-50 %=1, >50 %—80 %=2).

RNA-sequencing

Total RNA was isolated from siRNA (siB and SCR) transfected Panc-1
and MiaPaCa-2 cells using RNeasy minikit (Qiagen) and sequenced
(Novogene Co., Ltd., Sacramento, CA). Briefly, paired-end, 150-cycle
eukaryotic RNA-Seq was performed using the Illumina Novaseq 6000
platform. Reference genome and gene model annotation files were
downloaded from genome website browsers (NCBI/UCSC/Ensembl)
directly. Index of the reference genome was built using Hisat2 v2.0.5
and paired-end clean 1 reads were aligned to the reference genome using
Hisat2 v2.0.5. For DESeq2 with three to four biological replicates),
differential expression analysis of two conditions/groups was performed
using the DESeq2Rpackage (1.20.0). DESeq2 provide statistical routines
for determining differential expression in digital gene expression data
using a model based on the negative binomial distribution. The resulting
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P-values were adjusted using Benjamini and Hochberg’s approach for
controlling the false discovery rate. Genes with an adjusted P-value
<0.05 found by DESeq2 were assigned as differentially expressed. Vol-
cano plots were generated with Rstudio. Heat map was plotted using the
values of the gene expression level (FPKM) normalized by the z-score
method, from DESeq2 analysis.

GSEA

Gene Set Enrichment analysis (GSEA, version 4.0, Broad Institute,
Cambridge, MA, USA) was performed on DEGs obtained from the RNA
seq data of siBARD1 (siB) versus siSCR (SCR) (GEO Accession #
GSE277278 and # GSE277280). Gene sets used were obtained from the
Molecular Signatures Database (MSigDB, v 6.0; https://www.gsea-msig
db.org/gsea/index.jsp). Cancer hallmarks (H), KEGG signatures and
Schuhmacher genesets were evaluated. We selected 1000 permutations
and a false discovery rate (FDR < 0.25); all other features were set to
default settings.

Murine xenograft study

Athymic Nude-Foxnlnu male and female mice (Envigo RMS, Inc.)
were subcutaneously injected with Mia CRISPR BARD1 and WT cells (5
x 10° cells/flank) in a 1:1 mixture of cold phosphate buffered saline
(PBS): cold Matrigel (#356234 Corning). Mice body weight and tumor
volumes were recorded three times per week. An event was recorded
when tumor reached a volume (volume = (length x widthz)/2) of 100
mm?® and plotted as Kaplan Meier curve for % mice with 100 mm3
palpable tumor as a function of time (days post injection). Mice were
sacrificed if a reduction in body weight greater than 10 % was recorded
or when the tumor volumes reached 1000 mm® Tumor growth in
BARD1 (-/-) and BARD1 (+) study was followed until day 105 and day
70 respectively. Event free survival Kaplan-Meier curves were calculated
using the log-rank Mantel-Cox. All mouse protocols were approved by
the Thomas Jefferson University Institutional Animal Care and Use
Committee.

Statistical analyses

Two sample t-test or one-way ANOVA were performed using
GraphPad Prism software 9.2.0 (San Diego, CA). Results are expressed as
mean + SEM (standard error of mean) of at least three independent
experiments, if not otherwise indicated.

Results
BARD1 is over-expressed in PDAC

BARD1 is overexpressed in PDAC tissues compared to normal
pancreas ductal cells. Inmunohistochemical staining was performed on
commercially available PDAC tissue microarrays (TMA) which were also
comprised of normal tissues, using a BARD1 specific antibody. The
analysis revealed an increase in the intensity and percent staining of
BARD1 in PDAC tissues compared to normal pancreatic ductal tissue,
confirming the overexpression of BARD1 in PDAC at the protein level
(Fig. la). Representative images of the TMA and different BARD1
staining intensities in PDAC versus normal ducts are shown in Figure S1.

We also performed RT-qPCR and protein analyses of different PDAC
cell lines in culture and found that both BARD1 mRNA expression as well
as protein expression were markedly increased across multiple PDAC
cell lines including MiaPaCa-2, Panc-1, BXPC3, and HPAF compared to
normal pancreatic cells represented by HPNE cells (Fig. 1b and c).
Interestingly, BARD1 was overexpressed in BXPC-3, which is uniquely a
KRAS wild-type, suggesting that BARD1 overexpression may occur
independently of KRAS mutations, expanding the potential scope of
BARD1 as a therapeutic target beyond KRAS-driven pathways.
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Fig. 1. BARD1 is overexpressed in PDAC. A) Immunohistochemistry staining of PDAC Tissue Microarrays with BARD1 antibody (left panel). The inset indicates
BARD1 expression in the ductal cells. A representative graph of BARD1 IHC score is shown (right panel). *p < 0.05. B) mRNA expression and C) protein expression of
BARD1 in PDAC cell lines compared to normal epithelial cell line, HPNE. Protein expression was normalized to a-tubulin and mRNA expression was normalized to

18s.

*p < 0.0001. D) BARD1 gene expression levels in PDAC and normal tissue from GEPIA using TCGA/GTEx data (left panel). |Log2FC| Cutoff: 0.5, p-value

Cutoff: 0.01; GEO dataset GSE16515 (middle panel); GEO dataset GSE28735 (right panel) ****p < 0.05.

Moreover, analysis of the publically available patient data from
TCGA/GTEx database and GEO datasets, which combine RNA expres-
sion from PDAC patients and normal, also confirm BARD1 is overex-
pressed in PDAC tissues versus normal tissues (*p < 0.05, Fig. 1d).

Targeting BARD1 disrupts the c-MYC-dependent transcriptional program

To explore the possible mechanism(s) by which BARD1 promotes
PDAC malignancy and understand the functional role of BARD1 in
pancreatic cancer, we transiently knocked down BARD1 using siRNA
and performed RNA sequencing analysis on the RNA extracted from
transfected PDAC cells (siB#1 or SCR siRNAs). A profile of differentially
expressed gene (DEG) was obtained from the RNA sequencing analysis.
Principal component analysis (PCA) revealed the DEG profiles of the two
groups (siB#1 versus SCR) of cells and a volcano plot showing the
number of upregulated and downregulated transcripts (padj< 0.05;
log2FoldChange > 1 and <—0.1) (Fig. 2a and 2b). We also plotted a
hierarchical clustering map (heatmap) of all the differentially expressed

transcripts (Fig. 2¢) and highlighted the downregulated and upregulated
differentially expressed genes in siBARD1 (siB#1) vs SCR groups in all
replicates (n = 4) based on Z-score of FPKM values. By performing Gene
Set Enrichment Analysis (GSEA) across all Hallmark gene sets in the
Molecular Signature Database (MSigDB) revealed the two MYC target
gene sets as the most strongly downregulated gene sets. We also found
negative enrichment of other gene sets related to MYC signaling (mTOR
signaling, DNA repair, E2F targets, and EMT (Fig. 2d, e and Fig. S2).
Negative enrichment of DNA repair/homologous recombination repair
geneset is consistent with the established role of BARD1 as a DNA repair
protein, validating our RNA seq results (Fig. S2). Based on the RNA seq
results and to further verify the consistency and reproducibility of these
results, we chose top DEG from the Hallmark_Myc_targets and analyzed
the expression of several c-Myc target genes using independent RT-qPCR
analysis and found these genes were also downregulated by the knock-
down of BARD1 using a second siRNA (siB#2) in both Panc-1 and
MiaPaCa-2 cells (Fig. 2f). These genes are involved in cell cycle, pro-
liferation and ribosome biogenesis and are known to be positively
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Fig. 2. RNA-seq analysis of Panc-1 PDAC cells treated with either SCR or BARD1 siRNA. A) Principal component analysis of all samples. B) Volcano plot
showing gene-expression changes between SCR control and BARD1 siRNA (siB#1) cells. Downregulated transcripts, 186; upregulated transcripts, 138 (padj< 0.05;
log2FoldChange > 1 and <—1). The x axis represents the fold change in gene expression and the y axis, the -log10 (adjusted p value). C) Hierarchical clustering map
(heatmap) for differential expression genes in all samples (n = 4) based on Z-score (FPKM). Upregulated and downregulated genes in siB condition are marked. D) List
of top 10 Hallmark genesets affected by targeting BARD1 in Panc-1 cells. P < 0.05. E) Gene Set Enrichment Analysis of siBARD1 (siB#1) vs. siSCR (SCR) (n = 4)
samples in Panc-1 cells, showing negative enrichment of the Hallmark MYC_targets and Schuhmacher MYC_targets genesets. P Value, negative enrichment score
(NES) and FDR q-value are mentioned. E) RT-qPCR analyses of selected genes from the MYC targets in MiaPaCa-2 and Panc-1 cell lines transfected with siB#2 and

SCR. 6 common genes out of the top significant genes in the Hallmark_myc_v1 dataset (n = 35) were chosen ****p < 0.001.
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regulated by MYC [38-41].
BARD]1 enhances c-Myc protein stability

c-Myc, a protein which affects cellular proliferation and survival
pathways, is frequently dysregulated in PDAC [42-46]. Since, c-Myc
genesets were significantly enriched from our RNA seq data, we focused
on analyzing the effects of targeting BARD1 on c-Myc expression. Our
results show that depletion of BARD1 either transiently or through
CRISPR-Cas9, significantly reduced the protein expression of c-Myc in
PDAC cells (Fig. 3a). Surprisingly, no significant difference was observed
in the mRNA levels of c-Myc when BARD1 was knocked down. Also, gene
expression data from The Cancer Genome Atlas (TCGA) indicated a lack
of correlation (Spearmen r = 0.07, p = 0.321) between the mRNA levels
of BARD1 and c-Myc (Fig. 3b), while protein expression of c-Myc and
BARD1 is positively correlated (Spearman r = 0.87, p = 0.0001) in the
CCLE database (Fig. 3b). These results indicate that BARD1 might affect
c-Myec via a protein stability or degradation mechanism. Therefore, we
treated PDAC cell lines with the de novo protein synthesis inhibitor,
cycloheximide (CHX), at several specific time points and as expected,
treatment with CHX resulted in a faster degradation of c-Myc in the
BARD1 knockdown cells, further supporting the notion that BARD1
stabilizes c-Myc protein (Fig. 3c). One of the most prominent mecha-
nisms for c-Myc degradation in cells is through the ubiqg-
uitin-proteasome pathway. We investigated the effects of proteasome
inhibitor, MG-132, on c-Myc expression in BARD1-depleted PDAC cells.
As expected, MG132 significantly reversed the downregulation of c-Myc
in siBARD1 transfected Panc-1 and MiaPaCa-2 cells, suggesting that
BARD1’s regulation of c-Myc is related to the ubiquitin proteosome
process (Fig. 3d). Increased degradation of c-Myc was associated with
increased ubiquitin proteosomal degradation in the BARD1 siRNA
conditions (Fig. 3e). To understand which E3 ubiquitin ligases might be
involved in this process, we analyzed the effect of BARD1 inhibition on
the transcription levels of several known E3 ligases of c-Myc that de-
stabilizes it [47-51]. As shown in Fig.. 3f, FBXW7 levels were most
consistently increased in both MiaPaCa-2 and Panc-1 cells transfected
with BARD1 siRNAs (Fig. S3). These results suggested that the presence
of BARD1 stabilizes c-Myc.

Genomic silencing of BARD1 suppresses growth and invasion of PDAC cells

Herein, we studied the effects of targeting BARD1 on PDAC cell
proliferation and invasion in vitro. Inhibiting BARD1 through transient
knockdown using two different siRNAs (siB#1 and siB#2) effectively
decreased cell proliferation of PDAC cells across various cell lines,
including MiaPaCa-2, Panc-1, and BXPC3, which are all homologous
recombination repair proficient. We observed these effects in a long-
term colony formation assay conducted over a 14-day period (Fig. 4a
and Fig. S4a). In contrast, expressing BARD1 exogenously using an
overexpression plasmid enhanced cell proliferation of PDAC cells
(Fig. 4b and Fig. S4b). Furthermore, we confirmed these findings by
conducting short-term proliferation assays using Pico Green assay over a
period of 10 days. Notably, cells transfected with BARD1 siRNAs (siB#1
and siB#2) exhibited markedly slower growth compared to control/
scrambled siRNA transfected cells (Fig. 4c and Fig. S4c), and over-
expressing BARD1 exogenously enhanced cell growth of MiaPaCa-2
cells. (Fig. 4d). We also utilized transient siRNA knockdown methods
(siB#1 and siB#2) in Matrigel Boyden Chamber invasion assays to un-
derstand the role of BARD1 in PDAC invasion. Briefly, siRNA transfected
cells in serum-free medium were seeded on the top of transwell inserts,
with serum-rich medium (20 % FBS) in the bottom chambers, and cells
were allowed to invade for 24 h. Notably, we found a significant
decrease in relative invasion when BARD1 was transiently knocked
down in both MiaPaCa-2 (p < 0.05) and Panc-1 (p < 0.001) cells
(Fig. 4e).

To confirm the effects of targeting BARD1 via transient siRNAs on
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PDAC growth and invasion, we generated and utilized BARD1 CRISPR
PDAC cells (clone ¢10.2: BARD1 (-/-) and c16: BARD1 (+), Fig. 5a and
Fig. S5a). These models were established via CRISPR-Cas9 gene editing
in MiaPaCa-2 cells, and deletion/mutation was confirmed using western
blot analysis and Sanger sequencing (Fig. 5a and 5b). Colony formation
assays conducted over a span of 14 days revealed significantly decreased
cell proliferation in both the BARD1(+) and BARD1(-/-) models
compared to WT MiaPaCa-2 cells (Fig. 5c¢ and Fig. S5b). These results
were replicated using Pico Green assay and a similar inhibition in
relative cell growth over time was observed in BARD1 (-/-) vs WT
CRISPR models (Fig. 5d). BARD1 (-/-) cells also invaded less in Matrigel
Boyden assay (p < 0.001), replicating results from the transient knock-
down of BARD1 via siRNAs (Fig. 5c).

CRISPR-Cas9 deletion of BARD1 delays PDAC growth in vivo

Because our in vitro studies suggested a functional role for BARD1 in
PDAC proliferation and growth, we investigated the contribution of
BARD1 to PDAC growth in vivo. Female and male nude mice were sub-
cutaneously injected with either BARD1 WT, BARD1 (+), or BARD1 (-/-)
MiaPaCa-2 cells. Mouse were sacrificed when the tumor volumes
reached/crossed 1000 mm?®. To assess the role BARD1 plays on tumor
growth in vivo, we first measured the time (days) it took for the tumors to
reach a measurable size (palpable tumor), which we defined as 100
mm®. BARD1 WT tumors began forming around day 12 post injection (p.
i), whereas BARD1 (-/-) tumors began forming around day 47 (Fig. 5e).
Only 13 % of mice injected with BARD1(-/-) cells had a palpable tumor
by day 52 of the study (half way through completion of the study),
compared to WT, in which 100 % of the mice had tumors as early as day
23 (Fig. 5f). This indicates that targeting BARD1 substantially slows
PDAC tumor growth in vivo. Additionally, mice with BARD1 (-/-) tumors
were also observed to have an increase in survival (p = 0.002), as
analyzed by the Kaplan Meier plot (Fig. 5g). However, no significant
survival advantage was seen in mice with BARD1 (+) tumors (Fig. S5d).
Individual tumor volumes are shown in the spaghetti plot (Fig. 5h and
Fig. S5e). Mouse weights remained consistent with no significant dif-
ferences observed in the experiment group as compared to the control
group (Fig. 5i). Overall, these findings underscore BARD1 serves an
oncogenic role, in promoting PDAC cell proliferation and growth.

Inhibition of BARDI1 enhances therapeutic efficacy of DNA damage
response agents

We investigated the therapeutic potential of BARD1 as a target in
HRR proficient PDAC (MiaPaCa-2 and Panc-1), using two different
BARD1 siRNA models (siB#1 and siB#2) and subjected the cells to DNA
damage drug library for dose response studies using Pico Green assays
(Fig. 6a). The cells were exposed to the DNA damage drug library
composed of a diverse collection of 477 small molecules that are known
to function through DNA damage response pathways (Table S1). We
assessed the change in percent inhibition of survival in siBARD1 cells
relative to SCR control cells. Any drug demonstrating >50 % inhibition
in siBARD1 (siB#1 and siB#2) treatments and <50 % inhibition in SCR
control treatments was flagged as potentially more effective upon
BARD1 inhibition. Using the siB#1, 40 drugs exhibited greater than 50
% inhibition, while in the siB#2 experiment, 34 drugs showed greater
than 50 % inhibition (Fig. 6b). Notably, 15 compounds commonly dis-
played >50 % inhibition in both experimental models (Fig. 6¢ and d).
These compounds were highlighted as promising candidates for further
investigation due to their consistent efficacy in reducing survival of
BARD1 targeted cells.

Out of the 15 hit compounds, 5 (Olaparib, Rucaparib, Veliparib,
AZD-2461 and Pamiparib) belong to the PARP inhibitor class of drug
family [7,11,52,53]. Using our CRISPR-Cas9 BARDI1KO cells we
assessed cell survival in vitro following exposure to four of these PARP
inhibitors, in separate Pico Green assays to validate the results from the
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drug library. We found that knocking out BARD1 sensitized PDAC cells
to Olaparib, Rucaparib, Veliparib, and AZD-2461 (fold changes >4), the
latter is a novel PARP inhibitor currently in Phase 1 clinical trials
(Fig. 6e). IC50 values are shown in the table accompanying the figure.
Since BARD1 CRISPR KO cells grow slower compared to WT cells as
shown in Fig. 5 above, we also plotted GR50 curves to account for
growth rate using the above drugs and found similar results (Fig. S6a).
The results from the drug library were also consistent across both the
MiaPaCa-2 and Panc-1 cell lines transiently transfected with either
BARD1 siRNA (siB#2) or SCR control in separate Pico Green cell sur-
vival assays (Fig. S6b). In fact, ectopic expression of BARD1 in PDAC
cells reversed this phenotype and led to drug resistance (Fig. S6c),
suggesting BARD1 is crucial for the therapeutic efficacy of PARP in-
hibitors in PDAC. Overall, these results reinforce the therapeutic po-
tential of targeting BARD1 in PDAC.

Discussion

Many cytotoxic chemotherapies, targeted therapies, and immuno-
therapies that work for other cancers with similar poor prognoses as
PDAC do not work for PDAC patients, and the overall 5-year survival
rate for PDAC patients remains the lowest (SEER*Explorer, https://seer.
cancer.gov). Consequently, developing novel strategies that will benefit
patients with this aggressive disease is imperative. Here, we identified
BARD1 as an exploitable therapeutic target for PDAC, which stabilizes
the oncoprotein c-Myc, and identified several DNA damage response
agents that show increased efficacy when BARDI1 is targeted in HRR
proficient PDAC.

DNA damage response (DDR) pathways are essential for maintaining
genome integrity following various forms of DNA damage, including
base modifications, single-strand or double-strand DNA breaks, or
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intrastrand and interstrand DNA cross-links [54]. Among these path-
ways, the two principal mechanisms for repairing double-strand breaks
are the homologous recombination repair (HRR) and error prone
non-homologous end joining (NHEJ) [54]. Defects or mutations in DDR
pathways, one of the hallmarks of cancer, are closely linked with the
development of malignancies. For example, defects in HRR due to
BRCA1/2 mutations often lead to genomic instability and cancer pro-
gression [55,56]. In the case of PDAC, around 5-10 % of the patient
population harbor defects in the BRCA1/2 gene (germline or sporadic
mutations), and therefore may benefit from a personalized treatment
approach [10,11,57]. In 2019, the FDA approved the PARP inhibitor,

Olaparib in the maintenance setting for metastatic PDAC patients with a
germline BRCA1/2 mutation, previously treated with a platinum-based
chemotherapy [10]. This approval came after the success of the POLO
trial which demonstrated a progression-free survival (PFS) benefit with
Olaparib [10]. It not only set the stage for “precision” oncology for
pancreatic cancer but also shifted the paradigm of PDAC management.
Besides deficiency/inactivating mutations in the DDR pathways, the
acquired or inherent adaptation of cancer cells to either resist treatment,
survive in a harsh tumor micro-environment, and progress/metastasize
is linked to upregulation of DDR proteins, and provide cancer-specific
vulnerabilities that can be exploited therapeutically either in
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combination strategies, or as ideal monotherapies [52,58-61]. Our prior
research identified that BARD1 is upregulated at both mRNA and pro-
tein levels in cells exposed to either PARP inhibitors or platinum agents.
This upregulation occurs through a post-transcriptional RNA binding
mechanism, imparting a resistance mechanism to these DNA damage
agents [31].

In this study, we explored the potential of BARD1 as a therapeutic
target in PDAC. We demonstrated that BARD1 is widely upregulated in
both PDAC tissues and pancreatic cancer cell lines as compared to
normal cells (Fig. 1). We utilized genomic approaches to target BARD1
by either transiently silencing its expression using siRNAs or by creating
and utilizing a CRISPR-Cas9 BARD1 KO cell model. Our findings
demonstrate that inhibiting BARD1 either by siRNA or by CRISPR-Cas9
approaches results in slow proliferation of PDAC in vitro and in vivo,
whereas exogenous overexpression of BARD1 in PDAC cells enhanced
proliferation (Fig. 4 and 5). Intriguingly, BARD1 is classically known as
a tumor suppressor, as it heterodimerizes with BRCA1 in the process of
HRR, but our data support the notion that BARD1 has important onco-
genic roles to play in PDAC and is pro-proliferative. Our data comple-
ments many published results in other cancer types that have suggested
the tumorigenic potential of BARD1, perhaps via its spliced isoforms, but
none have studied the effects of targeting BARD1 [21,24,25,28,29]. Our
findings also suggest that a broader therapeutic potential for BARD1
exists in PDAC patients, beyond only mutant KRAS-driven PDAC sub-
types as similar growth inhibitory results were obtained after targeting
BARD1 in the BXPC-3 cell line, which lacks the common KRAS driver
mutations found in the majority (>90 %) of PDAC [62].

We further studied tumor growth of BARD1 CRISPR KO cells in vivo
in a nude murine model with subcutaneous xenograft tumors and found
similar results from our in vitro studies. Tumor growth (palpable tumors)
of BARD1 (-/-) cells in mice was delayed by over 4 weeks and only 13 %
of mice bearing BARD1KO (-/-) tumors had developed tumors of 100
mm? (small palpable tumor) by day 52, by that time all WT (100 %) mice
had developed tumors of or over 100 mm? (Fi g. 5). For the BARD1 (+)
group, 86 % of the mice had developed palpable tumors. BARD1KO (-/-)
mice also survived significantly longer (p = 0.002) than either the mice
with WT tumors or the mice bearing BARD1 (+) tumors, suggesting
BARD1 plays a role in proliferation and growth of PDAC. Interestingly,
in the harvested tumors of mice injected with BARD1 KO (-/-), we found
no differences in the DNA sequence of cells that were injected initially at
the start of the study and ones that were harvested (Fig. S5f), confirming
that no other genetic alteration(s) occurred between the time of tumor
engraftment until harvest, which could have led to the proliferation of
BARD1 KO (-/-) cells. Since a subcutaneous model does not recapitulate
the tumor microenvironment in its absolute sense, and contributing
factors surrounding tumor in the tissue could influence the growth, we
are aware of the clinical limitations of a xenograft model in this study.
Hence, based on these results, we are developing a conditional knockout
model which we will utilize in a more clinically relevant orthotopic
mouse model in the future. Overall, these results implicate that targeting
BARD1 may delay/slow tumor growth and will allow the extension of
therapeutic window in which the drugs can be effectively administered
to patients at lower doses for a longer duration, which is likely to have a
positive impact on treatment outcomes for PDAC patients. Inhibition of
BARD1 also led to inhibition of PDAC cell invasion and downregulation
of markers involved in epithelial to mesenchymal transition (EMT),
further substantiating that BARD1 supports PDAC malignancy.

To better understand the mechanisms behind BARD1’s functional
role in PDAC, we performed an RNA seq whole transcriptome analysis of
BARD1 silenced cells as compared to SCR control (Fig. 2). Our data
demonstrates that targeting BARD1 modulates several cancer related
transcripts and pathways involved in DNA repair, proliferation, EMT,
cell cycle of PDAC cells. This is the first study to show that BARD1 in-
hibition impacts c-Myc and several c-Myc target genes (Fig. 2 and 3),
some of which are either associated with cell cycle progression (RRP12,
CDK4) or DNA replication (MCMs, CDC45), and we speculate that
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BARD1’s oncogenic/tumorigenic potential in PDAC is dependent on its
interaction with the proto-oncogene c-Myc and its associated tran-
scriptional activity [38-41,44,63]. c-Myc is a well-known oncogene and
is a master transcription factor that regulates gene expression by binding
to the promoter region of many cellular genes involved in cancer cell
proliferation, metastasis, survival and metabolism [64,65]. It is a com-
mon dysregulated oncogene in PDAC, and it has been shown that Myc
activity is a major determinant of metastatic burden and chemo-
sensitivity in advanced PDAC [64-66]. Moreover, conditional inacti-
vation of c-Myec is sufficient to induce disassembly of PDAC back to
PanINs, causing death of tumor cells [67]. Although the exact mecha-
nisms of c-Myc activation in PDAC remain largely unknown, it is mostly
indirectly contributed by the upstream aberrant KRAS signaling, which
is prevalent in greater than 90 % of PDAC [43,64,68]. Our study shows
that BARD1 and c-Myc expression are positively correlated, since
knocking down BARD1 decreased c-Myc protein expression. Our results
also indicate that BARD1 stabilizes c-Myc protein via inhibition of its
degradation via the ubiquitin proteosome pathway, a critical pathway
by which c-Myec is degraded in cells [69]. We found that the expression
of FBXW7, one of the E3 ligases that degrade c-Myc is regulated by
BARD1. However, the exact molecular mechanism by which this occurs
represents a new function for BARD1 and is part of ongoing research.
Future studies are also intended to evaluate the role of c-Myc in facili-
tating transcription of BARD1 isoforms and BARD1 dependent PDAC
tumorigenesis by utilizing GEMM models in vivo.

From a therapeutic perspective, since a direct chemical inhibitor for
BARD1 is not yet available, we inhibited BARD1 genetically and con-
ducted a drug response analysis using a DNA damage response drug li-
brary to investigate synthetic lethality with other agents beyond those
previously studied by us, such as Olaparib and Oxaliplatin [31]. Given
the limited overall efficacy of PARP inhibitors, especially in the main-
tenance setting, it is crucial to develop upfront combination strategies
for PDAC patients, majority of which harbor HRR proficient tumors. Our
current findings reinforce and expand on our previously published re-
sults and further substantiate that targeting BARD1 in HRR proficient
PDAC (MiaPaCa-2 and Panc-1) uniquely sensitize them to several DNA
damage response/ DNA repair inhibitors (Fig. 6). The future goals are to
understand the in vivo effects of targeting BARD1 and these inhibitors
together, and to design and develop therapeutic strategies to inhibit
BARD1 expression and activity in PDAC and other cancer types.

Conclusions

In summary, the data presented here strongly supports that BARD1 is
an exploitable therapeutic target for PDAC tumors that share molecular
features with HRR proficient PDAC subtypes. BARD1’s oncogenic roles
as opposed to its tumor suppressor properties (BRCA1 dependent and
independent) in PDAC malignancy have not been well characterized
before. This study provides the first proof-of-principle evidence to sug-
gest that BARD1 has distinct oncogenic roles to play in PDAC malig-
nancy and that acute targeting of BARD1 should be pursued as an
anticancer treatment strategy for PDAC even in HRR-proficient genetic
backgrounds. The study also provides a new direction for several DNA
damage response targeted strategies for PDAC.

Appendix. Supplemental information

Figures S1-S6 related to main figures 1-6.

Table S1 and S2. Excel file containing list of primers used and DNA
damage response drug library index.
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