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Abstract. DNA double‑strand break repair is critically 
involved in oxaliplatin resistance in pancreatic ductal adeno‑
carcinoma (PDAC). Hepatocyte nuclear factor 1 homeobox A 
(HNF1A) has received increased attention regarding its role 
in cancer progression. The present study explored the role 
of HNF1A in oxaliplatin resistance in PDAC. The results 
revealed that HNF1A expression was negatively associated 
with oxaliplatin chemoresistance in PDAC tissues and cell 
lines. HNF1A inhibition promoted the proliferation, colony 
formation and stemness of PDAC cells, and suppressed 
their apoptosis. Furthermore, HNF1A inhibition switched 
nonhomologous end joining to homologous recombina‑
tion, thereby enhancing genomic stability and oxaliplatin 

resistance. Mechanistically, HNF1A transcriptionally acti‑
vates p53‑binding protein 1 (53BP1) expression by directly 
interacting with the 53BP1 promoter region. Upregulation of 
HNF1A and 53BP1 induced significant inhibition of PDAC 
growth and oxaliplatin resistance in patient‑derived PDAC 
xenograft models and orthotopic models. In conclusion, the 
findings of the present study suggested that HNF1A/53BP1 
may be a promising PDAC therapeutic target for overcoming 
oxaliplatin resistance.

Introduction

Pancreatic adenocarcinoma (PDAC) is a leading cause of 
cancer‑related mortality worldwide, with a 5‑year survival rate 
of ~5% (1). Because of delayed diagnosis and early metastasis, 
only 15‑20% of patients have a chance to undergo surgery (2). 
Therefore, systemic chemotherapy is applied in the majority 
of patients with locally advanced and metastatic PDAC. 
The first‑line systemic chemotherapies for locally advanced 
or metastatic PDAC include fluorouracil, leucovorin, irino‑
tecan and oxaliplatin (FOLFIRINOX) and gemcitabine plus 
nab‑paclitaxel (3), both of which have been proven to improve 
the clinical outcome. FOLFIRINOX is associated with a better 
clinical outcome but has greater toxicity than gemcitabine, 
which limits its application in patients with poor performance 
status (4). However, oxaliplatin can be offered as a replace‑
ment therapy for these patients as well (5). Unfortunately, after 
several weeks of chemotherapy, an initially sensitive tumor 
may become resistant to platinum‑based chemotherapy (6). 
Therefore, there remains an urgent need for novel therapies to 
overcome resistance and increase the efficacy of oxaliplatin in 
PDAC treatment.

DNA double‑strand breaks (DSBs) are modified through 
either homologous recombination (HR) or nonhomologous 
end joining (NHEJ) pathways. The choice of these two DSB 
repair pathways is determined by a number of factors, such as 
DSB end structure and cell cycle. The DNA damage response 

HNF1A regulates oxaliplatin resistance in 
pancreatic cancer by targeting 53BP1

RENPENG XIA1,2*,  CHONGHUI HU2*,  YUANCHENG YE1,2*,  XIANG ZHANG3,  TINGTING LI4, 
RIHUA HE2,5,  SHANGYOU ZHENG2,  XIAOFENG WEN6  and  RUFU CHEN1,2

1The Second School of Clinical Medicine, Southern Medical University, Guangzhou, Guangdong 510515; 
2Department of Pancreas Center, Guangdong Provincial People's Hospital (Guangdong Academy of Medical Sciences), 

Southern Medical University, Guangzhou, Guangdong 510080; 3Department of Gastrointestinal Surgery, 
The First Affiliated Hospital of Sun Yat‑Sen University, Guangzhou, Guangdong 510120; 4School of Medicine, 

South China University of Technology, Guangzhou, Guangdong 510006; 5Graduate School,  
Shantou University Medical College, Shantou, Guangdong 515041; 6Department of Colorectal Surgery, 

The Sixth Affiliated Hospital, Sun Yat‑sen University, Guangzhou, Guangdong 510655, P.R. China

Received August 23, 2022;  Accepted January 27, 2023

DOI: 10.3892/ijo.2023.5493

Correspondence to: Professor Xiaofeng Wen, Department of 
Colorectal Surgery, The Sixth Affiliated Hospital, Sun Yat‑sen 
University, 26 Erheng Road, Guangzhou, Guangdong 510655, 
P.R. China
E‑mail: wenxf6@mail.sysu.edu.cn

Professor Rufu Chen, Department of Pancreas Center, Guangdong 
Provincial People's Hospital (Guangdong Academy of Medical 
Sciences), Southern Medical University, 106 Second Zhongshan 
Road, Guangzhou, Guangdong 510080, P.R. China
E‑mail: chenrufu@gdph.org.cn

*Contributed equally

Abbreviations: PDAC, pancreatic ductal adenocarcinoma; HR, 
homologous recombination; NHEJ, nonhomologous end‑joining; 
53BP1, p53‑binding protein 1; DSB, DNA double strand break; 
CCK‑8, Cell Counting Kit‑8; IF, immunofluorescence

Key words: PDAC, hepatocyte nuclear factor  1 homeobox A, 
p53‑binding protein 1, chemoresistance, DNA repair



XIA et al:  HNF1A REGULATES OXALIPLATIN RESISTANCE2

protein p53‑binding protein 1 (53BP1) regulates these DSB 
repair pathways; it promotes NHEJ and suppresses HR (7).

Hepatocyte nuclear factor  1 homeobox A (HNF1A) is 
enriched in the liver, and is expressed in the kidney, intestine 
and pancreas (8). Previous studies have shown that HNF1A 
regulates lipid and carbohydrate metabolism in hepatocytes 
and pancreatic islet cells (9,10). HNF1A gene variants have been 
reported to cause maturity‑onset diabetes of the young, type 3 
(MODY3) and are associated with the risk of PDAC (11,12). 
In addition, previous studies (13‑15) have shown that HNF1A 
regulates gemcitabine resistance by targeting ABCB1, and 
that it serves a tumor suppressor role in PDAC (14). HNF1A 
has been proven to regulate a series of genes associated with 
glucose metabolism and multidrug resistance proteins to 
mediate oxaliplatin resistance (16). However, to the best of our 
knowledge, the role of HNF1A in oxaliplatin chemotherapy 
resistance in PDAC has not been determined. The present 
study explored the effect of HNF1A on oxaliplatin resistance 
in PDAC.

Materials and methods

Patients and clinical samples. A total of 76 locally advanced 
PDAC specimens were collected from patients (median age, 
61.2 years; age range, 32‑79 years; 43 male patients, 33 female 
patients) who received a platinum‑based chemotherapy 
program at Guangdong Provincial People's Hospital and 
Sun Yat‑sen Memorial Hospital (both Guangzhou, China) 
between July  2015 and June  2021. Patients with locally 
advanced PDAC underwent laparoscopic biopsy or endoscopic 
ultrasound‑guided sample acquisition from a solid pancreatic 
mass. The samples were confirmed as PDAC by two certified 
pathologists. Patients were included if they i) were 18‑80 years 
of age; ii) had advanced PDAC stage III or IV, according to the 
pathology results; iii) had received oxaliplatin chemotherapy; 
and iv) had provided written informed consent. Patients were 
excluded if they i)  had received other specific pancreatic 
cancer treatments (surgery, preoperative chemotherapy or 
chemoradiation); ii) had a pathologic diagnosis of a benign 
tumor; iii) had a history of other malignancies; or iv) had a 
mental illness. In accordance with the Guangdong Provincial 
People's Hospital's Protection of Human Subjects Committee 
(approval no. KY‑H‑2022‑011‑01), the protocol was approved, 
and all of the patients provided written informed consent 
before the biopsy sample collection. Progression‑free survival 
(PFS) was measured from the date of chemotherapy to the 
occurrence of an event (progressive disease, death or diagnosis 
of a second malignant neoplasm). The response of oxaliplatin 
chemotherapy was assessed 4 months after the start of chemo‑
therapy, complete response (CR) and partial response (PR) 
were classified as oxaliplatin‑sensitive (35 cases), while stable 
disease (SD) and progressive disease (PD) were classified as 
oxaliplatin‑resistant (41 cases).

Cell culture. MiaPaCa‑2 [cat. no. CRM‑CRL‑1420; Research 
Resource Identifier (RRID): CVCL_0428] and Panc‑1 
(cat. no. CRL‑1469MET; RRID: CVCL_A4BT) cells were 
obtained from the American Type Culture Collection. Cells 
were maintained in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented 

with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin, and 
were cultured at 37˚C in a humidified atmosphere with 5% 
CO2.

Construction of oxaliplatin‑resistant cell lines. Panc‑1 and 
MiaPaCa‑2 cells with resistance to oxaliplatin were named 
Panc‑1‑R and MiaPaCa‑2‑R, respectively. First, 2  mg/ml 
oxaliplatin (cat. no. S1224; Selleck Chemicals, dissolved to 
storage concentration with DMSO and diluted to working 
concentrations with DMEM) solution was added to Panc‑1 and 
MiaPaCa‑2 cells and incubated at 37˚C for 24 h; subsequently, 
the medium was replaced with oxaliplatin‑free medium 
and cell proliferation was observed using a CCK‑8 assay 
(cat.  no. K1018; APExBIO Technology LLC). Panc‑1 and 
MiaPaCa‑2 cells were repeatedly stimulated in this manner 
until proliferation was no longer inhibited. The concentration 
of oxaliplatin was then increased to 3, 4, 6, 8 and 10 mg/ml to 
develop Panc‑1‑R and MiaPaCa‑2‑R cells.

Panc‑1 and MiaPaCa‑2 cells (5x103/well) were seeded in 
96‑well plates to detect the drug response. After 24 h, fresh 
medium containing oxaliplatin at a gradient concentration 
of 0, 0.001, 0.01, 0.1, 1, 10, 100 and 1,000 µM was added to 
the cells and incubated for 72 h at 37˚C. The cells were then 
incubated with 10 µl CCK‑8 solution at 37˚C for 2 h and the 
absorbance was measured using a microplate reader (Thermo 
Fisher Scientific, Inc.) at 450 nm. The degree of drug response 
for tumor cells was determined by the half‑maximal inhibitory 
concentration (IC50), which was calculated with GraphPad 
Prism 8.0 (Dotmatics).

Immunohistochemistry (IHC). Paraffin‑embedded human tissue 
samples (5 µm) were deparaffinized using the following steps: 
3x10 min in xylol, 2x5 min in 100% ethanol, 1x5 min in 95% 
ethanol, 1x5 min in 85% ethanol and 1x5 min in 75% ethanol. 
Antigen retrieval was performed in a microwave oven with 
sodium citrate buffer (0.01 M, pH 6.0; Beyotime Institute of 
Biotechnology) for 20 min. Subsequently, 3% H2O2 was used 
to remove endogenous peroxidase for 15 min at room tempera‑
ture. Slides were incubated with normal goat serum (Beyotime 
Institute of Biotechnology) for 30 min at room temperature to 
block unspecific background staining. The tissues were then 
incubated at 4˚C overnight with primary rabbit anti‑human 
antibodies against HNF1A (1:200; cat. no. ab96777), Ki‑67 
(1:200; cat. no. ab15580), 53BP1 (1:200; cat. no. ab87097) and 
γ‑H2AX (1:200; cat. no. ab81299) (all from Abcam), followed 
by incubation withbiotin‑conjugated secondary antibodies at 
room temperature for 20 min. Subsequently, each slide was 
incubated at room temperature with streptavidin‑HRP conjugate 
(Beyotime Institute of Biotechnology) for 20 min. The staining 
procedure was performed using a DAB Kit (Beyotime Institute 
of Biotechnology) according to the manufacturer's instructions. 
Mayer's hematoxylin (Beyotime Institute of Biotechnology) 
was used for counterstaining all slides at room temperature for 
20‑30 sec. Staining was observed and images were captured with 
an inverted microscope (Olympus IX‑71; Olympus Corporation).

A semi‑quantitative assessment of HNF1A expression 
levels was performed using the immunoreactive score and 
staining intensity. The scoring of the staining intensity was 
as follows: 0, no staining; 1, light; 2, intermediate; and 3, 
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strong. The scoring of the proportion of HNF1A‑ or 53BP1 
positive‑cells was as follows: 1, <25%; 2, ≥25‑<50%; 3, 
≥50‑<75%; and 4, ≥75‑100%. The final score was obtained by 
multiplying the staining intensity and the proportion of posi‑
tively stained cells. Cases with a score of >4 were considered 
to have high expression, whereas those with a score of ≤4 were 
considered to have low expression. Discrepancies in staining 
were re‑evaluated by two pathologists until a consensus was 
reached after the staining was professionally assessed using 
the scoring criteria.

RNA extraction and reverse transcription‑quantitative 
PCR (RT‑qPCR). Total RNA from tissues and cells was 
isolated by TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instruc‑
tions and was reverse transcribed using HiScript Reverse 
Transcriptase (cat. no. R101‑01; Vazyme Biotech Co., Ltd.). 
qPCR was performed using the SYBR Premix Ex Taq™ kit 
(cat. no. DRR420A; Takara Bio, Inc.), GAPDH was used as 
the universal control. RT‑qPCR was conducted using the 
CFX96 Touch Real‑Time PCR detection system (Bio‑Rad 
Laboratories, Inc.). The thermocycling conditions include 
initial denaturation at 95˚C for 30 sec, followed by 35 cycles at 
95˚C for 5 sec, annealing at 60˚C for 30 sec. All reactions were 
examined in technical triplicate. Gene expression analysis was 
performed using the 2‑ΔΔCq method (17). The primer sequences 
are listed in Table SI.

Establishment of knockdown and overexpression cell lines. 
Human HNF1A and 53BP1 coding sequences were subcloned 
into the pMKO.1‑puro vector (Guangzhou IGE Biotechnology 
Ltd.) and the empty vector was used as a control. siRNA 
against HNF1A and a scrambled negative control (si‑NC) 
were obtained from Guangzhou IGE Biotechnology Ltd. 
According to the manufacturer's protocol, 2 µg plasmid/50 nM 
siRNA, 10 µl Lipofectamine 3000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) and 500  µl Opti‑MEM Medium (Gibco; 
Thermo Fisher Scientific, Inc.) were mixed gently and then 
incubated at room temperature for 15 min. The mixture was 
then slowly added to Panc‑1 and MiaPaCa‑2 cells. The cells 
transfected with plasmids/siRNA were incubated at 37˚C for 
24 h, and then the culture medium was subsequently replaced 
with fresh DMEM supplemented with 10% FBS. Panc‑1 and 
MiaPaCa‑2 cells were harvested at 48 h after transfection. The 
siRNA sequences are listed in Table SII.

Western blotting. Panc‑1 and MiaPaCa‑2 cells were collected 
and lysed for 15 min on ice in RIPA buffer (Beyotime Institute 
of Biotechnology). Quantification of protein concentration 
was measured by bicinchoninic acid kit (Beyotime Institute 
of Biotechnology). A total of 30‑50 µg protein was loaded per 
lane, separated by SDS‑PAGE on 8‑12% gels and transferred 
to 0.45‑µm polyvinylidene difluoride (PVDF) membranes 
(Immobilon‑P; MilliporeSigma). Subsequently, 5% skim milk 
(cat. no. 70166; Sigma‑Aldrich; Merck KGaA) was used to 
block PVDF membranes for 1 h at room temperature. The 
membranes were incubated with primary antibodies over‑
night at 4˚C. Horseradish peroxidase‑conjugated secondary 
antibodies were then used to incubate membranes at room 
temperature for 1 h. Protein expression was detected using an 

enhanced chemiluminescence detection system (Thermo Fisher 
Scientific, Inc.). The following primary antibodies were used: 
Rabbit anti‑human HNF1A (1:1,000; cat. no. ab96777; Abcam), 
53BP1 (1:1,000; cat. no. ab87097; Abcam), mouse anti‑human 
GAPDH (1:2,000; cat. no. abs830030; Absin Bioscience, Inc.) 
The secondary antibodies were goat anti‑rabbit IgG‑HRP 
(1:10,000; abs20002) and goat anti‑mouse IgG‑HRP (1:10,000; 
cat. no. abs20001) (both from Absin Bioscience, Inc.).

Immunofluorescence staining. Panc‑1 and MiaPaCa‑2 cells 
were cultured in 6‑well plates overnight. Cells were fixed 
in 4% paraformaldehyde for 10 min at room temperature 
and permeabilized with 0.1% Triton X‑100 (Thermo Fisher 
Scientific, Inc.) for 15 min. After blocking with 5% bovine 
serum albumin (Beyotime Institute of Biotechnology) at 
room temperature for 60  min, cells were incubated with 
the following antibodies overnight at 4˚C: HNF1A (1:1,000; 
cat. no. ab96777; Abcam), γ‑H2AX (1:1,000; cat. no. ab81299; 
Abcam). The cells were then incubated for 1 h in the dark at 
room temperature with the following secondary antibodies: 
Goat Anti‑Rabbit IgG H&L (Alexa Fluor® 488) (1:2,000; 
cat. no. ab150077; Abcam) Subsequently, the cells were stained 
with DAPI (5 µg/ml; Beyotime Institute of Biotechnology) for 
5 min at room temperature. The results were examined by laser 
scanning confocal microscopy (Leica Microsystems GmbH).

Cell proliferation assay. Panc‑1 and MiaPaCa‑2 were seeded 
in 96‑well plates in duplicate at 3,000 cells/well. Oxaliplatin 
(5 µM)/cisplatin (5 µM; cat. no. S1166; Selleck Chemicals)/ 
carboplatin (4  µM; cat.  no.  S1215; Selleck Chemicals) 
was added to the cells after 24 h and incubated for 4 days. 
According to the manufacturer's protocol, cell proliferation 
was determined daily using the Cell Counting Kit‑8 (CCK‑8) 
assay (cat. no. K1018; APExBIO Technology LLC) over 4 days. 
The absorbance was measured at 450 nm using a multiwell 
plate reader (Spark; Tecan Group, Ltd.).

Colony formation assay. Panc‑1 and MiaPaCa‑2 (2,000/well) 
were seeded in 6‑well plates and treated with oxaliplatin 
(5 µM)/cisplatin (5 µM)/carboplatin (4 µM) at 37˚C for 48 h. 
The colonies were fixed for 15 min with 4% paraformalde‑
hyde at room temperature and stained for 10 min with 0.25% 
crystal violet at room temperature after 2 weeks of incubation. 
The visible colonies (containing >50 cells) were counted and 
images were captured under an optical microscope.

Sphere formation assay. MiaPaCa‑2 and Panc‑1 cells 
(1,000 cells/well) were plated in 96‑well extremely low attachment 
plates (Corning, Inc.) and treated with oxaliplatin (5 µM)/cisplatin 
(5 µM)/carboplatin (4 µM) at 37˚C for 48 h. Fibroblast growth 
factor (20 ng/ml), human recombinant epidermal growth factor 
(20 ng/ml) and serum substitute B27 (1X) were mixed into 
serum‑free DMEM/F‑12 and were added to each well (all from 
Invitrogen; Thermo Fisher Scientific, Inc.). The number of spheres 
>50 mm in diameter was counted under a light microscope after 
2 weeks of incubation at 37˚C and 5% CO2.

Annexin V/PI apoptosis assay. Panc‑1 or MiaPaCa‑2 cells 
were treated with 5 µM oxaliplatin for 48 h. The cells were 
stained with an Annexin V‑PI staining kit (cat. no. BMS500FI; 
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eBioscience; Thermo Fisher Scientific, Inc.) to detect apop‑
tosis. After being harvested, the cells were resuspended in 
FITC‑conjugated Annexin V binding solution for 15 min at 
37˚C and then stained with PI at room temperature for 5 min. 
Within 1 h, flow cytometry was performed using a FACSCanto 
II instrument (BD Biosciences) and FlowJo V10.0.7 software 
(FlowJo LLC).

Neutral comet assay. After treatment of MiaPaCa‑2 and 
Panc‑1 cells (2x105) with 5 µM oxaliplatin for 1 h at room 
temperature, time‑lapse imaging was performed. A comet 
assay kit (cat. no. 4250‑050‑K; Trevigen, Inc.) was used in 
accordance with the manufacturer's instructions. SYBR gold 
stain kit (cat. no. S11494; Invitrogen; Thermo Fisher Scientific, 
Inc.) was used to stain the samples for 45 min at room temper‑
ature, which were observed under an Olympus FluoView 500 
fluorescence microscope. The images were analyzed using 
CASP software (version  no.  2013062811125300; Beijing 
Bio‑launching Technologies Co., Ltd.).

pimEJ5‑GFP reporter and pDR‑GFP reporter assays. 
Transfection of MiaPaCa‑2 and Panc‑1 cells (4x104) with 
pimEJ5‑GFP (ID 44026; Addgene, Inc.) or pDR‑GFP (ID 26475; 
Addgene, Inc.) plasmids was performed using Lipofectamine 
3000. According to the manufacturer's protocol, 1 µg plasmid, 
10 µl Lipofectamine 3000 and 500 µl Opti‑MEM were mixed 
gently and then incubated at room temperature for 15 min. 
The mixture was then slowly added to Panc‑1 and MiaPaCa‑2 
cells. After incubating at 37˚C for 24 h, the culture medium 
was subsequently replaced with fresh DMEM supplemented 
with 10% FBS. Puromycin (2 µg/ml; MedChemExpress) was 
used to select stable clones of MiaPaCa‑2 and Panc‑1 cells 
that expressed pimEJ5‑GFP or pDR‑GFP. MiaPaCa‑2 and 
Panc‑1 cells that stably expressed pimEJ5‑GFP or pDR‑GFP 
were transfected with pCBASceI (I‑SceI) plasmids (Addgene 
plasmid no. 26477; Addgene, Inc.) using Lipofectamine 3000 
according to the aforementioned protocol. The GFP‑positive 
cells were analyzed by FACSCanto II instrumentand FlowJo 
V10.0.7 software 48‑72 h after transfection. A pair of plasmids 
carrying pimEJ5‑GFPand pDR‑GFPwere provided by Dr 
Jeremy Stark.

Chromatin immunoprecipitation (ChIP) assay. For 10 min 
at 37˚C, 1% formaldehyde was used to cross‑link the 
proteins of Panc‑1 cells. ChIP experiments were carried 
out using an anti‑HNF1A antibody (5 µl/1 mg total protein; 
cat.  no.  ab96777; Abcam), with ChIP‑grade rabbit IgG 
(1  µg/ml; cat.  no.  ab171870; Abcam) used as a negative 
control. ChIP assays were performed using an EZ‑Magna 
ChIP Chromatin Immunoprecipitation kit (cat. no. 17‑408. 
MilliporeSigma) according to the manufacturer's instructions. 
Immunoprecipitated DNA was analyzed by qPCR as afore‑
mentioned.

53BP1 promoter deletion constructs and luciferase reporter 
assay. The 53BP1 promotor deletion constructs were generated 
by Guangzhou IGE Biotechnology Ltd. Predictive binding 
site mutagenesis of the 53BP1 promotor was performed 
using a Quick Change Site‑Directed Mutagenesis kit (Agilent 
Technologies, Inc.). Subsequently, the luciferase reporter 

plasmids [pGL3‑53BP1, pGL3‑53BP1‑P (‑5000‑+200), 
pGL3‑53BP1‑P (‑4000‑+200), pGL3‑53BP1‑P (‑3000‑+200), 
pGL3‑53BP1‑P (‑2000‑+200), pGL3‑53BP1‑P (‑1000‑+200), 
pGL3‑53BP1‑P (+1‑+200), pGL3‑basic; Guangzhou IGE 
Biotechnology Ltd.] containing the 53BP1 promoter deletions 
were cotransfected with the HNF1A overexpression vector 
or empty vector into Panc‑1 cells (3x105 cells) using 1 µl 
Lipofectamine 3000 at 37˚C for 24 h. A total of 24 h after 
transfection, the cells were collected, washed, and harvested 
for firefly and Renilla luciferase assays (cat. no. 16816; Thermo 
Fisher Scientific, Inc.).

Animal experiments. For orthotopic xenograft models, the 
BALB/c nude mice (female; age, 4‑6 weeks; body weight, 
18‑20 g; Shulaibao Biotech) were housed at 5 per cage under 
specific pathogen‑free conditions (temperature, 21±2˚C; 
humidity, 40‑60%; 12‑h light/dark cycle; free access to stan‑
dard sterile food and water), and were randomly divided into the 
following three groups (n=5/group): i) luc‑Panc‑1 cells/empty 
vector, ii)  luc‑Panc‑1 cells/HNF1A and iii)  luc‑Panc‑1 
cells/53BP1. Full‑length HNF1A and 53BP1 were subcloned 
into pCDH‑PGK‑luciferase‑EF1a‑mcherry‑T2a‑puro vector 
(Guangzhou IGE Biotechnology Ltd.) and an empty vector 
was used as a control. The plasmids (2 µg) were transfected 
into Panc‑1 cells using Lipofectamine 3000 according to the 
manufacturer's protocol. After 24 hours, the culture medium 
was replaced with fresh DMEM supplemented with 10% FBS. 
Puromycin (2 µg/ml; MedChemExpress) was used to select 
stable clones of Panc‑1 cells that expressed HNF1A or 53BP1. 
A total of 48‑72 h after transfection, the cells were harvested 
for mouse experiments. BALB/c nude mice were anesthetized 
with isoflurane inhalation (4‑5% induction, 1‑2% mainte‑
nance). A 1‑cm left subcostal incision was made to expose the 
pancreas, which was injected with a 50‑µl PBS suspension of 
luc‑Panc‑1 cells using a 30‑G needle. Monofilament sutures 
were used to close the wound following orthotopic implanta‑
tion. In a 15‑day treatment period, oxaliplatin (5 mg/kg) was 
administered intraperitoneally once every 3 days, followed by 
IVIS imaging and tumor removal. D‑Luciferin (150 mg/kg; 
cat.  no.  161055‑47‑6; MilliporeSigma) and potassium salt 
(40902ES01; Shanghai Yeasen Biotechnology Co. Ltd.) were 
injected intravenously during the IVIS study, and orthotopic 
fluorescence images were recorded in vivo using an FXPRO 
system (Bruker Corporation). At each time point in the in vivo 
study, the mice were assessed by investigators who were 
blinded to the group allocation. All of the mice were sacrificed 
30 days later.

A patient‑derived xenograft (PDX) model was developed 
by propagating primary tumor specimens obtained from the 
aforementioned patients with oxaliplatin‑resistant PDAC as 
subcutaneous tumors in 4‑week‑old NOD‑SCID IL‑2 receptor 
γ‑null mice (F1, n=5/group; female; age, 4‑6 weeks; body 
weight, 18‑20 g; Shulaibao Biotech) were housed at 5 per cage 
under specific pathogen‑free conditions (temperature, 21±2˚C; 
humidity, 40‑60%; 12‑h light/dark cycle; free access to stan‑
dard sterile food and water). The NOD‑SCID IL‑2 receptor 
γ‑null mice were anesthetized with 1% sodium pentobarbital 
(intraperitoneal injection, 30 mg/kg). The xenografts from F1 
were implanted into other mice (F2) after separating them into 
small pieces. When the tumor volumes reached 1,500 mm3, 
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they were excised, cut into small pieces again and transplanted 
into other mice (F3). A combination of AVV virus (Guangzhou 
IGE Biotechnology Ltd.) and oxaliplatin chemotherapy (intra‑
peritoneal injection, 10 mg/kg) was administered when the 
xenograft volume reached ~200 mm3. Throughout the treat‑
ment period, tumor volume was monitored every week. All of 
the mice were sacrificed 30 days later and IHC was performed 
on each tumor.

All mice were maintained in a specific pathogen‑free 
environment. When reaching the following humane endpoints, 
the mice were euthanized: i) Tumor burden was >10% of body 
weight, and the diameter of tumor was >20 mm; ii)  tumor 
ulceration, infection or necrosis was observed; iii)  tumor 
interferes with eating or walking; iv) rapid weight loss (loss of 
15‑20% of original weight). Notably, none of these endpoints 
were reached during the experiments. Animal health and 
behavior were monitored twice a day (at the beginning and end 
of the day) by an experienced individual. The mice were eutha‑
nized by cervical dislocation under anesthesia (1% sodium 
pentobarbital intraperitoneal injection, 30 mg/kg). A compre‑
hensive judgment on death was made by observing signs of 
respiration, heartbeat, and pupil and nerve reflexes. Animal 
experiments were conducted according to guidelines approved 
by the Animal Experimental Research Ethics Committee of 
South China University of Technology (Guangzhou, China; 
approval no. 2021042).

Database analysis. To predict the binding site of HNF1A at the 
53BP1 promoter region, the JASPAR database (https://jaspar.
genereg.net/) was used.

Statistical analysis. SPSS version 20.0 software (IBM Corp.) 
was used to conduct all statistical analyses. All experiments 
were repeated at least three times. For parametric data, one 
way ANOVA with a Tukey's post‑hoc test or unpaired Student's 
t‑test was used. Unless otherwise stated, all values are expressed 
as the mean ± standard deviation. Kaplan‑Meier method was 
used to assess differences in patient survival and the log‑rank 
test was applied to analyze the data. Spearman's correlation 
analysis was used for the correlation analysis. P<0.05 was used 
to indicate a statistically significant difference.

Results

HNF1A expression is associated with oxaliplatin resistance 
in PDAC tissues and cell lines. Given that HNF1A is a 
critical suppressor of chemotherapy resistance in pancreatic 
cancer  (14), the mRNA expression levels of HNF1A were 
detected in 76  patients with PDAC who accepted plat‑
inum‑based chemotherapy. The results demonstrated that the 
expression levels of HNF1A were reduced in oxaliplatin‑resis‑
tant patients compared with those in oxaliplatin‑sensitive 
patients which were described in the methods (Fig. 1A). In 
addition, significantly lower expression levels of HNF1A were 
detected in oxaliplatin‑resistant patients compared with those 
in oxaliplatin‑sensitive patients, as determined by western 
blotting and IHC (Fig. 1B and C). Those with low HNF1A 
expression levels, according to RT‑qPCR (cut‑off according 
to the median expression level, there were 38 patients in the 
low HNF1A expression group and 38 in the high HNF1A 

expression group), had poorer PFS than those with high 
HNF1A expression levels (Fig. 1D).

Panc‑1‑R and MiaPaCa‑2‑R cells were treated with 
escalating concentrations of oxaliplatin in vitro. Panc‑1 and 
MiaPaCa‑2 cells were repeatedly stimulated in this manner 
until proliferation was no longer inhibited. As shown by 
the elevated IC50 values, Panc‑1‑R and MiaPaCa‑2‑R cells 
responded poorly to oxaliplatin compared with the parental 
cells (Fig. 1E). To clarify the relationship between HNF1A 
expression and oxaliplatin chemotherapy resistance, the 
mRNA and protein expression levels of HNF1A were 
detected in oxaliplatin‑resistant and oxaliplatin‑sensitive cells. 
RT‑qPCR, western blotting and immunofluorescence assays 
indicated that the expression levels of HNF1A were markedly 
lower in the Panc‑1‑R and MiaPaCa‑2‑R cell lines compared 
with those in the oxaliplatin‑sensitive cell lines (Fig. 1F‑I).

HNF1A mediates platinum‑based drug resistance in PDAC 
cell lines in vitro. To explore the role of HNF1A in oxali‑
platin, cisplatin and carboplatin resistance, HNF1A was 
overexpressed or depleted in Panc‑1 and MiaPaCa‑2 cells. 
(Fig. S1A‑D). HNF1A overexpression decreased the prolifera‑
tion rate of Panc‑1 and MiaPaCa‑2 PDAC cells, as confirmed 
by the CCK‑8 cytotoxicity assay. Conversely, silencing HNF1A 
enhanced platinum‑based drug resistance in PDAC cells 
(Figs. 2A and B, S2A and B, and S3A and B). After exposure 
to platinum‑based drugs, PDAC cells overexpressing HNF1A 
had a lower survival rate than control cells, as shown by colony 
formation assays, whereas HNF1A knockdown enhanced 
their survival (Figs. 2C and D, S2C and D, and S3C and D). 
Cancer stem cells have a pivotal role in chemoresistance (18). 
Notably, HNF1A overexpression in PDAC cells significantly 
reduced the self‑renewal ability of the cells, as demonstrated 
by a sphere formation assay. By contrast, HNF1A knockdown 
significantly attenuated this effect (Figs. 2E and F, S2E and F, 
and S3E and F). Additionally, overexpression of HNF1A in 
tumor cells promoted cell early and late apoptosis under oxali‑
platin treatment conditions, as determined by flow cytometry 
(Figs. 2G and S4A). Conversely, knockdown of HNF1A in 
PDAC cells markedly reversed this effect (Figs. 2H and S4B).

HNF1A switches HR to NHEJ. To determine the mechanism 
by which HNF1A downregulation mediates oxaliplatin 
resistance in PDAC cells, the present study detected whether 
DSB repair was altered by HNF1A. A neutral comet assay 
was performed and the expression levels of γH2AX were 
detected to assess damage to the genetic material (DSBs). 
Longer comet tails were present in the HNF1A‑overexpressing 
groups, whereas HNF1A knockdown shortened the lengths of 
the comet tails following treatment with oxaliplatin, as deter‑
mined by the neutral comet assay (Fig. 3A and B). In addition, 
following oxaliplatin treatment, the HNF1A‑overexpressing 
groups had higher levels of γH2AX than the control group, 
indicating a higher number of DSBs. However, the expression 
levels of γH2AX were lower in the HNF1A knockdown group 
compared with in the si‑NC group (Fig. 3C and D).

NHEJ and HR are the main pathways for DSB repair (19). 
To explore the effect of HNF1A on NHEJ and HR, the 
pimEJ5‑GFP and pDR‑GFP reporters were stably transfected 
into PDAC cells. The percentage of GFP‑positive PDAC 
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cells post‑transfection with the pDR‑GFP reporter or the 
pimEJ5‑GFP reporter represented HR repair efficiency and 
NHEJ repair efficiency, respectively. HNF1A overexpres‑
sion significantly suppressed HR‑dependent DSB repair and 
promoted NHEJ‑dependent DSB repair, whereas HNF1A 
knockdown had the opposite effect (Figs. 3E‑H and S5A‑D).

HNF1A regulates 53BP1 expression by binding to the 53BP1 
promoter. To further reveal the downstream target of HNF1A 
in mediating HR/NHEJ, the mRNA expression levels of the 
key factors in HR and NHEJ were detected. Notably, only the 
mRNA expression levels of 53BP1 were significantly upregu‑
lated following overexpression of HNF1A in PDAC Panc‑1 and 
MiaPaCa‑2 cells (Fig. 4A and B). In addition, western blotting 

confirmed that HNF1A overexpression markedly increased 
the protein expression levels of 53BP1 (Fig. 4C). Given that 
HNF1A is known as a transcriptional activator, a ChIP assay 
was performed to determine whether HNF1A transcription‑
ally upregulated 53BP1. The results demonstrated that HNF1A 
interacted with the 5' regulatory region of 53BP1 at the ‑3 kb 
location (from the transport start site) instead of the 5' regu‑
latory regions at the ‑2, ‑1, ‑4 and ‑5 kb locations (Fig. 4D). 
Furthermore, a series of 53BP1 promoter deletion reporter 
constructs were generated, and luciferase assays showed that 
the ‑3 to ‑5 kb region of the 53BP1 promoter led to a significant 
increase in transcriptional activity in HNF1A‑overexpressing 
tumor cells (Fig. 4E). Using JASPAR, it was predicted that 
HNF1A may bind to the promoter region of 53BP1 from 

Figure 1. HNF1A expression is associated with OXA resistance in PDAC tissue and cell lines (A) Reverse transcription‑quantitative PCR analysis of HNF1A 
expression in OXA‑S (n=35) and OXA‑R (n=41) PDAC tissues. (B) Western blot analysis of HNF1A in PDAC tissue from ox OXA‑S and OXA‑R patients. 
(C) Immunohistochemistry analysis of HNF1A in OXA‑S and OXA‑R PDAC tissues. Scale bars, 50 µm. (D) Survival of 76 patients with PDAC treated 
with platinum‑based chemotherapy who had high or low HNF1A expression was analyzed based on Kaplan‑Meier curves. (E) Dose‑response curves were 
constructed for Panc‑1 and MiaPaCa‑2 cells to determine the IC50 of OXA. (F) HNF1A mRNA expression levels in OXA‑S and OXA‑R Panc‑1 and MiaPaCa‑2 
cells. (G) Western blot analysis of HNF1A protein expression in each group. Representative immunofluorescence images of HNF1A in OXA‑S and OXA‑R 
(H) Panc‑1 and (I) MiaPaCa‑2 cells. Scale bars, 50 µm. The results are shown as the mean ± SD. ***P<0.001. HNF1A, hepatocyte nuclear factor 1 homeobox 
A; OXA, oxaliplatin; OXA‑R, OXA‑resistant; OXA‑S, OXA‑sensitive; PDAC, pancreatic ductal adenocarcinoma.
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‑2,817 to ‑2,803 bp (5'‑AATTAATCATTAAAT‑3') (Fig. 4F). 
Luciferase assays showed that mutation of the predicted 
binding site in the 53BP1 promoter abrogated the increase 
in luciferase intensity induced by HNF1A overexpression 
(Fig. 4G). Collectively, these results indicated that HNF1A 
was bound to the specific promoter region (‑2,817 to ‑2,803 bp) 
of 53BP1 and promoted 53BP1 expression to sensitize PDAC 
cells to chemotherapy.

53BP1 reverses the effects of HNF1A inhibition. The present 
study explored whether 53BP1 rescued the effect of HNF1A 
on oxaliplatin resistance. 53BP1was successfully overex‑
pressed in Panc‑1 and MiaPaCa‑2 cells (Fig. S1E and F). The 
CCK‑8 cytotoxicity and colony formation assays indicated 
that 53BP1 overexpression abrogated the promoting effect 

of HNF1A knockdown on tumor cells (Fig. 5A and B). In 
addition, the increase in tumor stemness induced by HNF1A 
knockdown was blocked by 53BP1 overexpression (Figs. 5C), 
and apoptosis resistance induced by HNF1A knockdown was 
also blocked by 53BP1 overexpression (Figs. 5D and S6). 
Consistently, neutral comet assays and γH2AX analysis 
revealed that 53BP1 overexpression weakened the enhancing 
effect of HNF1A knockdown on DNA repair efficiency 
(Fig.  5E and  F). Furthermore, the pimEJ5‑GFP reporter 
assay showed that the increase in the ratio of HR‑dependent 
DSB repair caused by HNF1A knockdown was attenuated 
by 53BP1 overexpression (Figs. 5G and S7A). Similarly, the 
pDR‑GFP reporter assay indicated that 53BP1 overexpression 
enhanced NHEJ‑dependent DSB repair in HNF1A‑depleted 
tumor cells (Figs. 5H and S7B).

Figure 2. HNF1A mediates OXA resistance in pancreatic ductal adenocarcinoma cell lines in vitro. (A) Proliferation of Panc‑1 and MiaPaCa‑2 cells overex‑
pressing HNF1A under OXA treatment (5 µM), as determined using the Cell Counting Kit‑8 assay. *P<0.05, **P<0.01 and ***P<0.001 vs. Vector. (B) Proliferation 
of Panc‑1 and MiaPaCa‑2 cells following knockdown of HNF1A under OXA treatment (5 µM), as determined using the Cell Counting Kit‑8 assay. *P<0.05 and 
**P<0.01 vs. si‑NC. Representative images of the colony formation of Panc‑1 and MiaPaCa‑2 cells (C) post‑HNF1A plasmid transfection or (D) post‑si‑HNF1A 
transfection and under OXA treatment (5 µM). Sphere formation assays showing Panc‑1 and MiaPaCa‑2 cell proliferation (E) post‑HNF1A plasmid transfec‑
tion or (F) post‑si‑HNF1A transfection and under OXA treatment (5 µM). Scale bars, 50 µm. OXA‑induced (5 µM) apoptosis of Panc‑1 and MiaPaCa‑2 cells 
was examined through flow cytometry after (G) HNF1A plasmid or (H) si‑HNF1A transfection. The results are shown as the mean ± SD. *P<0.05, **P<0.01 and 
***P<0.001. HNF1A, hepatocyte nuclear factor 1 homeobox A; OXA, oxaliplatin; NC, negative control; si, small interfering.
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HNF1A loss promotes oxaliplatin resistance in  vivo. For 
the in vivo experiments, the pancreases of nude mice were 
orthotopically implanted with the indicated luciferase‑labeled 
Panc‑1 cells, and oxaliplatin chemotherapy was administered 

12  days after pancreatic implantation. The mice in the 
HNF1A‑overexpression and 53BP1‑overexpression groups 
exhibited lower fluorescence intensity in the pancreas and had 
smaller tumors than the control mice (Fig. 6A‑C). IHC further 

Figure 3. HNF1A switches HR to NHEJ. Neutral comet assay was used to measure the DNA damage caused by OXA (5 µM) in cells with (A) HNF1A 
overexpression or (B) HNF1A knockdown. Scale bar, 10 µm. Representative images of γH2AX‑positive foci in Panc‑1 and MiaPaCa‑2 cells with (C) HNF1A 
overexpression or (D) HNF1A knockdown and treated with OXA (5 µM). Scale bar, 10 µm. Panc‑1 and MiaPaCa‑2 cells HR‑mediated DNA repair effi‑
ciency was detected by the (E) pDR‑GFP reporter assay and (F) pimEJ5‑GFP reporter assay in vector and HNF1A‑overexpressing groups. (G) Panc‑1 and 
MiaPaCa‑2 cells HR‑mediated DNA repair efficiency was detected by the pDR‑GFP reporter assay si‑NC and si‑HNF1A groups. (H) Panc‑1 and MiaPaCa‑2 
cells NHEJ‑mediated DNA repair efficiency was detected by the pimEJ5‑GFP reporter assay in si‑NC and si‑HNF1A groups. The technical replicates were 
performed three times. The results are shown as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001. HNF1A, hepatocyte nuclear factor 1 homeobox A; HR, 
homologous recombination; NC, negative control; NHEJ, nonhomologous end joining; OXA, oxaliplatin; si, small interfering.
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confirmed that HNF1A/53BP1 markedly reduced γH2AX and 
Ki‑67 expression (Fig. 6D).

To further simulate the situation in the human body, 
a PDX model was established. Animals were treated 

Figure 4. HNF1A regulates 53BP1 expression by binding to the 53BP1 promoter. Reverse transcription‑quantitative PCR analysis of the key factors in HR 
or NHEJ (ATM, Rad51, 53BP1, PARP1, BRAC1 and BRAC2) in (A) Panc‑1 and (B) MiaPaCa‑2 cells. (C) Western blot analysis of the expression levels of 
53BP1 in Panc‑1 and MiaPaCa‑2 cells. (D) Chromatin immunoprecipitation analysis of 53BP1 promoter occupancy by HNF1A in Panc‑1 cells. (E) Luciferase 
reporter assays of Panc‑1 cells overexpressing HNF1A transfected with reporter plasmids including sequential deletions in the 53BP1 promoter. (F) Schematic 
diagram of the potential HNF1A motif‑binding locations in the promoter of 53BP1. (G) Luciferase reporter assays of wild‑type or binding site‑mutated HNF1A 
promoters in Panc‑1 cells transfected with empty vector or HNF1A. The results are presented as the mean ± SD of three technical replicates. *P<0.05, **P<0.01 
and ***P<0.001. 53BP1, p53‑binding protein 1; HNF1A, hepatocyte nuclear factor 1 homeobox A.
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Figure 5. 53BP1 reverses the effect of HNF1A knockdown. (A) Proliferation of Panc‑1 and MiaPaCa‑2 cells with the indicated treatment was measured 
by Cell Counting Kit‑8 assay. (B) Representative images and semi‑quantification of colony formation in Panc‑1 and MiaPaCa‑2 cells treated with OXA 
(5 µM). (C) Representative images and semi‑quantification of sphere formation in Panc‑1 and MiaPaCa‑2 cells with the indicated treatment under OXA 
incubation (5 µM). Scale bars, 50 µm. (D) Flow cytometry was performed to assess the apoptosis of Panc‑1 and MiaPaCa‑2 cells treated with OXA (5 µM). 
(E) Representative images and semi‑quantification of the neutral comet assay in Panc‑1 and MiaPaCa‑2 cells. In total, 50 cells per group were counted. Scale 
bar, 10 µm. (F) Semi‑quantification and representative images of γH2AX‑positive foci in each group. More than 40 cells from each group were counted. 
(G and H) HR‑mediated DNA repair efficiency was detected by the pimEJ5‑GFP reporter assay, whereas NHEJ‑mediated DNA repair efficiency was detected 
by the pDR‑GFP reporter assay. Three independent replicates were performed. Data are expressed as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001. 53BP1, 
p53‑binding protein 1; HNF1A, hepatocyte nuclear factor 1 homeobox A; HR, homologous recombination; NC, negative control; NHEJ, nonhomologous end 
joining; OXA, oxaliplatin; si, small interfering.
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with oxaliplatin and AVVs (AVV‑GFP, AVV‑HNF1A, 
AVV‑53BP1) when the tumor reached 200 mm3 (Fig. 6E). The 
tumors of the AVV‑HNF1A and AVV‑53BP1 groups were 

substantially smaller and lighter than those in the AVV‑GFP 
group (Fig. 6F‑H). In addition, the data demonstrated that 
tumors from the AVV‑HNF1A and AVV‑53BP1 groups 

Figure 6. HNF1A knockdown promotes OXA resistance in vivo. (A) Representative IVIS images of an orthotopic xenograft model, n=5/group. (B) Calculation 
of the luminescence intensity of the orthotopic xenograft model. (C)  Representative pancreatic tumor images of the orthotopic xenograft model. 
(D) Representative IHC images for HNF1A, 53BP1, γH2AX and Ki‑67 in the orthotopic xenograft model. Scale bars, 50 µm. (E) Once the tumor volume 
reached 200 mm3, the xenograft subcutaneous model received oxaliplatin (5 mg/kg) once every 3 days, n=5/group. Changes in (F and G) tumor volume and 
(H) weight were monitored. (I) Representative IHC images for HNF1A, 53BP1 and γH2AX in the patient‑derived xenograft model. The results are presented 
as the mean ± SD. ***P<0.001, 53BP1, p53‑binding protein 1; HNF1A, hepatocyte nuclear factor 1 homeobox A; IHC, immunohistochemistry; NC, negative 
control; OXA, oxaliplatin.
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exhibited a marked decrease in the positive rate of γH2AX 
staining (Fig. 6I). Collectively, these results support the idea 
that HNF1A transcriptionally activates 53BP1 expression and 
sensitizes tumors to oxaliplatin.

Clinical significance of the HNF1A/53BP1 axis in PDAC. To 
better understand the clinical significance of the HNF1A/53BP1 
axis in oxaliplatin resistance, the expression levels of 53BP1 
and HNF1A were examined in 76 patients with PDAC who 
received platinum‑based chemotherapy. The findings revealed 
that the expression levels of 53BP1 were significantly lower 
in oxaliplatin‑resistant patients compared with those in 
oxaliplatin‑sensitive patients (Fig. 7A and B). Moreover, 53BP1 
expression was positively correlated with HNF1A expression 

(Fig. 7C). Furthermore, patients with PDAC and low expression 
levels of 53BP1 had a significantly shorter PFS than those with 
high expression levels of 53BP1, as shown by Kaplan‑Meier 
analysis (Fig. 7D). Overall, the present study indicated that 
HNF1A may have an important role in oxaliplatin resistance 
by regulating 53BP1 expression, and mediating HR and NHEJ 
imbalances in patients with PDAC (Fig. 7E).

Discussion

Pancreatic cancer is a lethal disease with a poor survival rate, 
due to a poor response to chemotherapy (20). Platinum‑based 
chemotherapy is a first‑line chemotherapy treatment for 
patients with advanced pancreatic cancer; however, the overall 

Figure 7. Clinical significance of the HNF1A/53BP1 axis in PDAC. (A) Immunohistochemistry analysis of 53BP1 in OXA‑S and OXA‑R PDAC tissues. Scale 
bars, 50 µm. (B) Semi‑quantification of the percentage of OXA‑S and OXA‑R PDAC specimens with low or high 53BP1 expression. (C) Correlation between 
HNF1A expression and 53BP1 protein levels in PDAC tissues. (D) Kaplan‑Meier curves of progression‑free survival associated with 53BP1 expression 
evaluated by IHC in patients with PDAC who received platinum‑based chemotherapy. (E) Graphical illustration of the mechanism by which HNF1A mediates 
53BP1 activation in PDAC cells to reduce oxaliplatin resistance. 53BP1, p53‑binding protein 1; HNF1A, hepatocyte nuclear factor 1 homeobox A; HR, homolo‑
gous recombination; IHC, immunohistochemistry; NHEJ, nonhomologous end joining; OXA, oxaliplatin; OXA‑R, OXA‑resistant; OXA‑S, OXA‑sensitive; 
PDAC, pancreatic ductal adenocarcinoma.
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response rate is only 30% worldwide  (21). Our previous 
study reported that cancer‑associated fibroblasts promote 
the acquired oxaliplatin resistance of pancreatic cancer cells 
via paracrine signaling (22). However, there are few studies 
on the inherent oxaliplatin resistance of pancreatic cancer 
tumor cells (23). The present study revealed that low HNF1A 
expression was associated with platinum‑based chemotherapy 
resistance and a poor prognosis. Gain‑ and loss‑of‑function 
assays indicated that HNF1A serves an important role in 
oxaliplatin resistance by affecting DNA DSB repair. In addi‑
tion, HNF1A was shown to mediate cisplatin and carboplatin 
resistance in PDAC cells, which expands the therapeutic value 
of HNF1A in platinum‑based chemotherapy. Mechanistically, 
HNF1A directly binds to the 53BP1 promoter region and 
transcriptionally activates 53BP1 expression, which switches 
HR‑dependent DNA repair to NHEJ‑dependent DNA repair. 
Pancreatic cancer orthotopic and PDX models revealed the 
potential value of HNF1A as a therapeutic target for over‑
coming oxaliplatin resistance in pancreatic cancer.

Conflicting roles of HNF1A in anticancer drug resistance of 
different types of cancer have been reported. Fujino et al (16) 
and Wang et al (24) reported that HNF1A inhibition signifi‑
cantly reduced the proliferation and anticancer drug resistance 
of non‑small cell lung cancer and colorectal cancer via glucose 
metabolism. Conversely, in another study, inhibition of 
HNF1A enhanced gemcitabine resistance by regulating multi‑
drug resistance genes in pancreatic cancer (14). The present 
study revealed that HNF1A influenced the balance of HR and 
NHEJ to enhance the oxaliplatin sensitivity of PDAC in vivo 
and in vitro. It was hypothesized that the function of HNF1A 
may differ in different molecular subtypes of cancer  (25). 
Germline HNF1A mutations have been linked to MODY3 
through impaired insulin secretion and decreased β‑cell 
mass (12,26). According to a genome‑wide association study, 
genetic variants in the HNF1A locus predispose patients to 
PDAC (27). Kalisz et al (28) reported that KDM6A mutations 
led to HNF1A deficiency in non‑classical PDAC (also defined 
as quasimesenchymal, basal and squamous‑like PDAC). The 
present study revealed low expression of HNF1A in patients 
with oxaliplatin‑resistant PDAC, which may be caused by 
HNF1A mutations. These observations and results indicated 
the value of HNF1A as a biomarker for guiding the use of plat‑
inum‑based chemotherapy and even some targeted therapies.

Platinum‑based chemotherapy resistance is an important 
obstacle in improving the prognosis of pancreatic cancer and is 
exemplified by a low objective response rate (29). Tumor cells 
repair double‑strand breaks caused by platinum‑based drugs 
via HR and NHEJ (30). Compared with NHEJ, HR‑dependent 
DNA repair is more precise, and NHEJ‑dependent DNA repair 
often causes genome instability and cell death (19,31). A recent 
clinical trial suggested that the combination of PARP inhibitors 
in patients with BRCA1/2 mutations greatly improved patient 
outcomes (32). A promising research direction involves the 
use of PARP inhibitors in tumor cells with HR deficiency. The 
combination of platinum‑based therapy and PARP inhibitors 
may benefit patients with pancreatic cancer and high HNF1A 
expression, and requires further exploration.

The regulators 53BP1, ATM, Rad51, PARP1, BRCA1 and 
BRCA2 are important in DSB repair (29,33‑35). The present 
study identified 53BP1 as the downstream target of HNF1A via 

RT‑qPCR and western blotting. 53BP1 is a chromatin‑binding 
protein, which regulates DSB repair by suppressing the nucleo‑
lytic resection of DNA termini (36). 53BP1 serves a crucial role 
in maintaining the balance of HR and NHEJ, which is impor‑
tant for genomic stability. The upstream regulatory mechanism 
of 53BP1 has attracted increasing attention. Parnandi et al (37) 
reported that Tudor‑interacting repair regulator interacted 
with the 53BP1 Tudor domain and prevented its recruitment 
to DSBs (37). AMPK is directly associated with 53BP1 and 
phosphorylates it at Ser1317, promoting 53BP1 recruitment to 
DSBs (38). There is no evidence of 53BP1 transcriptional acti‑
vation. Given that HNF1A is a known transcription factor, the 
present study demonstrated that HNF1A could directly enhance 
the transcription of 53BP1. ChIP and luciferase assays confirmed 
that HNF1A interacted with the 53BP1 promoter region. The 
present study provided a novel mechanism for regulating 
53BP1, which may improve the understanding of DNA repair 
and oxaliplatin resistance. There are some limitations to the 
present study that could be addressed in future research. First, 
the clinical sample size was small, which limits the application 
of 53BP1 and HNF1A in clinical practice. The clinical value 
of HNF1A and 53BP1 should be further confirmed in a larger 
cohort in future studies. Second, further research is required 
before this may be of use clinically. Finally, the mechanism of 
HNF1A in mediating oxaliplatin was not fully clarified. Other 
regulatory mechanisms may exist, which require further study.

In conclusion, the present study suggested that the 
HNF1A/53BP1 axis is critical for oxaliplatin resistance in 
PDAC. Therefore, HNF1A may be a potential therapeutic 
target in patients with PDAC.
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