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Abstract

Purpose
Olaparib, an inhibitor of poly-(adenosine diphosphate-ribose) polymerase (PARP), has been shown to
have anticancer bene�ts in patients with pancreatic cancer who have a germline mutation in BRCA1/2.
However, resistance acquired on long-term exposure to olaparib signi�cantly impedes clinical e�cacy.

Methods
In this study, the chromatin accessibility and differentially expressed transcripts of parental and olaparib-
resistant pancreatic cancer cell lines were assessed using the Assay for Transposase Accessible
Chromatin with sequencing (ATAC-seq) and mRNA-seq. Detection of downstream genes regulated by
transcription factors using ChIP (Chromatin immunoprecipitation assay).

Results
According to pathway enrichment analysis, differentially expressed genes in olaparib-resistant cells were
remarkably enriched in the NF-κB signaling pathway. With ATAC-seq, we identi�ed chromatin regions with
higher accessibility in olaparib-resistant cells and predicted a series of important transcription factors.
Among them, activating transcription factor 3 (ATF3) was signi�cantly highly expressed. Functional
experiments veri�ed that inhibition of ATF3 suppressed the NF-κB pathway signi�cantly and restored
olaparib sensitivity in olaparib-resistant cells.

Conclusion
Experiments in vitro and in vivo indicate ATF3 enhances olaparib resistance through the NF-κB signaling
pathway, suggesting that ATF3 could be employed as an olaparib sensitivity and prognostic indicator in
patients with pancreatic cancer.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is an extremely malignant solid tumor with a dismal
prognosis and a meager 10% 5-year survival rate.(1) Surgery and adjuvant chemotherapy are the standard
therapeutic approaches for pancreatic cancer.(2) However, because of the absence of screening indicators
and early metastases, only 10–15% of pancreatic cancer patients access radical surgery.(3) For 4–7% of
pancreatic cancer patients with BRCA germline mutations, olaparib can be used as a maintenance
therapy.(4) Yet, severe olaparib resistance is a signi�cant contributing factor to treatment failure. It is thus
crucial to clarify the mechanisms of olaparib resistance in PDAC.
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Olaparib is an inhibitor of poly-ADP ribose polymerase (PARP) authorized as a maintenance treatment for
patients with BRCA1/2 mutations. PARP1 and PARP2 are involved in regulating the base excision repair
pathway, which is essential for repairing single-strand breaks (SSBs). BRCA1 and BRCA2 are critical
regulators of homologous recombination (HR), an important pathway for repairing double-stranded DNA
damage (DSBs).(5) PARPi hinders the repair of SSBs, leading to the generation of DSBs in replicating
cells, which are repaired by non-homologous end joining or HR. Because non-homologous end joining is
more error-prone and generates chromosomal aberrations, tumor cells de�cient in BRCA1 or BRCA2 are
more susceptible to PARPi via the synthetic lethality mechanism.(6)

Olaparib has been found in clinical trials to be effective in patients with BRCA1/2-de�cient breast or
ovarian cancer.(7, 8) Furthermore, a recent study shows that maintenance with olaparib improves
progression-free survival in PDAC patients with germline BRCA mutations.(9) Like the majority of
chemotherapeutic agents, resistance to olaparib is prevalent in the clinical setting. Although studies on
BRCA-mutated cell lines for breast and ovarian cancer have revealed mechanisms of resistance to
olaparib, there have been few studies in pancreatic cancer.(10) It is thus urgent to explore mechanisms
underlying olaparib resistance in pancreatic cancer.

Activated transcription factor (ATF) belongs to the ATF/cyclic AMP response element-binding
(ATF/CREB) protein family, a group of basic leucine zipper (bZIP) transcription factors.(11) ATF3 exercises
transcriptional repression or activation by forming homo- or heterodimers with other proteins possessing
a bZIP structural domain, such as C/EBP, AP-1, and members of the Maf protein family.(12) As a stress-
response factor, ATF3 takes a signi�cant part in the control of glucose homeostasis, the metabolism of
lipids, and immunological responses.(13, 14) Recent studies have shown that deletion of ATF3 can prevent
KRAS-mediated pancreatic cancer.(15) while other studies have demonstrated that ATF3 enhances
chemotherapeutic drug resistance in breast cancer and chronic myelogenous leukemia by a variety of
mechanisms.(16, 17)

In this study, we aimed to induce olaparib resistance in the Capan-1 parental cells to investigate its
mechanisms in PDAC. Capan-1 is a BRCA2-de�cient cell line that is highly susceptible to PARP inhibitors.
(18) We aimed to screen for genes relevant to olaparib resistance with the combined use of Assay for
Transposase Accessible Chromatin with sequencing (ATAC-seq) and mRNA-seq analysis in the hope of
identifying pathways in olaparib resistance and �nding ways of restoring olaparib sensitivity.

Methods

Cell culture and reagents
Capan-1 cell line and capan-1 resistant cells were generously gifted by the State Key Laboratory of Drug
Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences (Shanghai, China). Capan-
1 cells were cultured in IMDM (BIOAGRIO, Shanghai, China) with 10% fetal bovine serum and 1%
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penicillin/streptomycin. Construction of olaparib-resistant capan-1 cells by repeated treatment of capan-1
parental cells with gradually increasing olaparib concentrations.(19) All cells were cultured in an
incubator containing 5% CO2 at 37 ℃, and the culture was free of contamination.

Small interfering RNA transfection
ATF3 small interfering RNA (si-ATF3) and negative control siRNA (si-NC) were synthesized by BioeGene
(Shanghai, China). The cells were inoculated into 6-well plates, and cell status was observed and
transfected after 24 hours. Transfections were performed using Lipofectamine 3000 (Invitrogen,
Waltham, MA), with a �nal siRNA concentration of 50 nM. Cells were collected 48 h after transfection for
further processing. siRNA sequences are listed in Supplementary Table S1.

Western blotting
To extract total protein, cells were lysed on ice with RIPA buffer (Solarbio, Beijing, China) containing 1%
protease and phosphatase inhibitors. After centrifugation at 12,000 rpm for 15 minutes, the supernatant
was extracted and the protein concentration was measured with bicinchoninic acid (Thermo Fisher
Scienti�c, Waltham, MA), and then added to 5x protein loading buffer and boiled at 100°C for 15 min.
Samples were loaded and separated on 12.5% SDS-PAGE gels (EpiZyme, Shanghai, China) and
transferred to polyvinylidene �uoride membranes. After blocking with 5% skim milk powder, the
membrane was incubated with primary antibody at 4 ℃ overnight. The following primary antibodies
were used: anti-ATF3 (A13469, ABclonal, Wuhan, China), anti-P65 (#8242, CST, Danvers, MA), anti-p-p65
(#3033, CST, Danvers, MA), and anti-ACTB (81115-1-RR, Proteintech, Rosemont, IL). β-actin (ACTB) was
used as the control. Subsequent incubation with the corresponding secondary antibody for 2 h was
followed by luminescence.

RNA extraction and quantitative real-time PCR (qRT-PCR)
To extract total RNA from cells, we used SteadyPure Quick RNA Extraction Kit (AG21023, Accurate
Biology, Hunan, China) following the manufacturer's instructions, and the concentration was determined.
cDNA was generated using an Evo M-MLV RT Kit II (AG11711, Accurate Biology) for reverse transcription.
qRT-PCR used a SYBR Green I chimeric �uorescence assay (AG11739, Accurate Biology). The primer
sequences are listed in Supplementary Table S2.

Cell migration assays
In the lowest chamber of a 24-well Transwell plate (Costar Corning, Cambridge, MA), IMDM that was
supplemented with 10% FBS was introduced. After being resuspended in media devoid of serum, 5×104

cells were loaded to the top chamber. Following incubation for 24 hours, the cells were stained with
crystal violet at a concentration of 0.1% for 10 minutes before being �xed with 4% paraformaldehyde for
20 minutes. Using a microscope, an assessment was made of the average amount of invading cells over
�ve different �elds of view.

Cell Counting Kit-8 (CCK-8) assay
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The CCK-8 test was employed to assess the viability of the cells (Dojindo, Kumamoto, Japan). In order to
prepare the cells for drug treatment, 3×103 of them were seeded onto 96-well plates and cultivated for 48
hours. This was then followed by a 72-hour pharmacological therapy. After adding 10 µL of CCK-8 test
reagent and 90 µL medium and allowing the mixture to incubate for two hours, the absorbance was
determined by utilizing a BioTek Gen5 system and measuring it at 450 nm.

Colony formation assay
Inoculate six-well plate with 1.5×103 cells per well. The culture was continued for 10 days followed by
siRNA transfection and 24 hours later treated with different approaches. After treatment, the cells were
rinsed with PBS and �xed with 4% paraformaldehyde. Finally stained with crystal violet for 10 minutes
and photographed.

Chromatin immunoprecipitation (ChIP)
To detect binding of transcription factors to speci�c genomic regions, ChIP-Seq and ChIP-qPCR assays
were carried out. Cells were quenched with glycine for 10 minutes after being crosslinked using 1%
formaldehyde for 10 minutes. Cross-linked chromatin was ultrasonically cleaved into 200–500 bp
fragments. Anti-ATF3 antibody (ab254268, Abcam, Cambridge, UK) and IgG antibody were used for
immune binding and immunoprecipitation. Cross-linking and DNA puri�cation were then carried out. A
Hieff NGS MaxUp II DNA Library Prep Kit for Illumina (Yeasen, Shanghai, China) was used to construct
the library for ChIP-Seq. Sequencing was performed on a NovaSeq 6000 system using the NovaSeq 6000
S4 Reagent Kit v1.5 (Illumina, San Diego, CA). For ChIP-qPCR, puri�ed DNA fragments were analyzed by
quantitative real-time PCR using speci�c ChIP-qPCR primers. ChIP-qPCR primers are listed in
Supplementary Table S3.

Flow cytometric analysis
To assess apoptosis following drug treatment, �oating and adherent cells were collected, washed,
resuspended in binding buffer, and double-stained with an Annexin V-FITC/PI Apoptosis Detection Kit
(A211-01, Vazyme, Nanjing, China). After a 15-minute incubation period at room temperature and without
light, cells were examined by �ow cytometry within an hour.

Mouse tumor model
Five-week-old male BALB/C nude mice were purchased from the Chinese Academy of Sciences
(Shanghai, China). Capan-1-OR cells (6×105 cells/locus) were washed, resuspended in PBS, and injected
subcutaneously into randomly grouped mice to establish a subcutaneous tumor model. Every three days
starting from day 5, the length (a) and width (b) of the tumor were gauged, and the tumor volume was
calculated using the formula (a × b2)/2. Mice were killed 26 days after injection.

mRNA sequencing
Following extraction of RNA from cells, an RNA library was constructed using 1 µg total RNA and a
VVAHTS Universal V8 RNA-seq Library Prep Kit for Illumina (Cat. NR605-0, Vazyme, Nanjing, China).
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Puri�cation and enrichment of PCR products were performed, and a Qubit 2.0 �uorometer (Invitrogen,
Carlsbad, CA) was utilized for library quanti�cation. The NovaSeq 6000 S4 Reagent Kit v1.5 was
employed for the sequencing process, which was carried out on a NovaSeq 6000 high-throughput
sequencer (Illumina, San Diego, CA). We de�ned P value < 0.05, absolute value of fold change > 1.5 as
differential expressed genes (DEGs)

Assay for Transposase Accessible Chromatin with
sequencing
Centrifuging cells at 500 g for 5 min to collect them, resuspending them in lysis buffer that had already
been chilled, and placing them on ice for 10 min. After centrifuging cells at 500 g for 5 min at 4 degrees
Celsius in order to extract the nuclei, an ATAC library was produced with the use of a TruePrep DNA
Library Prep Kit V2 for Illumina (TD501, Vazyme, Nanjing, China) in accordance with the guidelines
provided by the manufacturer. Transposable DNA fragments were isolated, puri�ed, and enriched using
15 cycles of PCR ampli�cation. The VAHTS DNA Clean Beads were employed for the puri�cation of PCR
products, and a Qubit 2.0 �uorometer (Invitrogen, Carlsbad, CA) was utilized for the quanti�cation of
library samples. The ATAC-seq library was end-pair-sequenced on the Novaseq 6000 platform.

Statistical analysis
The graphing and statistical work was done in GraphPad Prism 8. At least three duplicates of each
experiment were conducted, and the data were statistically summarized as the mean ± standard deviation
(SD). Means were compared using the unpaired Student's t-test to determine signi�cance. The threshold
for signi�cance was determined to be P < 0.05.

Results

Functional and pathway enrichment analyses of genes
associated with acquired olaparib resistance
We used olaparib-resistant Capan-1 cells (Capan-1-OR cells) to investigate mechanisms of olaparib
resistance. The half-maximal inhibitory concentration (IC50) value of olaparib in parental Capan-1 cells
was 3.355 µM, while for Capan-1-OR cells, the IC50 value was 69.77 µM, far exceeding that of parental
Capan-1 cells(Fig. 1A), demonstrating a greater degree of Olaparib resistance in established resistant
cells than in the parental cells. The percentage of both early and late apoptotic cells dramatically
increased on olaparib treatment of parental Capan-1 cells, but the level of apoptosis in Capan-1-OR cells
was unaffected by olaparib treatment (Fig. 1B-C). To identify genes potentially involved in olaparib
resistance in Capan-1-OR cells, RNA sequencing was carried out using three biological replicates for each
sample. There were 6043 differentially expressed genes (DEGs) were identi�ed, comprising 3765 genes
with upregulated expression and 3793 genes with downregulated expression (Fig. 1D-F). To uncover key
pathways, Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Set Enrichment Analysis (GSEA)



Page 8/21

analyses were employed. We found that DEGs in olaparib-resistant cells were primarily enriched in the NF-
kappa B signaling pathways (Fig. 1. G-H).

ATF3 motif is highly enriched in the speci�c open chromatin
of olaparib-resistant cells
Recent researches have demonstrated the signi�cance of epigenetic modi�cations in drug resistance,
especially changes in chromatin accessibility. We hypothesized that chromatin accessibility contributes
to resistance to olaparib. We used ATAC-seq to evaluate changes in chromatin accessibility between
parental Capan-1 cells and Capan-1-OR cells. The ATAC-seq data had a coordinate distribution of
fragment insert sizes of approximately 200 bp, indicating that the data were of high quality (Fig. S1A).
We used differentially accessible peak analysis to investigate differences in chromatin accessibility
between the two cell lines. Compared to parental cells, Capan-1-OR cells had more accessibility in 142
regions, while 1420 regions in chromatin were less accessible in Capan-1-OR cells; we term these
locations "hyper” and “hypo”, respectively (Fig. 2A). Transcription factors (TFs) bind to motifs in
enhancers and promoters of their target genes and require an open chromatin conformation to control the
expression of genes. We evaluated putative TFs present in the DARs of Capan-1-OR cells using the motif-
�nding program HOMER (Fig. 2B). When TFs bind to their corresponding motifs, this may cause
nucleosome eviction and generation of open chromatin sites. We aimed to predict TF binding and
chromosomal occupation by combining ATAC-seq chromatin accessibility data with existing TF motif
information. TF motif occurrence and binding sites were examined in DARs in �anking sequences of 200
bp surrounding the ATAC-seq peaks.

We ranked the top 10 TF candidates in Capan-1-OR cells according to their enrichment in hyper-
accessible areas and examined the mRNA levels of these TFs in Capan-1-OR and Capan-1 cells to better
understand their regulation (Fig. 2B). In Capan-1-OR cells, ATF3 levels were considerably elevated.
Western blotting con�rmed the elevation of ATF3 and phosphorylated NF-κB at the protein level in Capan-
1-OR cells (Fig. 2C). In addition, we found that ATF3 expression was higher in tumor than in normal
tissues in the TCGA-PAAD database (Fig. 2D).

Olaparib-resistant PDAC cells with a silenced ATF3 regain
olaparib sensitivity and reduce malignancy in Vitro
We used small interfering RNA transfection to suppress ATF3 expression to determine the function of
ATF3 in olaparib-resistant PDAC cells (Fig. 3A). Examining the olaparib IC50 values in control and ATF3-
knockdown Capan-1-OR cells, we found that IC50 values were much lower when ATF3 was silenced
(Fig. 3B). Meanwhile, colony formation assays revealed that the number of colonies in Capan-1 OR cells
under olaparib treatment was signi�cantly reduced after ATF3 knockdown (Fig. 3C-D). These results
suggest that high ATF3 levels impart olaparib resistance in PDAC. At the same time, we found that the
silencing of ATF3 can reduce the protein expression of p-p65 and the transcription level of some essential
regulatory genes in the NF-κB signaling pathway (Fig. 3A, E). This indicates that ATF3 may function in
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olaparib-resistant cells by regulating the NF-κB signaling pathway. Furthermore, ATF3 silencing greatly
diminished the migration of olaparib-resistant cells in transwell assays, which indicates that ATF3 may
promote the invasiveness of olaparib-resistant pancreatic cancer (Fig. 3F). The percentages of both early
and late apoptotic cells increased substantially with Olaparib treatment after ATF3 interference,
suggesting an important role for ATF3 in maintaining cell survival in Capan-1-OR cells exposed to
olaparib (Fig. 3G-H). Overall, the data demonstrate that higher expression of ATF3 increases resistance to
Olaparib in pancreatic cancer cells and confers greater malignancy in Capan-1-OR cells as compared with
parental cells.

ATF3 regulates active histone modi�cations to affect downstream targets via activation of the NF-κB
signaling pathway

To further investigate the manner by which ATF3 affects speci�c downstream targets, we used chromatin
immunoprecipitation with next-generation sequencing (ChIP-seq), revealing that ATF3 silencing
decreased overall H3K27 acetylation (H3K27ac) marking active enhancers (Fig. 4A-B) and H3K4
trimethylation (H3K4me3) marking active promoters (Fig. 4C-D). As shown in Fig. 4E–H and Fig. S2A-B,
ATF3 directly binds to the promoter loci of key genes involved in NF-κB signaling regulation, including
TRAF1, BIRC3 and ICAM1, followed by changes to the H3K27ac- and H3K4me3-enriched regions in
Capan-1-OR cells compared with that in parent cells. Our �ndings show that ATF3 maintains olaparib
resistance in Capan-1 cells by binding to the transcription starting site (TSS) of important genes in NF-κB
signaling pathways, causing alterations in their chromatin accessibility and histone modi�cation.

The NF-κB inhibitor parthenolide could be used in combination with olaparib to restore its sensitivity in
resistant PDAC cells

If ATF3 promotes olaparib resistance in PDAC by stimulating the NF-κB signaling pathway, then targeting
the NF-κB pathway may be a viable method for overcoming Olaparib resistance. The NF-κB signaling
pathway was pharmacologically disrupted by using NF-κB inhibitor parthenolide. We �rst predicted the
drug sensitivity of TCGA database samples to parthenolide based on the Genomics of Drug Sensitivity in
Cancer (GDSC) database and found that the cohort with higher ATF3 expression had lower IC50 values
(Fig. 5A). Parthenolide administration to OR cells dramatically suppressed p-p65 expression, as
evidenced by western blotting (Fig. 5B). Using �ow cytometry, we then determined the proportion of
apoptotic cells after treating OR cells with olaparib and parthenolide separately or in conjunction. The
results showed that the extent of apoptosis in the olaparib single-agent group did not signi�cantly differ
from that in the control group, while the extent of apoptosis in the parthenolide group was 37.00%.
(Fig. 5C-D). The extent of apoptosis increased to 63.64% in the olaparib + parthenolide group. Our
�ndings indicate that parthenolide re-sensitizes olaparib-resistant cells to olaparib and provide further
evidence that through stimulating the NF-κB signaling pathway, ATF3 enhances olaparib resistance in
PDAC.

We constructed a mouse subcutaneous tumor model employing olaparib-resistant cells to investigate the
medication combination's anticancer e�cacy in vivo. The mice were treated with saline or with olaparib
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(20 mg/kg, IP) and parthenolide (10 mg/kg, IP) alone or in combination. All drugs were administered once
daily via intraperitoneal injection. The olaparib + parthenolide group showed a greater anti-tumor effect at
the end of treatment compared to olaparib or parthenolide monotherapy (Fig. 5E-G). The olaparib
monotherapy group exhibited no prominent antitumor e�cacy when compared to the control group,
whereas the combination of olaparib and parthenolide had the best anticancer effect among the four
groups. The in vitro �ndings are consistent with the in vivo �ndings, indicating that blocking the NF-κB
signaling pathway could be an effective therapeutic strategy for reversing olaparib resistance in PDAC. In
conclusion, we presented a potential combined medication approach for patients with PDAC and BRAC
mutations.

Discussion
Resistance to olaparib is a signi�cant concern in the therapy of BRCA-mutated PDAC. Current resistance
mechanisms proposed for olaparib include DNA replication fork protection, homologous recombination
repair restoration, reverse mutagenesis, recovery of ADP-ribosylation, and epigenetic modi�cations.(10, 18,

20, 21) It has been shown that epigenetic modi�cations play a signi�cant role in PARPi resistance.
However, most studies have concentrated on breast and ovarian malignancies. To clarify the mechanism
of olaparib resistance in pancreatic cancer, we used olaparib-resistant Capan-1 cells in vitro. We
conducted mRNA-seq and ATAC-seq analyses on olaparib-resistant and parental cells to identify
transcriptional and epigenetic landscape alterations for tumor cells in the resistant state. By chromatin
accessibility analysis, we identi�ed ATF3 as a key transcription factor for PDAC resistance to olaparib.

ATF3 has been shown to be expressed in a range of malignancies; however, its effects may be different in
different cancer types.(11) Overexpression of ATF3 has been shown to dramatically enhance the
metastatic potential of prostate cancer.(22) In breast cancer, ATF3 increases tumor invasion and
metastasis by activating CCNA1 and MMP13.(23) There is evidence that ATF3 is implicated in increased
paclitaxel resistance in breast cancer.(24) Similarly, elevated ATF3 expression promotes radioresistance in
breast cancer cells.(25) In contrast, increased ATF3 expression renders cisplatin-resistant gastric cancer
cells susceptible to cisplatin.(26) Further, ATF3 induces apoptosis in prostate, colon, and lung
malignancies.(27, 28) In pancreatic cancer, ATF3 is essential for the progression and maintenance of high-
grade PanIN and PDAC and has been identi�ed as a critical gene for perineural invasion of PDAC.(15, 29) A
recent study found that lncRNA-MTA2TR increases MTA2 expression by recruiting ATF3 to the MTA2
promoter region, enhancing the invasion and proliferation capacities of PDAC.(30) Thus, the involvement
of ATF3 in tumor growth, metastasis, and treatment resistance varies with tumor type. In pancreatic
cancer, ATF3 appears to play a more oncogenic role, consistent with our results.

In our study, we analyzed the chromatin accessibility of genome-wide pro�les by ATAC-seq and screened
ATF3 as a key transcription factor for PDAC resistance to olaparib. In olaparib-resistant cells, we observed
a rise in ATF3 protein expression. When we suppressed ATF3 expression in olaparib-resistant cells, the
IC50 for olaparib treatment decreased substantially, and the rate of apoptosis increased. In addition,
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suppression of ATF3 expression diminished the invasive potential of olaparib-resistant cells. These
�ndings support the hypothesis that ATF3 induces acquired resistance in PDAC to olaparib.

We further investigated the mechanism by which ATF3 induces olaparib resistance in pancreatic cancer.
ATF3 expression is induced by multiple stress-related signals and implicates several intracellular
signaling pathways, such as the Smad, NF-κB, c-Myc, JNK, ERK, p53, and p38 pathways.(31–35) Our
enrichment analysis revealed high enrichment of the NF-κB pathway in olaparib-resistant cells. NF-κB
transcription factors play important roles in immunity, stress responses, apoptosis and differentiation,
and participate in tumor cell proliferation, metastasis, angiogenesis and therapeutic resistance.(36, 37)

Recent research has demonstrated that the NF-κB pathway promotes gemcitabine resistance in PDAC.(38)

Several studies have reported mutual regulation of ATF3 and NF-κB. It has been found that ATF3 not only
blocks p65 from binding to the target promoter by recruiting histone deacetylase 1 (HDAC1) into the
transcriptional complex, but also reduces NF-κB activity via directly binding to the p65 subunit.(39) Most
current research indicates that ATF3 regulates NF-κB in a predominantly negative manner.(40) However,
our investigation showed that reduction of ATF3 in olaparib-resistant cells led to a considerable decrease
in p-p65 (activated ReIA) levels. The introduction of the NF-κB inhibitor, parthenolide, greatly decreased
olaparib resistance in olaparib-resistant cells, and we obtained the same �nding in a mouse
subcutaneous tumor model. These results led us to conclude that ATF3 induces acquired resistance to
olaparib in PDAC by activating the NF-κB signaling pathway.

Taken together, our �ndings suggest the activation of the NF-κB pathway by ATF3 is crucial for olaparib
resistance in PDAC. This study demonstrated that ATF3 may be utilized as a biomarker to assess
olaparib sensitivity in PDAC patients and may be a viable target to improve the treatment response to
olaparib-resistant PDAC. Meanwhile, we offer a potential targeted strategy to overcome PDAC resistance
to Olaparib by the use of NF-κB inhibitors.
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Figures

Figure 1

Enrichment analysis of differentially expressed genes (DEGs) in Capan-1-OR cells. (A) Cell viability
evaluated using the CCK-8 assay following administration of different concentrations of olaparib to
Capan-1 parental cells and Capan-1-OR cells for 72 h. (B-C) Flow cytometric evaluation of apoptosis after
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treatment of Capan-1 parental cells and Capan-1-OR cells with olaparib (5 μM) for 72 h. Annexin V-
positive cells were deemed to be apoptotic (n=3; NS: not signi�cant; ****P < 0.0001). (D) Volcano plot of
DEGs for Capan-1 parental cells as compared to Capan-1-OR cells. (E-F) Heatmap of gene expression
values comparing Capan-1 parental cells and Capan-1-OR cells. (G) Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis for signi�cantly enriched pathways in DEGs. (H) Genomic enrichment
analysis (GSEA) of the most enriched pathways of upregulated genes.

Figure 2

Identi�cation of ATF3 using combined analysis of DARs and DEGs. (A) Volcano plot illustrating
differentially accessible regions (DARs) for Capan-1-OR cells as compared with Capan-1 parental cells.
(B) Real-time quantitative PCR for mRNA expression of the top ten transcription factors in Capan-1
parental and Capan-1-OR cells. (C) Western blotting showing expression of ATF3, p65 and p-p65 protein
in Capan-1 parental cells and Capan-1-OR cells. (D) Box plot showing ATF3 expression in PDAC and
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normal tissues. Results were obtained using a combined analysis of the TCGA (PAAD) and GETx
databases. (E) Relationship between ATF3 expression and overall survival of PDAC patients based on
Kaplan-Meier analysis using the Ruijin-PDAC database.

Figure 3
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Effects of ATF3 silencing on NF-κB activity and resistance of OR cells to olaparib. (A) Western blot
analysis of Capan-1-OR cells (siNC/siATF3) used to detect expression of ATF3, p65 and p-p65. (B) Cell
viability evaluated using the CCK-8 assay following treatment of Capan-1-OR cells (siNC/siATF3) with
different concentrations of olaparib. (C-D) Colony formation assays was used to test the impact of
olaparib on the proliferative capacity of different cells. Cells were transfected with siRNA for 24 hours
after 10 days of growth and then treated with olaparib or vehicle for 72 hours. (E) Real-time quantitative
PCR analysis of mRNA expression for genes regulating the NF-κB signaling pathway in Capan-1-OR cells
(siNC/siATF3). (F) Evaluation of invasiveness using a transwell assay. (G-H) Flow cytometric evaluation
of apoptosis following treatment of Capan-1-OR cells (siNC/siATF3) with olaparib (5 μM) for 72 h (n=3).
Data are expressed as mean ± SD; NS: not signi�cant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 4

ATF3 binding to the promoter regions of essential regulatory genes in the NF-κB pathway. (A-D) Heatmap
and signal density map for H3K27ac and H3K4me3 in Capan-1-OR cells (siNC/siATF3). (E, G) Genome
browser tracks of ChIP‐seq signals for genomic regions near TRAF1 and BIRC3. (F, H) Binding of ATF3 to
the promoter regions of TRAF and BIRC3 in Capan-1-OR cells determined by chromatin
immunoprecipitation-qPCR analysis.
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Figure 5

NF-κB inhibitor parthenolide reversal of PDAC resistance to olaparib in vivo and in vitro. (A) Correlation
between ATF3 expression and the IC50 score of parthenolide.  (B) Western blotting showed a time-
dependent reduction of p-p65 levels by parthenolide. (C-D Flow cytometric evaluation of apoptosis
following treatment of Capan-1 OR cells with olaparib (5 μM) and parthenolide (10 μM) alone or in
combination for 72 h. Detection of apoptosis using �ow cytometry and quanti�cation of early or late
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apoptosis rates (n=3). The differences among groups were analyzed by one-way ANOVA. (E) Construction
of a subcutaneous tumor model in BALB/c nude using Capan-1 OR cells. Tumor-bearing mice were
treated with saline, olaparib, parthenolide, or olaparib + parthenolide. Tumor volume was measured every
three days following injection of cells, and the drug was administered from the sixth day. (E) The tumor
volumes of different groups were measured with Vernier calipers. Two-way ANOVA was used to analyze
the differences among groups. (F) Mice were executed at the end of the experiment, the tumors were
removed and weighed. Results are presented as mean ± SD; NS: not signi�cant; *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.
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