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FOSL1 drives the malignant progression @
of pancreatic cancer cells by regulating cell
stemness, metastasis and multidrug efflux

system

Xiaolong Liu'", Xueyan Zhang?!, Tingyu Zeng?, Yali Chen?, Liu Ye?, Shuping Wang?" and Yulan Li"

Abstract

Background Targeted therapy is an effective strategy for the treatment of advanced and metastatic pancreatic
cancer, one of the leading causes for cancer-related death worldwide. To address the limitations of existing targeted
drugs, there is an urgently need to find novel targets and therapeutic strategies. Transcription factor FOS like 1 (FOSL1)
is a potential therapeutic target for challenging pancreatic cancer, which contributes to the malignant progression
and poor gnosis of pancreatic cancer. High mobility group AT (HMGAT) is a nonhistone chromatin structural protein
that contributes to malignant progression and poor prognosis of cancer.

Methods Human FOSLT complete RNA, shRNA against FOSL1 and shRNA against HMGA1 lentiviral recombination
vectors were used to overexpress FOSLT and knock down FOSLT and HMGAT1. RNA sequencing, Q-PCR and Western
blots were used to investigate the mechanism of FOSL1 in regulating the proliferation of pancreatic cancer cells.
The relationship between FOSLT and HMGAT were analyzed by co-immunoprecipitation Mass spectrometry, Q-PCR
of chromatin immunoprecipitation and Western blots. The regulation of FOSLT and HMGAT1 in the invasion and
migration, stemness, and multidrug efflux system were determined by transwell assay, sphere formation assay,
immunofluorescence, Q-PCR and Western blots.

Results We found that FOSL1 promoted the proliferation and progression of pancreatic cancer by trigging
stemness, invasion and metastasis, and drug resistance. HMGA1 was a key downstream target regulated by FOSL1

at the transcriptional level and directly interacted with FOSL1. Knockdown of HMGAT1 inhibited the proliferation of
pancreatic cancer cells by regulating the expression of genes related to stemness, epithelial-mesenchymal transition
and multidrug efflux system. Targeted inhibition of FOSL1 and HMGAT1 expression significantly inhibited the
proliferation of pancreatic cancer cells.
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Conclusion FOSL1 promote the malignant progression of pancreatic cancer by promoting HMGA1 expression.
Targeting FOSL1 and HMGAT1 in monotherapy or combination therapy is a promising strategy for the treatment of

advanced and metastasis pancreatic cancer.
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Introduction

Pancreatic cancer is one of the leading causes for cancer-
related death worldwide [1]. With the rising incidence,
pancreatic cancer is predicted to become the second
leading cause of cancer death in the next decade [1-2].
Due to the lack of specific symptoms and effective diag-
nostic methods in the early stage, pancreatic cancer is
usually detected in advanced stage and has poor five-
year survival and prognosis [1-3]. The poor prognosis
of pancreatic cancer is due to its early systemic spread
and aggressive local growth [1-3]. Majority of pancre-
atic cancer patients have unresectable or metastatic
lesions, and only 10-15% of pancreatic cancer patients
have localized lesions [1-4]. Currently, surgery is still the
main treatment for pancreatic cancer patients with local
lesions. With the updating of minimally invasive tech-
niques and surgical adjuncts, the quality and safety of
pancreatic cancer surgery have been improved in recent
years [1-3]. Gemcitabine, 5-fluorouracil and oxaliplatin
are mainly used in the first-line treatment of advanced
and metastatic pancreatic cancer and as adjuvant ther-
apy after complete resection of the primary tumor [4, 5].
Although the initial efficacy of systemic chemotherapy is
well, most pancreatic cancer patients develop resistance
to these chemotherapeutic agents, further increasing the
difficulty of treatment and poor prognosis. At the same
time, the side effects of systemic chemotherapy seriously
affect the life quality of patients [4, 5]. With the develop-
ment of sequencing technology and bioinformatics, the
driving mutations and abnormal pathways of pancreatic
cancer are rapidly discovered [6—9]. Innovative targeted
therapies have the potential to improve survival and
quality of life for patients with pancreatic cancer. Pan-
creatic cancer patients with mutations in DNA damage
repair pathways have been showed not only to be sensi-
tive to platinum-based therapy, but also to benefit from
PARP inhibitors, such as Olaparib [4-7]. Targeting KRAS
mutations is proving to be another effective strategy for
treating pancreatic cancer, which is present in about 95%
of patients [6—9]. Clinically, Sotorasib has been shown to
be effective in pancreatic ductal adenocarcinoma (PDAC)
patients with KRAS G12C mutations [9]. The success of
PARP targeted therapy and KRAS targeted therapy dem-
onstrates the importance of targeted therapy in the treat-
ment of advanced pancreatic cancer. However, existing
targeted drugs have limitations such as narrow clinical
indications and drug resistance [6—9]. Therefore, novel

targets and therapeutic strategies are urgently required
for the treatment of challenging pancreatic cancer.

FOS-like antigen 1 (FOSL1) belongs to the activator
protein 1 (AP1) transcription factor family [10]. AP1 is
a dimeric transcription factor composed of Jun proto-
oncogene (JUN) family, FOS family and activating tran-
scription factor protein families [10-12]. It is well known
that AP1 family proteins can promote oncogenesis in a
variety of cancers, especially FOSL1 and JUN, which are
highly expressed in metastatic cancers and can medi-
ate the proliferation and metastasis of cancers [10-12].
FOSL1 has been reported to control various pathophysi-
ological processes by regulating downstream gene
expression [10-12]. FOSL1 is overexpressed in many
human cancers and contributes to malignant progression
and poor prognosis by modulating cancer cell metasta-
sis, stemness and chemotherapy resistance [13—17]. For
example, overexpression of FOSL1 promotes the malig-
nant progression and poor prognosis of mutant KRAS
lung and pancreatic cancer [18]. FOSL1 has been shown
to cause the metastasis of head and neck squamous cell
carcinoma, enhance the stemness of glioma, promote
5-Fu resistance in colon cancer cells, and result in drug
resistance of breast cancer [14—17]. Notably, FOSL1 has
been shown to promote the malignant proliferation and
metastasis of pancreatic cancer, but the mechanism is
unclear [19, 20]. Based on the above results, this study
will further explore the role and mechanism of FOSL1 in
the malignant progression of pancreatic cancer.

High mobility group Al (HMGAL) is a nonhistone
chromatin structural protein that performs regula-
tory roles by modifying DNA structure [21]. HMGA1 is
overexpressed in proliferative cells such as embryos and
cancers [21, 22]. Indeed, HMGA1 has been shown to
promote carcinogenesis in reproductive system, diges-
tive system, urinary system and hematopoietic system
by regulating the expression of tumor-related genes [21—
23]. HMGA1 results in malignant progression and poor
prognosis of cancers by promoting cancer cell stemness,
metastasis, drug resistance, immunosuppression, and
cell cycle progression [22-26]. As for the mechanism,
HMGAL exerts its cancer-promoting function through
Wnt/p-catenin, phosphatidyl inositol 3-kinase (PI3K)/
protein kinase B (AKT), and mitogen-activated protein
kinase kinase (MEK)/ extracellular regulated protein
kinases (ERK) pathways [27-29]. So far, many studies
have shown that HMGAL1 is overexpressed in pancre-
atic cancer and is closely related to the progression and
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metastasis of pancreatic cancer [30]. This suggests that
HMGAL is another essential target for pancreatic cancer
progression and poor prognosis. Based on previous stud-
ies, we will investigate the mechanism of HMGA1 regu-
lating the proliferation of pancreatic cancer.

In this study, we investigated the role of FOSL1 in regu-
lating the malignant progression and poor prognosis of
pancreatic cancer. FOSL1 facilitated the progression of
pancreatic cancer by promoting the stemness, invasion
and migration of cancer cells, and regulating the multi-
drug efflux system. The results of RNA sequencing and
Co-immunoprecipitation (Co-IP) Mass spectrometry
showed that HMGA1 was a key target that regulated
by FOSL1 and directly interacted with FOSL1. Q-PCR
of chromatin immunoprecipitation (ChIP) confirmed
that the promoter of HMGAL1 directly binds to FOSL1.
HMGAL is directly regulated by FOSLI at the transcrip-
tional level. Further experiments confirmed that FOSL1
promoted the proliferation of pancreatic cancer cells by
promoting HMGA1 expression. Knockdown of HMGA1
inhibited the proliferation, stemness, invasion and migra-
tion of pancreatic cancer cells, blocked the expression of
genes related to multidrug efflux system, and promoted
the apoptosis of pancreatic cancer cells. Moreover, tar-
geted inhibition of FOSL1 and HMGAL1 expression sig-
nificantly inhibited the proliferation of pancreatic cancer
cells. Our study provides innovation insights into tar-
geted therapies for pancreatic cancer. Targeting FOSL1
and HMGA1 in monotherapy or combination therapy
should be an efficient strategy for the treatment of
advanced and metastasis pancreatic cancer.

Materials and methods

Cell culture

The human pancreatic cancer cells lines SW1990 and
PANC-1 cells were purchased from the cell resources
center of shanghai academy of life sciences (Shang-
hai, China). Capan-1 cells and HPNE cells were pur-
chased from Langfang Beina Biotechnology Co., Ltd
(Hebei, China). PANC-1 cells were cultured in DMEM
(KGL1206, KeyGEN Biotech, Nanjing, Jiangsu, China)
with 10% fetal bovine serum (FBS). SW1990 cells were
cultured in Leibovitz’s L-15 (KGL1804, KeyGEN Biotech,
Nanjing, Jiangsu, China) with 10% FBS. Capan-1 cells
were cultured in IMDM (KGL1101, KeyGEN Biotech,
Nanjing, Jiangsu, China) with 15% FBS. HPNE cells were
cultured in RPMI-1640 (KGL1501, KeyGEN Biotech,
Nanjing, Jiangsu, China) with 10% FBS. All cells were
incubated at 37 °C in a 5% CO, atmosphere.

Bioinformatics data mining and analysis

The differential expression of genes in the cancer genome
atlas (TCGA) database was analyzed by Gene Expression
Profiling Interactive Analysis (GEPIA) online website (htt
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p://gepia2.cancer-pku.cn/#index). The mRNA expression
of FOSL1 and other genes in clinical cancer samples was
compared with that in normal adjacent from TCGA data-
base, and the P value was obtained by one-way ANOVA.
The significant values of P-value and folding change are
0.05 and 2.0 respectively. The effects of FOSL1 and other
genes on the survival of patient with pancreatic cancer
were valuated using Kaplan-Meier Plotter. Samples were
divided into two groups with high expression and low
expression according to the median expression. The 95%
confidence interval (CI), log rank risk ratio (HR) and P
value of overall survival and disease-free survival were
evaluated. The relationship between gene expression and
prognosis was analyzed by the receiver operating charac-
teristic (ROS) curves. The original clinical data source of
183 pancreatic cancer RNA sequencing information was
obtained from the TCGA database (https://portal.gdc.co
m). The ROS curves and calculated area under the curve
(AUC) values were analyzed by the R package pROC,
and the data were visualized as ggplot2. The AUC value
between 0.5 and 0.7 indicates evidence of model success,
the value between 0.7 and 0.9 indicates strong evidence
of model success, and the value greater than 0.9 indicates
strong evidence of model success [31]. Statistical analysis
and visualization were performed in R version 3.6.3. The
expression correlation between the key genes of interest
in the previous intersection genes and FOSL1 expression
were analyzed by the GEPIA2 online tool. The expres-
sion distribution of FOSL1 mRNA in different pancreatic
cancer cell lines was obtained from the CCLE dataset (
https://portals.broadinstitute.org/ccle). The analysis was
constructed by the R v4.0.3 software ggplot2 (V3.3.3).
The ChIP-seq data for FOSL1 was obtained from the Cis-
trome Data Browser (http://cistrome.org/db/#/).

RNA sequencing and data processing of DEGs

PANC-1 cells were transfected with short-hairpin RNA
against FOSL1 (FOSL1 shRNA) or NC shRNA for 3 days.
After treatment, cells were collected to obtain total RNA
using TRIzol reagent (Vazyme, Nanjing, China) accord-
ing to the manufacturer’s manual. A total of 600 ng RNA
was used to prepare libraries using the NEBNext Ultra
RNA Library Perp Kit for Illumina. RNA quantity and
quality were assessed on an Agilent 2100 Bioanalyzer.
RNA library sequencing was performed on an Illumina
HiSeqTM 2500/4000 by Gene Denovo Biotechnology
Co., Ltd. (Guangzhou, Guangdong, China). Differentially
expressed genes (DEGs) in the NC shRNA group vs. the
FOSL1 shRNA group were identified based on a| log,FC|
>1.0 and an adjusted P<0.05. DEGs with a log,FC<1.0
were considered downregulated genes, while DEGs with
alog,FC>1.0 were considered upregulated genes [32, 33].
The raw sequencing data of RNA-seq has been uploaded
onto SRA database (accession number: PRINA1217410).
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GO, KEGG pathway and GESA enrichment analysis

The characteristic biological attributes of the DEGs were
identified by gene ontology (GO) enrichment and gene
set enrichment analysis (GESA) enrichment analysis.
The functional attributes of the DEGs were identified by
kyoto encyclopedia of genes and genomes (KEGG) path-
way enrichment and GESA enrichment analysis. GO
enrichment analysis, KEGG pathway enrichment analy-
sis and GESA enrichment analysis were performed using
Omicsmart, a real-time interactive online platform for
data analysis (http://www.omicsmart.com) [31, 32].

Lentivirus transfection

Lentiviral recombination vectors of human FOSL1 com-
plete RNA (FOSL1 cRNA) (pGV492-FOSL1), HMGA1
cRNA (pGV492-HMGA1) and its scrambled control
(pGV492-NC), Lentiviral recombination vectors of
shRNA against FOSL1 (pGV248-shFOSL1), shRNA
against HMGA1 (pGV248-shHMGA1) and the scram-
bled control (pGV112-shNC) were constructed and pur-
chased from Genechem Co. Ltd. (Shanghai, China). The
Lentiviral vector of GV492-FOSL1 and GV492-HMGA1
was confirmed by PCR and sequencing. The pGV248-
shFOSL1 vector and pGV248-shHMGA1 vector were
confirmed by sequencing. PANC-1 cells and SW1990
cells were infected with FOSL1 ¢cRNA, HMGA1 cRNA,
NC cRNA, FOSL1 shRNA, HMGA1 shRNA and NC
shRNA Lentiviral vectors using HitransG P promoting
reagent according to the manufacturer’s instructions.
After infection with lentiviral vector for 3 days, culture
medium containing virus was removed. Transfected
cells were allowed for growth for 3-5 days, and then
treated with 2.0 ug/mL puromycin for 24 h to select posi-
tive infected cells. For the rescue experiment, cells were
infected with one lentiviral vector for 3 days and the cul-
ture medium containing virus was removed. The cells
were then infected with another vector for 3 days, and
the culture medium containing virus was removed. Cells
transfected with two vectors were allowed for growth for
3-5 days, and then applied for experiments. All trans-
fected cells were validated by Q-PCR and Western blots,
and maintained in medium containing 1.0 pg/mL puro-
mycin [30, 31]. The target sequence of FOSL1 shRNA is
5-CTGTACCTTGTATCTCCCTTT-3; target sequence
of HMGAL1 shRNA is 5- CAACTCCAGGAAGGAAAC
CAA-3] target sequence of NC shRNA is5- CA TTCTC
CGAACGTGTCACGT -3!

MTT assay for cell viability

Cell viability in each group was analyzed by MTT assay
[32, 33]. Untreated cells served as the control. After the
cells transfected with lentiviral vector were cultured
at different time, the viabilities of PANC-1 cells and
SW1990 cells were measured by MTT assay. The relative
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ratio of MTT assay was calculated by the equation: rela-
tive ratio=A g oup, day/A Control, 1- Herein, A gyoup day r€pre-
sents the absorbance value of the comparison group after
culture for different days, A ¢, .01 1 represents the absor-
bance value of untreated cells after culture for 1 day.

Colony formation assay

All cells were seeded in 6-well plates at a concentration of
500 cells/well. After SW1990 cells and PANC-1 cells were
transfected with different lentiviral vectors, the cells were
cultured in medium containing 1.0 uM puromycin for
14 days. The culture medium was changed every 3 days
to allow colony formation. After treatment for 14 days,
the colonies were fixed with cold methanol for 10 min,
stained with 0.1% crystal violet for 10 min, and imaged
using Live cell imaging system of Bio-Tek (Cytation 5,
Vermont, USA). Experiments were repeated at least three
times [32, 33].

Cell apoptosis assays

Cell apoptosis was analyzed by Annexin V-FITC and
PI apoptosis detection kits (KeyGEN Biotech, Nanjing,
Jiangsu, China). After SW1990 cells and PANC-1 cells
were transfected with different lentiviral vectors, the cells
were cultured in medium containing 1.0 pM puromycin
for 3 days. After treatment, the cells were collected and
stained with Annexin V-FITC and PI following the man-
ufacturer’s protocol to analyze cell apoptosis [32, 33]. Cell
apoptosis was detected by Agilent NovoCyte Quanteon
(California, USA) flow cytometer or BD LSRFortessa TM
(New Jersey, USA) flow cytometer. The data of apoptosis
were analyzed by FlowJo 7.6.

Migration and invasion assay

Transwell plate was used to perform cell migration and
invasion experiments. After SW1990 cells and PANC-1
cells were transfected with different lentiviral vectors, the
cells were cultured in medium containing 1.0 uM puro-
mycin for 3 days. After treatment, the cells were collected
and counted to determine cell migration and invasion.
For migration, cells (1x10°/ml) were collected, sus-
pended in 200 pl medium without FBS and seeded into
the upper well of the chamber, and the lower well con-
tained culture medium with 10% FBS. For invasion, the
upper well of each group was plated with 20 pl Matrigel.
After Matrigel solidifying, cells in 200 pl medium with-
out FBS were seeded into the upper well, and the lower
well contained culture medium with 10% FBS. After
incubation for 48 h, the cells were fixed with 4% formal-
dehyde for 30 min, stained with Giemsa for 15 min. Cell
migration or invasion was observed on the outside of the
upper well were observed with a Nikon inverted fluores-
cence microscope (Ts2R-FL, Tokyo, Japan) following the
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manufacturer’s introduction. Five images were randomly
captured per slide.

Sphere formation assay

After SW1990 cells and PANC-1 cells were transfected
with different lentiviral vectors, the cells were cultured in
ultra-low attachment plates at a density of 10,000 cells/
mL. Cells in each group were maintained in serum-free
DMEM/F12 medium supplemented with B27, 20 ng/
mL epidermal growth factor (EGF), and 10 ng/mL basic
fibroblast growth factor (bFGF) for 14 days. The culture
medium was replenished every 4 days by replacing half of
the volume to maintain optimal growth conditions. After
treatment for 14 days, spheres were imaged using Live
cell imaging system of Bio-Tek (Cytation 5, Vermont,
USA). Experiments were repeated at least three times
[34].

Immunofluorescence (IF) assay

After SW1990 cells and PANC-1 cells were transfected
with different lentiviral vectors, the cells were cultured
in medium containing 1.0 uM puromycin for 3 days.
After treatment, cells were fixed with 4% formaldehyde,

Table 1 Primer sequences for genes in Q-PCR

Name Sense (5’-3') Antisense (5-3')

FOSL1T  ACCCATCTGCAAAATCCCGGAA TGCAGTGCCTCAGGTTCAAGC

CD44 CACAAATGGCTGGTACGTCT  ATCATCAATGCCTGATCCAGA

CD133  TAGCTACATTATCGACCCCTT  AGTACTTAGCCAGTTTTACCG

SOX2 ATGGCCCAGGAGAACCCCAA  TCGCAGCCGCTTAGCCTCGTC

BMI1 TCTTCTTGTTTGCCTAGCC ATTTACTGATGATTTTCGAGGT

HMGA1 CCAAGCAGGAAAAGGACG-  GGGCTCCTTCT-

GCACT GACTCCCTACCA

CDH1 TGCCGCCATCGCTTACACC AGGTCAGCAGCTTGAACCAC

CDH2 GAGTTTACTGCCATGACGTT CTGATTCTGTACACTGCGTTC

CTNNB1 CCACTAATGTCCAGCGTTT TGGTCCTCGTCATTTAGCAG

VIM AAATGGCTCGTCACCTTCGT — AAATCCTGCTCTCCTCGCCTT

MMP1  CGCACAAATCCCTTCTACCC ~ ATCTCTGTCGGCAAATTCGT

ABCB1  AGAACTCTTAGCGTATGCAA  AGAAATATTGGCTGTA-
ATAGCTT

ABCC1  CCTCTATCTCTCCCGACAT- GCCCAGCAGACGATCCACA

GACC

ABCC4  TTGCACACAGATTGAACACC  ACCATCTTGTAAAATAGGCTCT

ABCG1  GTCGCTCCATCATTTGCACCA  GGCAGTTCAGACCCAAATCCC

ABCG2  TAGCTGCAAGGAAAGATCCAA ATCTTGTACCACGTAACCTG

SNAL TCACCGGCTCCTTCGTCCT CCTTTCGAGCCTGGAGA-
TCCTT

OCT4 CAGATCAGCCACATCGCCCAG  AGCAGCCTCAAAATCCTCTC-
GTT

ALDH1  CAGTGTTGTATAGCCGCATC ATATACTTCTTAGCCCGCTCA

FN1 TTTCCCATTATGCCGTTGGAG  AATGACCACTTCCAAAGCCTA

ABCC2  AAACTCGGAATGTGAATAGCC ACAGAATTCATCACAAACG-
CAAG

ABCC5  CTTGGGCATTGAATTACCGAAC AACATTCTCTGCCCATCGTTG

GAPDH  GAAACTGTGGCGTGATGGC CACCACTGACACGTTGGCAG

Page 5 of 20

permeabilized with 0.2% (v/v) Triton X-100 in PBS,
blocked with 1% (w/v) BSA in PBS for 1.0 h and stained
with anti-CD44 antibody or anti-ABCBI1 antibody over-
night at 4 °C, and then stained with Goat Anti-Rabbit IgG
H&L labeled with Alexa Fluor 647. After staining, cellular
DNA was counterstained with 4,6-diamidino-2-phenyl-
indole (DAPI). Fluorescence signals were detected using
a Carl Zeiss LSM900 laser confocal microscope (Jena,
Germany). Five fields per sample were quantified.

Q-PCR analysis

After SW1990 cells and PANC-1 cells were transfected
with different lentiviral vectors, the cells were cultured
in medium containing 1.0 pM puromycin for 3 days.
After treatment, total RNA in each group was extracted
with TRIzol reagent (Vazyme, Nanjing, Jiangsu, China)
according to the manufacturer’s instructions. cDNA was
synthesized using HiScript II one step RT-PCR kit (R223-
01, Vazyme, Nanjing, China) with 1.0 pg of total RNA in
a 20 yl reaction system. The resulting cDNA was diluted
1:4 in nuclease-free water and 2.0 ul was used per Q-PCR
reaction with triplicates. Q-PCR was carried out using
ChamQ SYBR Q-PCR master mix (Q711-02, Vazyme,
Nanjing, China) on a QuantStudio 3 real time PCR detec-
tion system (Life Tech, New York, USA) including a
nontemplate negative control. GAPDH was used to nor-
malize the level of mRNA expression. The sequences of
the primers were listed in Table 1.

Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed using the Simple ChIP® Plus
Sonication Chromatin IP Kit (56383, CST, USA) accord-
ing to the manufacturer’s instructions. In brief, PANC-1
cells were crosslinked with 1% formaldehyde for 15 min.
After quenching with glycine solution, the cells were
washed and lysed in ChIP Sonication Cell Lysis Buf-
fer. Then, the nucleic fraction was separated from the
cell lysate and sheared sonication to fragment the DNA.
Chromatin was precipitated by incubating it with anti-
FOSL1 antibody or anti-IgG antibody overnight at 4 °C.
The Protein—-DNA complexes were enriched and puri-
fied by ChIP-Grade Protein G beads. The purified Pro-
tein-DNA complexes were de-crosslinked using 5 M
NaCl and Proteinase K for 2.0 h at 65 °C. Finally, DNA
was purified using spin columns, dissolved in nuclease-
free water, and then analyzed by Q-PCR. The primer
sequence for HMGA1 was TCAGCCCTGACTCATC
CCTC (foreword); CAGTTGTTGGTGTGAGCTCT

(reverse).

Western blots analysis

After treatment, total proteins in SW1990 cells and
PANC-1 cells were extracted with RIPA cell lysis buf-
fer (Beyotime, Shanghai, China) with added protease/
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phosphatase inhibitor cocktail. Protein concentration
was determined by the BCA assay, and equal amounts of
proteins were loaded for Western blots analysis. In brief,
equal amounts of total proteins were loaded for SDS-
PAGE and transferred onto a PVDF membrane (Milli-
pore, Billerica, MA, USA). Membranes with protein were
blocked with 5% (w/v) skim milk, incubated with primary
antibody in Supplementary Materials, and then incu-
bated with secondary antibodies (1:2000) for detection
[32, 33]. GAPDH was used to normalize the level of pro-
tein expression. Densitometric analysis was performed
with Image] software.

Co-IP assay

Total proteins were extracted from PANC-1 cells using
the lysis/washing buffer in the Protein A/G Magnetic IP/
Co-IP kit (ACE Biotechnology, Nanjing, China). Protein
A/G magnetic beads were incubated with anti-FOSL1
antibody, anti-HMGA1 antibody and anti-IgG antibody
at 4 °C overnight to obtain the anti-FOSL1-Protein A/G
magnetic beads, anti-HMGA1-Protein A/G magnetic
beads and the anti-IgG-Protein A/G magnetic beads,
respectively. Proteins were quantified and adjusted
to same concentration, then incubated with the anti-
FOSL1-Protein A/G magnetic beads, the anti-HMGA1-
Protein A/G magnetic beads, or the anti-IgG-Protein
A/G magnetic beads at room temperature for 2 h. After
incubation, unbound proteins were washed with IP buf-
fer. For co-IP Mass spectrometry, the resultant protein
complexes were separated by SDS-PAGE gel electropho-
resis. The in-gel total proteins were analyzed by Gene
Denovo Biotechnology Co., Ltd. (Guangzhou, Guang-
dong, China). For co-IP assay, the resultant protein com-
plexes were subjected to Western blots to determine the
interaction between FOSL1 and HMGAL1 [32, 33].

In vivo antitumor activity

All animal experiments were carried out in accordance
with the institutional guidelines for the care and use of
laboratory animals and approved by the committee on
the ethics of Animal Experiments of Lanzhou Univer-
sity. Six- to seven-week-old athymic BALB/c-nude mice
(16-18 g) were provide by the Animal House in Model
Animal Institute of Nanjing University (Nanjing, Jiangsu,
China). Mice were bred in an environment with a tem-
perature of 25 °C, relative humidity of 60—70%, and light
and dark time of 12 h. PANC-1 cells transfected with
NC shRNA and PANC-1 cells transfected with FOSL1
SshRNA (1x107 cells/ml) were injected into the right
flank of each mouse. After the average volume (mm?) of
xenograft tumors in NC KD group reaching to 150 mm?,
tumor volume and mice weight were recorded. After 32
days of feeding and observation, the mice were killed
to detect the weight of tumors in each group. Tumor
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volume was recorded every three days. Tumor volume
was measured with a vernier caliper and calculated using
the formula, (ab?)/2, where a and b represent length and
width of the tumor.

H&E staining

The lung, liver, heart, kidney and spleen tissue samples
of xenograft model mice were fixed with 4% paraformal-
dehyde, dehydrated with ethanol, immersed in xylene,
embedded in paraffin wax and sectioned into 4.0 pm
slides. The paraffin-embedded sections were stained
with H&E according to the manufacturer’s instructions
(Beyotime, Shanghai, China). Each group of samples was
observed with a DM6B positive fluorescence microscope
(Leica, Frankfurt, Germany). Five images were randomly
captured per slide.

Immunohistochemical (IHC) staining

Xenograft tumors were embedded in paraffin wax and
sectioned in slides. Sections were incubated with 0.3%
hydrogen peroxide for 20 min to quench endogenous
peroxidase and then incubated with 1.0% BSA for 30 min
to block. After blocking, the paraffin-embedded section
was incubated with anti-Ki67 primary antibody at 4 °C
for 12 h, incubated with secondary antibody for another
1.0 h at room temperature and then counterstained for
1 min with hematoxylin. Each group was examined using
the DM6B positive fluorescence microscope (Leica,
Frankfurt, Germany). Five images were randomly cap-
tured per slide.

Statistical analysis

The data were analyzed using SPSS 19.0. The results are
expressed as means * SD. Differences between treatment
regimens were analyzed by two-tailed Student’s ¢-test
or one-way ANOVA. P<0.05 was considered statistical
significance.

Results

FOSL1 promotes the malignant progression of pancreatic
cancers

The transcription factor FOSL1 is involved in regulating
multiple molecular events to promote the progression
of various cancers [10-13]. To evaluate whether FOSL1
is a valuable target for pancreatic cancer treatment, we
analyzed the differential expression of FOSL1 in cancer
tissues and adjacent normal tissues of 31 cancers from
TCGA (Fig. 1A and B, Supplementary Fig. 1A and B).
FOSL1 was generally overexpressed in various types of
cancer, including pancreatic adenocarcinoma (PAAD)
(Fig. 1A, Supplementary Fig. 1A and B). The expression
level of FOSL1 was high in all stages of pancreatic can-
cer (Fig. 1B). Further study on the relationship between
FOSL1 expression and patient survival showed that with
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Fig. 1 FOSL1 promotes the proliferation of pancreatic cancer cells in vitro. (A) Differential expression of FOSL1 between PAAD tissues and adjacent tis-
sues in TCGA project. (B) Pathological stage plot for the expression of FOSL1 in pancreatic cancer. (C) ROC curves for the relationship of FOSL1 expression
and the prognosis of patient with pancreatic cancer. (D) The correlation between FOSL1 expression and the survival of patient with pancreatic cancers.
(E) Distribution of FOSLT mRNA expression in different pancreatic cancer cell lines. (F) Q-PCR analysis of the distribution of FOSLT mRNA expression in
SW1990 cells, Capan-1 cells and PANC-1 cells. (G) Western blots analysis of the expression of FOSL1 in SW1990 cells, Capan-1 cells and PANC-1 cells. (H)
Western blots analysis of FOSL1 expression in PANC-1 cells. (I) Relative viability of PANC-1 cells in each group analyzed by MTT assay. (J) Effects of FOSL1
on the formation of PANC-1 clones. (K) Number of PANC-1 clones in each group. (L) Western blots analysis of FOSL1T expression in SW1990 cells. (M) Ef-
fects of FOSL1 on the formation of SW1990 clones. (N) Number of SW1990 clones in each group. (O) Effects of FOSL1 on the apoptosis of PANC-1 cells. (P)
Percentage of PANC-1 apoptosis cells. (Q) Effects of FOSL1 on the apoptosis of SW1990 cells. (R) Percentage of SW1990 apoptosis cells. The results from
three independent experiments were statistically analyzed using one way ANOVA: "P<0.05, "P<0.01 compared with control group, P<0.05, #P<0.01

compared with FOSL1 KD group. Images were selected randomly from 5 images

the increase of FOSL1 expression, the overall survival
(OV) and disease free survival (RFS) of pancreatic cancer
patient were significantly reduced (Fig. 1C, Supplemen-
tary Fig. 1C). Subsequently, effects of FOSL1 expression
on prognosis of pancreatic cancer was analyzed using
ROS curve. AUC value of ROC curve is indicative of
the correlation between target gene expression and the
prognosis of cancers. The AUC value of the ROC curve
of FOSL1 is 0.97, indicating that the expression of FOSL1
was significantly associated with poor prognosis of pan-
creatic cancer (Fig. 1D). The expression distribution of
FOSL1 mRNA in different pancreatic cancer cell lines
indicated that the expression level of FOSL1 was high
in PANC-1 cells and SW1990 cells (Fig. 1E). Q-PCR and
Western blots results confirmed that the expression of
FOSLL1 in pancreatic cancer cells was higher than that in
normal pancreatic cells. The expression level of FOSL1
was high in PANC-1 cells and SW1990 cells (Fig. 1F, G).
Therefore, we selected PANC-1 cells and SW1990 cells
for further study.

Knockdown of FOSL1 inhibits the proliferation of
pancreatic cancer cells in vitro and in vivo

We firstly investigated the effects of FOSL1 on the prolif-
eration of PANC-1 cells at different time by MTT assay
and colony formation assay (Fig. 1H-N). FOSL1 shRNA
caused a significant decrease in FOSL1 expression, and
FOSL1 cRNA reversed the inhibition of FOSL1 expres-
sion in PANC-1 cells (Fig. 1H). Knockdown of FOSL1 sig-
nificantly inhibited the proliferation of PANC-1 cells and
the formation of PANC-1 clones. The inhibitory effect
of silencing FOSL1 on PANC-1 cell proliferation was
reversed by overexpression of FOSL1 (Fig. 1I-K). FOSL1
shRNA also caused a significant decrease in FOSL1
expression, and FOSL1 cRNA reversed the inhibition
of FOSL1 expression in SW1990 cells (Fig. 1L). Com-
pared with control group or NC KD group, the num-
ber of SW1990 clones in FOSL1 knockdown (FOSL1
KD) group was significantly reduced. Overexpression of
FOSL1 reversed the inhibitory effect of silencing FOSL1
on the proliferation of SW1990 cells, where the num-
ber of clones in the FOSL1 KD with FOSL1 overexpres-
sion (FOSL1 OE) group was significantly increased

compared with the FOSL1 KD group (Fig. 1M and N).
Similarly, knockdown of FOSL1 promoted the apoptosis
of PANC-1 cells and SW1990 cells, and this inhibitory
effect was significantly reversed by overexpression of
FOSL1 (Fig. 10-R). Subsequently, we constructed sta-
ble FOSL1-knockdown PANC-1 cells and evaluated the
effect of FOSL1 on the growth of pancreatic cancer cells
in vivo (Fig. 2). We used FOSL1-knockdown PANC-1
cells and NC-knockdown PANC-1 cells to construct
the cell line-derived xenograft (CDX) tumors (Fig. 2A).
After 32 days of observation, knockdown of FOSL1 did
not cause significant damage of the kidney, Lung, Spleen,
Liver and Heart of mice (Fig. 2B). Meanwhile, knock-
down of FOSL1 had no effect on the body weight of mice
(Fig. 2C). However, knockdown of FOSL1 significantly
inhibited the volume and weight of PANC-1 CDX tumors
(Fig. 2D-F). Compare with NC KD group, the inhibition
ratio of tumor volume and weight in FOSL1 KD group
were 49.19% and 56.18%, respectively (Fig. 2G). The IHC
results of Ki-67 in FOSL1 KD group were significantly
decreased, which confirmed that knockdown of FOSL1
could significantly inhibit the progression of PANC-1
xenograft tumors (Fig. 2H and I).

FOSL1 regulates genes-involved in cell stemness, EMT and
multidrug efflux system

To clarify the mechanism of FOSL1 in regulating the
proliferation of pancreatic cancer cells, we used RNA
sequencing to analyze the effects of FOSL1 on the expres-
sion of genes in PANC-1 cells (Fig. 3A-C, Supplementary
Table 1). Knockdown of FOSL1 induced up-regulation
of 2145 DEGs and down-regulation of 305 DEGs in
PANC-1 cells. The results of GO functional enrichment
and KEGG pathways enrichment showed that DEGs
regulated by FOSL1 were mostly associated with cell
stemness, epithelial-mesenchymal transition (EMT) and
multidrug efflux system (Fig. 3A and B, Supplementary
Table 2). By comparation of NC KD group vs. FOSL1 KD
group, 10 DEGs were selected based on the results of GO
enrichment and KEGG pathway enrichment (Fig. 3C).
Among these DEGs, 3 genes were associated with cells
stemness, 4 genes were associated with cell invasion and
migration, 3 genes were involved in multidrug efflux
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Fig. 2 Knockdown of FOSL1 inhibits the proliferation of PANC-1 xenograft tumors. (A) Western blots analysis of FOSL1 expression in PANC-1 cells. (B) Tis-
sue damage was determined by H&E staining. (C) Mice weight of PANC-1 xenograft tumor model. (D) Effects of FOSL1 on tumor volume. (E) The photos
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system. The differential expression of these genes in pan-
creatic cancer tissues and adjacent normal tissues indi-
cated that all genes except CD44 were overexpressed in
pancreatic cancer (Fig. 3D). Further bioinformatic analy-
sis showed that the expressions of CD44, HMGA1 and
cadherin 1 (CDH1) were positively correlated with the
expression of FOSL1 in pancreatic cancer cells (Fig. 4A).
The AUC values of the ROC curves for BMI1, HMGALI,
vimentin (VIM), B-catenin (CTNNB1), matrix metal-
lopeptidase 1 (MMP1), CDH1, ATP binding cassette
subfamily B member 1 (ABCB1), ATP binding cassette
subfamily G member 1 (ABCG1) and ATP binding cas-
sette subfamily C member 4 (ABCC4) were all greater
than 0.90, indicating that the expression of these genes

was significantly associated with the poor prognosis of
pancreatic cancer (Fig. 4B). Survival analysis suggested
that with the increase of CD44, HMGA1 and MMP1
expression, the OV of pancreatic cancer patient was sig-
nificantly reduced, while with the increase of ABCBlex-
pression, the OV was significantly increased (Fig. 4C). In
summary, HMGA1 is the key overexpressed gene in pan-
creatic cancer, which is positively correlated with FOSL1
expression and is related to the malignant progression
and poor prognosis of pancreatic cancer.
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Fig.3 FOSL1 regulated genes-involved in cell stemness, EMT and multidrug efflux system. (A) GO enrichment and (B) KEGG pathway enrichment analy-
sis of DEGs regulated by FOSL1. (C) Heatmap plot for the DEGs involved in cell stemness, invasion and migration, and multidrug efflux system analyzed
by RNA sequencing. (D) Differential expression of genes between cancer tissues and adjacent tissues of pancreatic cancers in TCGA project. Data were
statistically analyzed using one way ANOVA: "P<0.05 compared with adjacent tissues

Knockdown of FOSL1 inhibits stemness, invasion and

migration, and multidrug efflux system

Sphere formation assay is used to assess the stemness of

of spheres suggests that FOSL1 promoting the stemness
of pancreatic cancer cells. Subsequently, we analyzed the

cancer cells [35]. More three-dimensional spheres indi- of stem cell. The results of

cate that the proliferation ability and stemness of can-

cer cells are stronger [35]. Compared with control group  with control group and NC

and NC KD group, the number of PANC-1 spheres and
SW1990 spheres was significantly reduced in FOSL1 KD

group (Fig. 5A and B). Effects of FOSL1 on the formation  ern blots results confirmed

effects of FOSL1 on the expression of CD44, a biomarker

IF showed that knockdown

of FOSL1 inhibited the expression of CD44. Compared

KD group, the red fluores-

cence intensity corresponding to CD44 was significantly
reduced in FOSL1 KD group (Fig. 5C). Further West-

that knockdown of FOSL1
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Fig.5 Effects of FOSL1 on cell stemness, invasion and migration, and multidrug efflux system. (A) Effects of FOSL1 on the formation of three-dimensional
spheres. (B) Sphere numbers in PANC-1 cells and SW1900 cells. (C) Effects of FOSL1 on CD44 expression analyzed by immunofluorescence. (D) Effects of
FOSL1 on stemness-related genes expression in PANC-1 cells analyzed by Western blots. (E) Effects of FOSL1 on the invasion and migration of pancreatic
cells. (F) Percentage of migrated cells and invaded cells in SW1990 cells and PANC-1 cells. (G) Effects of FOSL1 on metastasis-related genes expression in
PANC-1 cells analyzed by Western blots. (H) Effects of FOSLT on ABCB1 expression analyzed by immunofluorescence. () Effects of FOSL1 on the expression
of genes related to multidrug efflux system in PANC-1 cells analyzed by Western blots. Images were selected randomly from 5 images. The results from
three independent experiments were statistically analyzed using one way ANOVA: ‘P<0.05, “P<0.01 compared with control group

significantly inhibited the expression of CD133, SOX2,
BMI1 and HGMAL1, which regulate the stemness of can-
cer cell (Fig. 5D). Meanwhile, we investigated the effects
of FOSL1 on the invasion and migration of pancreatic
cancer cells. Knockdown of FOSLI significantly inhib-
ited the invasion and migration of both PANC-1 cells
and SW1990 cells (Fig. 5E and F). Western blots results
showed that knockdown of FOSLI significantly inhibited
the expression of CDH2, CTNNBI1, VIM and MMP],
and promoted the expression of CDH1, which regulate
cancer cell metastasis (Fig. 5G). We also investigated the
effects of FOSL1 on the expression of genes in regulat-
ing multidrug efflux system using IF and Western blots.
Silencing FOSL1 expression significantly decreased the
expression of ABCB1, ATP binding cassette subfamily C
member 1 (ABCC1), ABCC4, ABCG1 and ATP binding
cassette subfamily G member 2 (ABCG2) in pancreatic
cancer cells (Fig. 5H and I).

FOSL1 regulates HMGAT1 expression to promote the
proliferation of pancreatic cancer cells

We used co-IP Mass spectrometry to analyze the pro-
teome interacting with FOSL1 in PANC-1 cells. 810 pro-
teins were detected to potentially interact with FOSL1.
70 common genes were detected by RNA sequencing
and FOSL1 co-IP Mass spectrometry (Fig. 6A, Supple-
mentary Table 3). The results of GO functional enrich-
ment and KEGG pathways enrichment showed that these
70 genes were involved in regulating DNA packaging,
DNA repair, cell apoptosis, cell necroptosis, cell metas-
tasis and immune response (Fig. 6B and C). Among these
genes, HMGA1 may be a key target regulated by FOSL1
and act synergistically with FOSL1. Similar to FOSLI,
HMGAL was also highly expressed in SW1990 cells and
PANC-1 cells (Fig. 6D and E). Co-IP assay confirmed that
FOSL1 directly interacted with HMGA1 in PANC-1 cells
(Fig. 6F). Subsequently, we investigated the regulatory
relationship between FOSL1 and HMGA1 in SW1990
cells by Q-PCR and Western blots. The resulted showed
that knockdown of FOSL1 significantly inhibited the
expression of HMGA1, while knockdown of HMGA1 did
not significantly affect the expression of FOSL1 (Fig. 6G).
This suggest that HMGA1 is the downstream target of
FOSLL1. As an important transcription factor, FOSL1 can
regulate the expression of downstream target genes at
the transcriptional level. To analyze whether HMGAL1 is
a downstream target directly regulated by FOSL1 at the

transcriptional level, we analyzed ChIP-seq of FOSL1
using Cistrome Data Browser. From the ChIP-seq data
of FOSL1, we can clearly observe the peak of HMGAI,
which means that HMGA1 is directly regulated by
FOSL1 at the transcriptional level (Fig. 6H, Supplemen-
tary Fig. 2). Q-PCR of ChIP confirmed that the promoter
of HMGAL1 directly binds to FOSL1 (Fig. 6I).

HMGAT1 reverses the inhibitory effect of FOSL1 knockdown
on malignant proliferation of pancreatic cancer cells

As a direct downstream target of FOSL1, overexpres-
sion of HMGA1 promoted the expression of FOSL1 in
SW1990 cells (Fig. 7A). We firstly investigated the effects
of HMGAL1 on the proliferation of SW1990 cells at differ-
ent time by MTT assay (Fig. 7B). Knockdown of HMGA1
significantly inhibited the proliferation of SW1990 cells.
Compared with control group or NC KD group, the cell
viability of SW1990 cells were significantly inhibited.
The results of colony formation assay showed that the
number of SW1990 clones in FOSL1 KD group was sig-
nificantly reduced. Overexpression of HMGA1 reversed
the inhibitory effect of silencing FOSL1 on the forma-
tion of SW1990 clones, where the number of clones in
the FOSL1 KD with HMGA1 OE group was significantly
increased compared with the FOSL1 KD group (Fig. 7C
and D). Moreover, Knockdown of FOSL1 promoted the
apoptosis of SW1990 cells, and this inhibitory effect
was significantly reversed by overexpression of HMGA1
(Fig. 7E and F). The percentage of apoptosis SW1990
cells increased from 7.18% in NC KD group to 40.6% in
FOSL1 KD group, and the percentage of apoptosis cells
decreased to 5.37% in in FOSL1 KD with HMGA1 OE
group. Subsequently, we analyzed the effects of HMGA1
on the proliferation of PANC-1 cells (Fig. 7G and H).
The results of MTT assay confirmed that knockdown
of HMGAL1 inhibited the proliferation of PANC-1 cells
(Fig. 7H). The inhibitory effect of silencingFOSL1 on the
formation of PANC-1 clones was reversed by overexpres-
sion of HMGA1 (Fig. 7I and J). Knockdown of FOSL1
promoted the apoptosis of PANC-1 cells, and this inhibi-
tory effect was significantly reversed by overexpression
of HMGA1 (Fig. 7K and L). HMGAL is the key target of
FOSL1 that promotes malignant proliferation of pancre-
atic cancer cells.
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Knockdown of HMGAT1 inhibits stemness, invasion and also investigated. Knockdown of HMGALI significantly
migration, and multidrug efflux system inhibited the invasion and migration of both PANC-1
Knockdown of HMGAL significantly inhibited the for-  cells and SW1990 cells (Fig. 8F and G). Q-PCR and West-
mation of three-dimensional spheres (Fig. 8A and B). IF  ern blots results showed that the expressions of CDH2,
results confirmed that knockdown of HMGA1 inhib- CTNNBI1, VIM and MMP1 were significantly decreased,
ited the expression of CD44, where the red fluorescence  while the expression of CDH1 was significantly increased
intensity significantly decreased in the HMGA1 KD  after HMGA1 knockdown in SW1990 cells and PANC-1
group (Fig. 8C). Meanwhile, the expression of CD133, cells (Fig. 8H and I). We also investigated the effects of
BMI1, snail family transcriptional repressor 1 (SNAIL1) HMGAI on the expression of genes-related to multidrug
and POU class 5 homeobox 1 (OCT4) were significantly  efflux system using Q-PCR and Western blots. Silencing
decreased after HMGA1 knockdown in SW1990 cellsand HMGA1 expression significantly inhibited the expres-
PANC-1 cells (Fig. 8D and E). Effects of HMGA1 on the sion of ABCB1, ABCC1, ABCC4, ABCG1 and ABCG2 in
invasion and migration of pancreatic cancer cells were =~ SW1990 cells and PANC-1 cells (Fig. 8] and K). HMGA1
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promotes the malignant progression of pancreatic cancer
by regulating cancer cells stemness, invasion and migra-
tion, and multidrug efflux system.

Targeted Inhibition of FOSL1 and HMGAT1 expression
significantly inhibit the proliferation of pancreatic cancer
cells

We simultaneously knocked down the expression of
FOSL1 and HMGALI to investigate their combined effects
on the proliferation of pancreatic cancer cells. FOSL1
shRNA significantly decreased the expression of FOSL1
and HMGA1, HMGA1 shRNA significantly decreased
the expression of HMGA1, and FOSL1 shRNA combined

with HMGA1 shRNA significantly decreased the expres-
sion of FOSL1 and HMGAL1 in PANC-1 cells (Fig. 9A).
Compared with FOSL1 KD group or HMGA1 KD group,
the number of PANC-1 clones was significantly reduced
in FOSL1 KD with HMGA1 KD group (Fig. 9B and C).
Meanwhile, FOSL1 shRNA combined with HMGA1
shRNA significantly decreased the expression of FOSL1
and HMGA1 in SW1990 cells (Fig. 9D). Simultane-
ous knockdown of FOSL1 and HMGAL significantly
inhibited the formation of SW1990 clones (Fig. 9E and
F). Moreover, simultaneous knockdown of FOSL1 and
HMGAL significantly promoted the apoptosis of PANC-1
cells. The percentage of apoptosis cells increased from
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Fig. 8 Effects of HMGA1 on cell stemness, invasion and migration, and multidrug efflux system. (A) Effects of HMGA1 on the formation of three-dimen-
sional spheres. (B) Sphere numbers in PANC-1 cells and SW1900 cells. (C) Effects of HMGAT on CD44 expression in PANC-1 cells and SW1990 cells analyzed
by immunofluorescence. (D) Effects of HMGA1 on stemness-related genes expression in SW1990 cells and in PANC-1 cells analyzed by Q-PCR. (E) The
expression of stemness-related genes in SW1990 cells and PANC-1 cells analyzed by Western blots. (F) Effects of HMGA1 on the invasion and migration of
pancreatic cells. (G) Percentage of migrated cells and invaded cells in SW1990 cells and PANC-1 cells. (H) Effects of HMGA1 on EMT-related genes expres-
sion in SW1990 cells and in PANC-1 cells analyzed by Q-PCR. (I) The expression of EMT-related genes in SW1990 cells and PANC-1 cells analyzed by Western
blots. (J) Effects of HMGA1 on the expression of genes related to multidrug efflux system in SW1990 cells and in PANC-1 cells analyzed by Q-PCR. (K) The
expression of genes related to multidrug efflux system in SW1990 cells and PANC-1 cells analyzed by Western blots. The results from three independent
experiments were statistically analyzed using one way ANOVA: 'P<0.05, P <0.01 compared with control group. Images were selected randomly from 5

images

23.5% in FOSL1 KD group and 26.5% in HMGA1 KD
group to 55.7% in FOSL1 KD with HMGA1 KD group
(Fig. 9G and H). The simultaneous knockdown of FOSL1
and HMGA1 was also significant in promoting apopto-
sis of SW1990 cells. The percentage of apoptosis cells
increased from 28.8% in FOSL1 KD group and 30.5% in
HMGA1 KD group to 49.5% in FOSL1 KD with HMGA1
KD group (Fig. 91 and J). In summary, targeted inhibition
of FOSL1 and HMGAL1 expression significantly inhibit
the proliferation of pancreatic cancer cells.

Discussion
Novel therapeutic strategies are urgently required for the
treatment of challenging pancreatic cancer, one of the
leading causes for cancer-related death worldwide [1-3].
With the development of sequencing technology and bio-
informatics, innovative targeted therapy has the potential
to improve survival and quality of life for patients with
pancreatic cancer [6-9]. The success of PARP targeted
therapy and KRAS targeted therapy demonstrates that
targeted therapy is another option and hope for the treat-
ment of advanced and metastatic pancreatic cancer [7—
9]. However, existing targeted drugs have limitations such
as narrow clinical indications and drug resistance [6-9].
Novel targets and therapeutic strategies are urgently
required for the treatment of challenging pancreatic can-
cer. FOSL1 is overexpressed in many human cancers and
contributes to malignant progression and poor prognosis
[13-19]. Targeting FOSL1 in monotherapy or combina-
tion therapy may have good therapeutic effect on chal-
lenging pancreatic cancer. Herein, we investigated the
effect FOSL1 on the malignant proliferation of pancreatic
cancer cells and the corresponding mechanism.
Transcription factor FOSL1 has been shown to pro-
mote the malignant proliferation and poor prognosis in
a variety of cancers and is associated with chemotherapy
resistance [13—17]. We found that FOSL1 was overex-
pressed in pancreatic cancer cells. The results of survival
analysis and prognosis analysis showed that with the
increase of FOSL1 expression, the survival and prognosis
of pancreatic cancer patients became worse. Knockdown
of FOSL1 inhibited the proliferation of pancreatic cancer
cells in vitro and in vivo. RNA sequencing studies showed
that FOSL1 promoted pancreatic cancer progression by

regulating cancer cell stemness, metastasis, and multi-
drug efflux system. Further mechanism studies showed
that silencing FOSL1 expression inhibited the forma-
tion of three-dimensional spheres and the expression
of CD44, BMI1 and HMGAI1. Sphere formation assay
is used to assess the stemness of cancer cells [35]. More
three-dimensional spheres indicate that the prolifera-
tion ability and stemness of cancer cells are stronger [35].
CD44 is an important stem cell biomarker that is asso-
ciated with the stemness of cancer cells [36]. BMI1 and
HMGAL paly crucial roles of cancer stemness including
invasion, drug resistance and cancer initiation [37, 38].
The effect of FOSL1 on the formation of three-dimen-
sional spheres and the expression of these genes con-
firmed that FOSL1 promoted the stemness of pancreatic
cancer cells. In fact, FOSL1 has been shown to induce the
stemness of pancreatic cancer cells by regulating RNA
polymerase II-associated factor expression [39]. FOSL1
promotes the stemness of hepatocellular carcinoma cells
by regulating HEY1 expression [40]. FOSL1 promotes
stem cell-like characteristics and facilitates metastasis
in osteosarcoma by targeting SOX2 [41]. FOSL1 pro-
motes colorectal cancer stem-like properties by target-
ing Nanog homeobox [42]. Stemness of cancer cells has
been shown to promote cancer invasion and drug resis-
tance, and is closely related to the malignant prolifera-
tion and poor prognosis of cancers [43]. Indeed, FOSL1
regulated the expression of genes involved in regulating
EMT and multidrug efflux system. EMT is a complex
physiological process whose dysfunction can promote
invasion and metastasis of cancer [44]. Decreased expres-
sion of epithelial markers CDH1 and elevated expression
of VIM and CDH2 have been shown to contribute to
the invasion and metastasis of cancer [45, 46]. B-catenin
is a key target in the Wnt/p-catenin signaling pathway
that regulates tumor metastasis [47]. MMP1 is involved
in multiple biological functions, and promotes cancer
progression and poor outcome by regulating the inva-
sion, metastasis and angiogenesis [48]. Knockdown of
FOSL1 significantly inhibited the expression of CDH2,
B-catenin, VIM and MMPI, and promoted the expres-
sion of CDH1. The effect of FOSL1 on the expression of
these genes proves that FOSL1 promotes the invasion
and metastasis of pancreatic cancer. Overexpression of
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Fig.9 FOSL1 and HMGA1 combined effects on the proliferation of pancreatic cancer cells. (A) The expression of FOSL1T and HMGAT in PANC-1 cells ana-
lyzed by Western blots. (B) Effects of FOSLT and HMGAT1 on the formation of PANC-1 clones. (C) Numbers of PANC-1 clones in each group. (D) The expres-
sion of FOSLT and HMGAT in SW1990 cells analyzed by Western blots. (E) Effects of FOSLT and HMGA1 on the formation of SW1990 clones. (F) Numbers of
SW1990 clones in each group. (G) Effects of FOSLT and HMGAT1 on the apoptosis of PANC-1 cells. (H) Percentage of apoptosis of PANC-1 cells. (I) Effects of
FOSL1 and HMGAT1 on the apoptosis of SW1990 cells. (J) Percentage of apoptosis of SW1990 cells. The results from three independent experiments were
statistically analyzed using one way ANOVA: "P<0.05, “P<0.01 compared with control group, 'P<0.05, “P<0.01 compared with control group, #P<0.05,

#p <0.01 compared with FOSL1 KD combined with HMGA1 KD group

multidrug efflux systems is an important cause of drug
resistance in cancer cells, which is closely associated with
the poor prognosis of cancer [49]. Membrane ABC trans-
porters, including ABCB1, ABCC1, ABCC4, ABCG1 and
ABCG2, eject anticancer drugs to reduce the sensitivity
of cancer cells to drugs [49-51]. Silencing FOSL1 expres-
sion significantly inhibited the expression of these mem-
brane ABC transporters to promote multidrug resistance
in cancer cells. A series of regulatory effects of FOSL1 on
stemness, invasion and metastasis, and multidrug efflux
system suggest that FOSL1 is a key driving target for the
malignant progression and poor prognosis of pancreatic

cancer. Targeting FOSL1 has the potential to improve
survival and quality of life for patients with pancreatic
cancer.

Among these important targets regulated by FOSLI,
we found that HMGA1 expression was positively cor-
related to FOSL1 expression. Meanwhile, HMGA1 was
overexpressed in pancreatic cancer, which was negatively
correlated with patient survival and positively correlated
with poor prognosis. Further RNA sequencing and co-IP
Mass spectrometry analysis showed that HMGA1 was a
crucial target that regulated by FOSL1 and directly inter-
acted with FOSL1. Q-PCR of ChIP confirmed that the
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promoter of HMGAL1 directly binds to FOSL1. HMGA1
is directly regulated by FOSL1 at the transcriptional level.
Further experiments confirmed that FOSL1 promoted
the proliferation of pancreatic cancer cells by promoting
HMGAT1 expression. HMGA1 is a nonhistone chromatin
structural protein that is overexpressed in various can-
cers and is associated with cancer occurrence, malignant
progression and poor prognosis [21-23]. HMGAL1 is an
oncogene that promotes stemness, invasion and metas-
tasis, drug resistance, immunosuppression, and cell cycle
progression through multiple signaling pathways [24—
30]. Indeed, HMGA1 regulated the expression of genes
involved in cell stemness, EMT, and multidrug efflux sys-
tems. Knockdown of HMGA1 inhibited the proliferation,
stemness, invasion and migration, and drug resistance of
pancreatic cancer cells, and promoted the apoptosis of
pancreatic cancer cells. Moreover, targeted inhibition of
FOSL1 and HMGA1 expression significantly inhibited
the proliferation of pancreatic cancer cells. Targeting
FOSL1 and HMGA1 simultaneously may lead to an effec-
tive treatment for pancreatic cancer.

Conclusions

In summary, we clarified the mechanism for the effect
of FOSL1 on the proliferation of challenging pancreatic
cancer in vitro and in vivo. FOSL1 is overexpressed in
pancreatic cancer cells and closely correlated with the
poor survival and prognosis of patients with pancreatic
cancer. FOSL1 promotes the malignant proliferation and
progression of pancreatic cancer by regulating stem-
ness, invasion and metastasis, and multidrug efflux sys-
tem. HMGAL1 is a crucial downstream target regulated
by FOSLLI at the transcriptional level and directly inter-
acts with FOSL1 to promote the malignant progression
of pancreatic cancer. HMGA1 regulates the expression of
genes related to cell stemness, EMT, and multidrug efflux
systems to promote the proliferation of pancreatic cancer
cells. Targeted inhibition of FOSL1 and HMGA1 expres-
sion significantly inhibited the proliferation of pancreatic
cancer cells. Targeting FOSL1 and HMGA1 in mono-
therapy or combination therapy is a promising strategy
for the treatment of advanced and metastasis pancreatic
cancer.
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