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Abstract

Gemcitabine is considered a standard treatment for pancreatic cancer, but developing drug resistance greatly limits the
effectiveness of chemotherapy and increases the rate of recurrence. Lysyl oxide-like 2 (LOXL2) is highly expressed in
pancreatic cancer and is involved in carcinogenesis and EMT regulation. However, studies on the role of LOXL2 in drug
resistance are limited. Here, we investigated the mechanism of LOXL?2 induction and the effect of LOXL2 on EMT and CSC
in gemcitabine-resistant pancreatic cancer. Glucose metabolism was activated in gemcitabine-resistant pancreatic cancer
cells, and NF-xB signaling was regulated accordingly. Activated NF-kB directly induces transcription by binding to the
promoters of LOXL2 and ZEB1. The EMT process was significantly inhibited by the coregulation of ZEB1 and LOXL2. In
addition, LOXL2 inhibition reduced the expression of cancer stemness markers and stemness by regulating MAPK signal-
ing activity. LOXL2 inhibits tumor growth of gemcitabine-resistant pancreatic cancer cells and increases the sensitivity to
gemcitabine in mouse models.

Key messages

e We identified a specific mechanism for inducing LOXL?2
overexpression in gemcitabine-resistant pancreatic can-
cer. Taken together, our results suggest LOXL2 has an

important regulatory role in maintaining gemcitabine
resistance and may be an effective therapeutic target to
treat pancreatic cancer.
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Introduction

Pancreatic cancer ranks as the ninth leading cause of cancer-
related mortality in Korea. Despite progress in techniques
for detection and management, the 5-year survival rate
only peaked at 13.9% [1]. It remains a deadly malignancy,
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with few symptoms evident before the disease reaches its
advanced stage [2]. Overall, the low rate of early detec-
tion, rapid progression, drug resistance, and lack of proper
therapy leads to a poor prognosis [3]. Pancreatic ductal
adenocarcinomas (PDACs) account for 90% of pancreatic
malignancies. The current standard of cure for resectable
pancreatic cancer is surgery followed by adjuvant chemo-
therapy [4]. Although patients received successful surgical
treatment, most will suffer from disease recurrence within
a year [5]. Thus, the main considerations are undetected
micrometastasis, which is limited to elimination by surgical
resection and the development of chemical resistance.
Gemcitabine has been widely used as a first-line drug
for advanced pancreatic cancer. Gemcitabine (dFdC) is a
deoxycytidine nucleoside analog, which acts by inhibit-
ing proliferation and blocking the cell cycle process at
the G1/S phase boundary by suppressing DNA synthesis
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[6]. Although gemcitabine is considered effective among
patients with advanced and metastatic pancreatic cancer, the
development of chemoresistance severely limits the effec-
tiveness of chemotherapy and increases the recurrence of
control failure [7].

Malignant tumors known to have aberrant cellular metab-
olism exhibit the Warburg effect, in which large amounts of
lactic acid are produced by aerobic glycolysis and reduced
mitochondrial oxidative phosphorylation, resulting in
growth benefit. The acidic tumor microenvironment cre-
ated by excessive lactic acid production promotes the migra-
tion and invasion of tumor cells [8]. Furthermore, through
increased glucose utilization because of overexpression of
the glucose transporter (Glut), pancreatic cancer not only
promotes tumorigenesis but also provides a favorable envi-
ronment for drug resistance [9]. These persistent glycolytic
changes allow cancer cells to adapt to a hypoxic environ-
ment, produce the biosynthetic building blocks necessary for
cell proliferation, and acidify the local environment to pro-
mote tumor invasion. Subsequently, NADPH and glutathione
are formed through a pentose phosphate shunt to increase
resistance to oxidation [10]. Therefore, since the Warburg
effect is considered a fundamental property of neoplasia,
the ability of glucose transporter inhibition to enhance the
sensitivity of pancreatic cancer cells to gemcitabine through
inhibition of glucose uptake represents a therapeutically rel-
evant strategy for cancer treatment [11].

Glucose metabolic enzymes and their products also
exert multilevel control of nuclear factor kappa B (NF-
kB) activity, creating a highly connected regulatory net-
work [12]. The NF-xB signaling system, a key regula-
tor of immunological processes, also affects a variety of
metabolic changes associated with inflammation and the
immune response. NF-kB—regulating signaling cascades,
with NF-kB-mediated transcriptional events, control the
metabolism at several levels. NF-kB modulates apical com-
ponents of metabolic processes including metabolic hor-
mones such as insulin and glucagon. The cellular master
switches 5" AMP-activated protein kinase and mTOR, as
well as many metabolic enzymes and their respective regu-
lators [13]. The role of NF-xB in glucose uptake reveals a
comparably complex picture, because knockdown of p65 in
mouse embryonic fibroblasts resulted in increased expres-
sion of GLUT3, whereas opposing observations described
a positive role of NF-kB in its expression [14]. It was also
proposed that glycolysis stimulates IKK/NF-«xB activity, as
revealed by reduced IKK activity in the presence of a gly-
colytic inhibitor and increased IKK activity after GLUT3
expression [15].

Lysyl oxidase like 2 (LOXL2) is an ECM-related enzyme
catalyzing the formation of collagen crosslinks. Evidence
has emerged to suggest that LOXL2 plays a role in the
promotion of cancerous cell invasion, metastasis, and
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angiogenesis and malignant transformation of solid tumors
[16]. Expression of LOXL?2 in pancreatic cancer activates
epithelial to mesenchymal transition (EMT)-induced signals
and induces changes in EMT, affecting invasiveness. Several
studies have attempted to determine the role of LOXL?2 in
gemcitabine resistance. Reduction of E2F5, one of the EMT-
related transcription factors, by LOXL2, has been shown to
increase sensitivity to gemcitabine [17]. Furthermore, the
activity of the Lox family participated in the chemoresist-
ance of pancreatic cancer by limiting the intratumoral dis-
tribution of gemcitabine [18].

Recently, it has been shown that the EMT process of can-
cer cells is associated with chemotherapy resistance [19].
According to other cancer studies, not all drug-resistant
cells showed EMT, but they had undergone an EMT pro-
cess and EMT cells had a selective growth advantage in the
presence of the drug. It has been increasingly revealed that
cancer drug resistance is frequently accompanied by EMT in
diverse cancer. Furthermore, EMT signaling pathways and
morphological and genetic changes by EMT were actually
found to contribute to drug resistance [20]. In gemcitabine
resistance in pancreatic cancer, entl and cnt3 are frequently
upregulated in KPC mouse models with deleted snail or
twist [21]. Furthermore, the Akt/GSK3f/snail 1 pathway
was revealed to be the key signaling event leading to acqui-
sition of gemcitabine resistance in pancreatic cancer [22].
However, the other underlying mechanisms of EMT in pan-
creatic cancer gemcitabine resistance are not fully studied.

Cancer stem cells (CSC) are reported to be responsible
for tumor initiation as well as drug-resistant phenotypes,
such as reduced rates of apoptosis, reduced rates of mitosis,
and DNA damage [23-26]. Following CSC models, recent
studies have identified the existence of three transcription-
ally defined pancreatic cancer subtypes with different bio-
logical properties and subtype-specific drug responses [27,
28]. CD44 + CD24 + ESA + pancreatic cancer cells have
been reported to exhibit significant resistance to GEM and
radiation and contribute to pancreatic cancer recurrence
and metastasis [29]. Therefore, targeting cancer stem cells
by identifying the resistance mechanisms that support the
expression of a resistant phenotype could be an effective
method for treating gemcitabine-resistant pancreatic cancer.

Materials and methods
Patient selection

Patients diagnosed with pancreatic cancer at Gangnam
Severance Hospital from 2018 to 2019 received pancreatic
resection. All the patients had received adjuvant gemcitabine
chemotherapy. Gemcitabine (1000 mg/m?) was infused over
30 min once a week for 3 out of 4 weeks. Each regimen was
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administered to the patients for 6 cycles. Patients who had
not any recurrence for 1 year after receiving gemcitabine-
based chemotherapy (6 cycles) were considered chem-
otherapy-sensitive, while the rest of these patients were
regarded as chemotherapy-resistant (Table 1). The study
protocol was approved by the Institutional Review Board at
Gangnam Severance Hospital, Yonsei University of Korea

Table 1 Summary of patient’s clinical characteristic

Characteristic Gemcitabine Gemcitabine
resistant (n =16)  sensitive
(n=6)
Age
Median 63 63
Range 47-717 37-73
Sex
Male 6 (37.5%) 2 (33.3%)
Female 10 (62.5%) 4 (66.7%)
Margin status
RO 14 (87.5%) 6 (100%)
R1 0 (0%) 0 (0%)
R2 2 (12.5%) 0 (0%)
Tumor size
Mean +SD, cm 3.57 (+0.29) 3.28 (+0.24)
Operation name
PPPD 13 (81.3%) 5(83.4%)
DP 3 (18.7%) 1 (16.6%)
Cell differentiation
Well 2(12.5%) 3 (50%)
Moderate 13 (81.3%) 3(50%)
Poor 1(6.2%) 0 (0%)
Lymphovascular invasion
No 3 (18.7%) 4 (66.7%)
Yes 6 (37.5%) 2 (33.3%)
Unknown 7 (43.8%) 0 (0%)
Perineural invasion
No 1(6.2%) 1 (16.6%)
Yes 531.2%) 5 (83.4%)
Unknown 10 (62.6%) 0 (0%)
N stage
NO 6 (37.4%) 3 (50%)
N1 10 (62.6%) 3 (50%)
N2 0 (0%) 0(0%)
AJCC stage 8™
1B 0 (0%) 1 (16.6%)
1A 3 (18.7%) 2 (33.3%)
1B 11 (68.8%) 3 (50.1%)
111 2(12.5%) 0 (0%)
v 0(0%) 0 (0%)

PPPD pylorus preserving pancreaticoduodenectomy, DP distal pan-
createctomy, AJCC American Joint Committee on Cancer

(3-2014-0153) and complied with the Declaration of Hel-
sinki. Informed consent was obtained from all participants.

Cell line construction

Mia PaCa-2 cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). Cells were cul-
tured in DMEM (Biowest) supplemented with 10% FBS
(Biowest) and 1% antibiotic—anti-mycotic reagent (Gibco,
Waltham, MA, USA). The cells were incubated at 37 'C in
a humidified atmosphere of 5% CO,. Gemcitabine-resistant
cell lines Mia GR were constructed by exposing to increas-
ing dosages of gemcitabine for 3 months, and then persis-
tently culturing in medium containing 10 pM gemcitabine.

RNA sequencing and data analysis

Total RNA was isolated using TRIzol reagent (Inv-
itrogen). RNA quality was assessed by Agilent 2100
bioanalyzer using the RNA 6000 Nano Chip (Agilent
Technologies, Amstelveen, The Netherlands), and RNA
quantification was performed using ND-2000 Spectro-
photometer (Thermo Inc., DE, USA). For control and
test RNAs, library construction was performed using
QuantSeq 3° mRNA-Seq Library Prep Kit (Lexogen, Inc.,
Austria), according to the manufacturer’s instructions.
High-throughput sequencing was performed as 75-bp
single-end sequencing using NextSeq 500 (Illumina,
Inc., USA). QuantSeq 3° mRNA-Seq reads were aligned
using Bowtie2 [30]. Differentially expressed genes were
determined based on counts from unique and multiple
alignments using coverage in Bedtools [31]. RC (Read
Count) data were processed based on quantile normaliza-
tion method using EdgeR within R [32] with Bioconduc-
tor [33]. Gene classification was based on searches per-
formed using the DAVID (http://david.abcc.nciferf.gov/)
and Medline databases (http://www.ncbi.nlm.nih.gov/).

Reagents

2-Deoxy-D-glucose, WZB117, JSH-23, Adezmapimod,
and SB202190 were purchased from MedChemExpress
(NJ, USA). MG132 was purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Cytotoxicity assay

Cells (3% 10° per well) were seeded into a 96-well cell cul-
ture plate. The next day cells were treated with gemcitabine
for 72 h. After incubation, 10% WST-1 reagent (EZ-Cytox,
Dogen, Korea) was placed into the wells after aspiration of
growth medium. The absorbance of each well was measured
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at 450 nm using a VersaMax microplate reader (Molecular
Devices, San Jose, CA, USA).

Western blotting

Cells were harvested, washed with ice-cold PBS, and lysed
using RIPA lysis buffer. Proteins (30 pg sample) were sep-
arated using SDS PAGE and transferred to nitrocellulose
membranes, blocked in 5% skim milk, and incubated with
the following primary antibodies (1:1000): anti-LOXL2,
snail + slug, phospho-IKB, cell fractionation marker, and
ZEB1 (Abcam); anti-hENT1, RRM1, DCK, IKB, phospho-
NF-«xB, NF-xB, vimentin, EPCAM, and KLF4 (Cell Sign-
aling Technology); N-cadherin and E-cadherin (BD Bio-
sciences, San Jose, CA, USA); c-myc, OCT4, and beta-actin
(Santa Cruz biotechnology); and y-tubulin (Sigma-Aldrich).

RNA isolation and qPCR

After the indicated treatment, cells were collected and their
RNA was isolated using TRIZOL Reagent® (Sigma-Aldrich)
according to the manufacturer’s instructions. Then, 0.2 ug
total isolate RNA was analyzed via reverse transcriptase
PCR using the One-Step RT-PCR Kit (iNtRON Biotechnol-
ogy, Seongnam-si, Korea). First-strand cDNA synthesis was
performed with 1 ug RNA as a template using the RT-qPCR
cDNA Synthesis Kit (iNtRON Biotechnology), according to
the manufacturer’s instructions. RT-qPCR was performed
using the SYBR qPCR reaction mix (Applied Biosystems,
Foster City, CA, USA). The primer sequences used in this
study are listed in Supplementary Table S1. Relative mRNA
expression level was calculated using the 2 — AACT method,
with GAPDH as the reference gene.

RNA interference

For gene knockdown, the following small interfering RNA
(siRNA) was purchased from Bioneer (Daejeon, KR). Infor-
mation about the sequence: siLOXL2 sense 5'-CAGUCU
AUUAUAGUCACAU-3', anti-sense 5'-augugacuauaaua-
gacug-3', siGLUT3 sense 5'-CCGCUGCUACUGGGU
UUUA-3’, anti-sense 5'-UAAAACCCAGUAGCAGCG
G-3'. Transfection was conducted using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s
instructions. Cells were harvested and processed 48—72 h
post-transfection.

Glucose uptake
The 2-NBDG uptake assay was performed according to
the manufacturer’s protocol (Cayman). Briefly, cells were

seeded in plates for 48 h and incubated with 2-NBDG
reagent and medium supplemented with glucose uptake
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enhancer for 30 min. The cells were then collected and
washed in analysis buffer before flow cytometry analysis.

Lactate production analysis

The lactate production assay was performed according to
the manufacturer’s protocol (Dogen, Korea). In brief, assay
buffer was added to the cells, and after grinding with a
homogenizer, reaction mixture was added. After dispensing
in a 96-well plate, the reaction was performed at 20-25 °C.
Light was blocked for 30 min, followed by gentle shaking
and measurement with a microplate reader (570 nm).

Immunocytochemistry

Transfected cells were fixed with 3.7% paraformaldehyde
for 10 min and permeabilized with 0.1% Triton X-100 for
30 min. Cells were washed with PBS three times and incu-
bated with 1% bovine serum albumin for 1 h at room tem-
perature. Primary antibodies (phosph-NF-kB, cell signal-
ing) were incubated overnight at 4 “C (1:100 to 1:1000);
then cells were incubated at room temperature with Alexa
Fluor 488 or Alexa Fluor 555 conjugated secondary anti-
bodies (1:1000). Cells were stained and mounted with
DAPI (Abcam) and Fluoroshield mounting medium for
5 min. Immunostained cells were observed under Carl Zeiss
LSM780 confocal microscope.

Cell fractionation

Cellular fractionation was performed using a subcellular pro-
tein fractionation kit purchased from Abcam. The harvested
cell pellets were resuspended in a cytoplasmic extraction
buffer and incubated at 4 °C for 10 min with gentle mixing.
The samples were agitated every 5 min and then centrifuged
at 5000 X g for 5 min to collect the cytoplasmic fraction. Pel-
lets were resuspended, incubated in mitochondrial fraction
buffer at 4 °C for 10 min, and centrifuged at 5000 X g for
5 min to obtain the nuclear fraction. The resuspended cyto-
sol- and mitochondria-depleted remainder of cells contained
nuclei and thus represent the nuclear fraction. Samples were
incubated with SDS-PAGE Sample Buffer for 10 min in
60 °C, before proceeding with western blot analysis.

Chromatin Immunoprecipitation (ChiP)

ChIP assays were performed with the SimpleChIP® Enzy-
matic Chromatin IP Kit (cell signaling) following the manu-
facturer’s instructions. A total of 5x 10° Mia-Paca2 cells
were cross-linked with 1% formaldehyde at room tempera-
ture for 10 min. Sonication was performed on ice (power:
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0.5W, time: 2 s ON/15 s OFF, total time: 16 s X 3 rounds)
to obtain 200—1000 bp DNA fragments. The chromatin was
then immunoprecipitated with anti-IgG antibody (Cell sign-
aling) and anti- NF-xB, ZEB1 antibody. After reverse cross-
linking and DNA isolation and purification, DNA from input
(1:100 diluted) or immunoprecipitated samples were assayed
by quantitative PCR (Supplementary Table S2).

Wound healing assay and invasion assay

For the scratch wound migration assay, transfected cells
were plated at 1.2-1.4 x 10* on a 24-well plate. Wound
scratches were made 24 h after plating. Microscope images
of migrated cells were taken every 24 h.

For invasion assays, 8-um pore size Transwell system
(Corning Inc.) was coated with Matrigel (1:50, Corning)
for 1 h at room temperature. Subsequently, 2 X 10* trans-
fected cells were seeded on the apical side of the Transwell
chamber (24-well insert) in serum-free media and growth
media was added to the basal compartment. The cells were
allowed to invade for 24 h. The remaining cells at the top
of the chamber were gently scraped off using wetted cotton
swabs. The cells that had invaded the basal side were fixed
in methanol for 10 min, stained with 0.2% crystal violet,
and then washed multiple times with 3’ DW. Migration and
invasion assays were performed in triplicate and repeated
three times independently.

Spheroid formation assay

Cell lines were grown in their standard culture conditions,
harvested, and dissociated into single cell suspensions for
spheroid generation. Cells were seeded in their optimal
conditions in ultra-low attachment (ULA) round-bottom
96-well plates (Corning, 7007) in a volume of 200 uL/well
in universal neurosphere culture medium (DMEM/F-12, 2%
B-27 supplement, 1% 2 pg/mL Heparin, 20 ng/mL EGF, and
10 ng/mL bFGF, made fresh weekly). Plates were incubated
at 37 °C in 5% CO, and high humidity and spheroids were
maintained by performing 50% medium replenishments
every 3—4 days.

3D Culture

For 3D cell culture, the Cellrix® 3D Culture System (Cellrix,
Korea) was used according to the manufacturer’s instructions.
The casting tray was covered with the mold and then allowed
to stand for 30 min at 4 “C. The cells were resuspended in Bio-
Gel solution. One hundred twenty microliters of cell mixed
Bio-Gel solution was dispensed into each well of casting gel.
Using a spatula, Bio-Gel was scooped from the casting gel and
placed into separate wells of 24-well plate containing media.

Flow cytometry

Cells were stained with the following fluorochrome-con-
jugated monoclonal antibodies: anti-human FITC-CD44
and BV421-CD326 (eBioscience, San Diego, CA, USA).
Live cells were classified by propidium iodide (BD Bio-
sciences) staining. Stained cells were analyzed using BD
FACSCanto II Cell Analyzer (BD Biosciences). FlowJo
software (BD Biosciences) was used for compensation and
data analysis.

Knockdown stable cell lines

Five small hairpin ribonucleic acid (shRNA) LOXL2
sequences in lentiviral vector (pLKO.1-Puro) and control
shRNA were purchased from Sigma-Aldrich. Lentiviruses
were produced and transfected to Hek293 cells using Lipo-
fectamine 3000 (Invitrogen). Mia-Paca?2 cells were infected
with purified viral particles, stably selected, and maintained
with 2 pg/mL puromycin treatment.

Mouse tumor models

All animal studies were conducted with a protocol pro-
posal approved by the animal ethics committee of Yonsei
University College of Medicine (approval #2019-0104).
BALB/c nude mice (age, 6 weeks, male) were purchased
from Oriente Bio. The pancreas was surgically exposed
by abdominal excision under anesthesia with intraperi-
toneal injection (i.p.) of Alfaxan (25 mg/kg). Human
pancreatic cancer cells were subcutaneously injected
using a 30 G needle (BD bioscience). 4 X 10% Mia-Paca2
cells were mixed with serum-free DMEM and Matrigel
(1:1) and injected with 120 pL. After the operation, the
mice were warmed and monitored until conscious and
then placed in HEPA-filtered cages with food and water.
After an indicated number of weeks, the mice were sac-
rificed and examined for tumor spread using macroscopic
and microscopic observations by hematoxylin and eosin
(H&E) staining.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 8.01 software (GraphPad Software, La Jolla, CA,
USA). Unpaired z-test was performed for the analysis
of cell proliferation, western blotting, and qPCR data.
The wound healing assay, invasion assay, and FACS data
were analyzed by a two-way ANOVA. Differences were
considered statistically significant at * p <0.05 and **
p<0.01.
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Results

LOXL2 is upregulated in gemcitabine-resistant
pancreatic cancer cell lines

Patients who underwent pancreatic cancer surgery and
received gemcitabine adjuvant chemotherapy were classi-
fied into resistant and sensitive groups based on recurrence
within 1 year (Table 1). Following immunohistochemical
staining with LOXL2, the resistant group showed a higher
ratio at strong intensity compared to the sensitive group
(Fig. 1A, B). Total RNA was isolated from tissues of patients
with pancreatic cancer and the difference in LOXL2 expres-
sion was compared. Therefore, it was possible to confirm
the high LOXL2 expression in the resistant patient group

(Fig. 1C). To elucidate the role of LOXL2 in vitro, we estab-
lished gemcitabine-resistant Mia-Paca2 (Mia GR) by contin-
uous exposure to gemcitabine in stepwise increments from
each parental cell line (Mia Con) (Fig. 1D). When the final
treatment concentration of gemcitabine-resistant cells was
10 pM, the most consistent resistance was confirmed. Gem-
citabine-resistant cell lines demonstrated a clear increase
in gemcitabine tolerance compared with parental cell lines,
with half-maximal inhibitory concentration (IC50) of gem-
citabine increasing from 12.03 to 774.5 uM (Fig. 1E). We
identified known factors related to gemcitabine resistance in
the prepared Mia GR through qPCR [34]. Several ATP-bind-
ing cassette (ABC) transporters and ALDH were confirmed
to increase in Mia GR compared to Mia Con (Fig. S1A, B).
In addition, it was found that among the factors related to
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Fig.1 LOXL2 is highly expressed in patients with gemcitabine-
resistant pancreatic cancer and gemcitabine-resistant pancreatic can-
cer cells. A Immunohistochemical staining of LOXL2 in pancreatic
cancer tissues. B Bar graphs for LOXL2 levels in tissues between the
resistant and sensitive groups. C Dot plot of LOXL2 gene expres-
sion level in purified mRNA from pancreatic cancer patient tissue.
D Schematic showing the establishment of a gemcitabine-resistant
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cell line. E WST-1 assay of parental Miapaca2 (Mia Con) and gem-
citabine-resistant (Mia GR) cells exposed to gemcitabine at different
concentrations for 72 h. F and G Relative mRNA levels of the indi-
cated genes in Miapaca2 and Mia GR cells. H The protein expression
of LOXL2, RRM1, hENT1, and DCK was compared between Mia
Con and Mia GR cells using western blot analysis. All western blot
experiments were performed at least three times
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gemcitabine metabolism, RRM1 increased and, conversely,
hENT and DCK decreased in Mia GR (Fig. 1F) [35]. By
western blotting, gemcitabine metabolism-related proteins
were shown to increase (Fig. 1H). Therefore, it could be
confirmed that Mia GR was generated accurately and con-
sistently as a cell model to study the mechanism of gem-
citabine resistance. LOXL2 mRNA and protein expression
were confirmed to increase significantly compared to Mia
Con (Fig. 1G, H). In addition, overexpression of LOXL2 was
confirmed when a gemcitabine-resistant cell line was created
using the PANCI cell line (Fig. S1C, E). We could hypoth-
esize that LOXL2 was overexpressed in tissues and cells of
patients with gemcitabine-resistant pancreatic cancer based
on confirmed results and that it would play an important role
in the resistance-related mechanism.

Overview of mRNA expression and enrichment analyses
of gemcitabine-resistant pancreatic cancer cell lines

Given the different phenotypes between Mia GR and Mia Con,
we next analyzed the mRNA profiles between these cells using
RNA sequencing. In addition, by using Mia GR transfected
with siLOXL2, we attempted to check the mRNA profile
change according to LOXL2. From the scatterplot data, we
identified many genes with distribution differences between
Mia Con and Mia GR cells (Fig. 2A). Using the DAVID

analysis tool, the gene that showed high expression in the
Mia GR group belonged to the gene ontology and the path-
way through KEGG analysis was confirmed (Fig. 2B). Genes
were included in biological processes expected to be associ-
ated with chemical resistance, such as negative regulation of
apoptotic processes, positive regulation of cell proliferation,
positive regulation of migration, and wound healing. Processes
related to glucose metabolism were also included. The path-
way was confirmed to include MAPK-JNK, TNF, and NF-xB
signaling processes, and genes with high expression in Mia GR
are included in stem-related signaling processes. In Mia GR
transfected with siLOXL2, genes involved in apoptosis, prolif-
eration, ECM, and migration-related biological processes were
present. Through KEGG analysis, it was confirmed that these
genes belong to the PI3K-Akt, Focal adhesive, MAPK, and
TNF signaling pathways (Fig. 2B). From the gene set enrich-
ment analysis (GSEA) results, the gene ontology to which the
genes increased in Mia GR belonged was confirmed (Fig. 2C).
Among them, glucose metabolism and NF-kB signaling were
expected to be associated with increased LOXL?2 expression.

Glucose metabolism is activated
in gemcitabine-resistant pancreatic cancer

As seen from the mRNA seq results, genes more highly
expressed in Mia GR compared to Mia Con belong to
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Fig.2 mRNA seq analysis of gemcitabine-resistant pancreatic can-
cer cells. A Scatter plots indicate the distribution of genes from
Mia Con and Mia GR cells. B DAVID-based gene ontology and C
KEGG pathway analysis of mRNA seq results from the Mia GR cells.

D Gene Set Enrichment Analysis (GSEA) determined significant
enrichment for glucose metabolic process, TNF signaling via NF-xB
and NF-kB pathway in Mia GR and Mia Con cells.
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Fig.3 Regulation of LOXL2 expression by NF-kB activation through
glucose metabolism in gemcitabine-resistant pancreatic cancer cells.
A The mRNA levels of the GLUT genes were quantified by gPCR
in Mia con and Mia GR. B Comparison of 2-NBDG uptake between
Mia Con and Mia GR (no treatment, WZB117 treatment, siGLUT3
transfection) by flow cytometry histograms and graphs. C Compari-
son of lactate production between Mia Con and Mia GR (no treat-
ment, WZB117 or 2DG treatment, siGLUT3 transfection (D)). E The
mRNA levels of GLUT3 and LOXL?2 in Mia GR and Mia GR trans-

glucose metabolism. The Mia GR group exhibited a high
expression of glut, which is involved in glucose uptake
(Fig. 3A). Glucose uptake was compared using 2-NBDG,
and a substantial increase in Mia GR was confirmed
(Fig. 3B). Glucose uptake was reduced when Mia GR
was treated with the glut inhibitor WZB117 and GLUT
siRNA (Fig. 3B). Production of lactic acid, a product of
glucose utilization, was found to increase in the MIA GR
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SN #e  B-actin

fected with siGLUT3. F The mRNA levels of LOXL2 in Mia Con
and Mia GR (no treatment, WZB117 or 2DG treatment). G and K
Mia GR cells were transfected with the control or GLUT3 siRNA.
GLUT3, LOXL2 G, and p-NF-kB, NF-xB, and GLUT3 K were ana-
lyzed by immunoblotting. H and J 2-DG and WZB117 were treated
with Mia GR cells and cell lysates were immunoblotted. I The phos-
pho NF-kB and NF-xB protein expression in Mia Con and Mia GR
were processed by immunoblotting

group (Fig. 3C, D). Previously, treatment with siGLUT3
and WZB117 revealed a decrease in glucose uptake and
downregulated LOXL2 expression, and it was confirmed
through qPCR and western blotting that LOXL2 expres-
sion was reduced even after treatment with 2DG, a glyco-
lysis inhibitor (Fig. 3E, H). Therefore, it was concluded
that increased glucose metabolism in gemcitabine-resistant
cells induces and regulates LOXL2 expression.
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NF-kB signaling is regulated by glucose metabolism
in gemcitabine-resistant cell lines

One of the signaling pathways activated in chemoresist-
ance, NF-xB, was highly regulated in mRNA seq analysis;
therefore, we attempted to confirm the association with
glucose metabolism. By western blot analysis, we showed
that phospho-NF-kB expression was increased in Mia GR
(Fig. 3I). In contrast, treatment with the GLUT inhibitors
WZB117 and 2DG reduced NF-xB phosphorylation (Fig. 37,
K). Treatment with siGLUT3 was found to reduce phosphor-
NF-kB expression of phosphor-NF-kB and decrease nuclear
translocation (Fig. S2A, B). Therefore, it was confirmed that
glucose metabolism regulates NF-kB activation.

Activated NF-kB binds to the LOXL2 promoter
and transcriptionally regulates overexpression

NF-xB is phosphorylated and regulates the transcription
of several genes. First, JISH-23, known as NF-«B inhibitor,
significantly inhibits the nuclear translocation of phospho-
rylated NF-kB in gemcitabine-resistant cells (Fig. 4A). It
was confirmed that the expression of LOXL2 and ZEBI1
was regulated with time when Mia GR was administered
to JSH-23, an inhibitor of NF-xB (Fig. 4B, C). To deter-
mine whether NF-xB transcriptionally regulates LOXL2
expression, we analyzed the NF-kB binding region within
the LOXL2 promoter using JASPAR (Fig. 4D). We could
predict the 5'-GGGGACCACCG-3' region and confirm
that a high binding was formed in the vicinity, using chIP
(Fig. 4E). Furthermore, treatment with 2DG, a glycolysis
inhibitor, was shown to decrease binding to the expected
NP3 region (Fig. 4F).

ZEB1, like LOXL2, is a representative factor that regu-
lates EMT and is known to be directly activated by NF-xB
[36]. We treated each siRNA to confirm the regulatory rela-
tionship between LOXL?2 and ZEB1. By western blotting and
qPCR, it was possible to confirm that LOXL2 was regulated
by ZEB1 (Fig. 4G, H). Based on the JASPAR program, the
LOXL2 promoter binding region of ZEB1 was specified and
chIP was performed (Fig. 4I). High binding was confirmed in
the ZP3 region (Fig. 4J). JSH-23 significantly inhibited the
binding of ZEBI1 to the LOXL2 promoter region (Fig. 4K).
Therefore, it was concluded that LOXL2 overexpression
caused by NF-kB activation in gemcitabine-resistant cells
occurred either directly or directly through ZEB1.

LOXL2 and ZEB1 are together involved
in the regulation of EMT in gemcitabine-resistant
pancreatic cancer

Mia GR was morphologically closer to mesenchymal cells
than Mia Con, and migration-related genes were highly

regulated in mRNA seq. Therefore, we attempted to con-
firm the change in invasiveness and migration ability of
LOXL2-ZEB1. Based on the invasion assay, the invasive-
ness of LOXL2-ZEB1 knockdown cells was significantly
reduced and a decrease in migration activity was confirmed
by wound analysis (Fig. 5A, B). In addition, it was verified
through qPCR that the expression of EMT-related genes and
protein markers was also reduced (Fig. 5C, D). Therefore,
the high EMT process in gemcitabine-resistant pancre-
atic cancer was confirmed to be regulated by the ZEB1-
LOXL2 axis that contributes to maintaining chemoresistant
characteristics.

MAPK activation by LOXL2 regulates
cancer stemness of EPCAM-dependent
gemcitabine-resistant pancreatic cancer

Cancer stemness is a key chemoresistant characteristic and
contributes to recurrence and drug resistance in pancreatic
cancer with high heterogeneity. From mRNA seq results, it
was confirmed that the stem cell-related pathway was related
according to LOXL2. Therefore, the stemness of the LOXL2
knockdown Mia GR was confirmed through spheroid forma-
tion and 3D culture. Therefore, the size of the spheroid was
well-formed in Mia GR compared to Mia Con, but did not
increase when LOXL2 was knocked down (Fig. 6A). In the
3D culture system, LOXL2 knockdown was confirmed to
inhibit the growth of 3D-shaped cells (Fig. 6B). Expression
of the CD326 gene and protein (EPCAM), a representative
surface marker of cancer stemness, was reduced, and it was
found through flow cytometry that CD326 positive cells were
decreased by LOXL2 (Fig. 6C). In addition, expression change
of ““Yamanaka factors,” factors related to cancer stemness, was
confirmed, and reduction of Oct4 and c-myc was confirmed
through qPCR and western blot (Fig. 6D, E). Conversely, by
sorting CD326 +Mia GR, LOXL?2 and stemness factors (oct4,
c-myc) were overexpressed, through qPCR and western blot
(Supple. Fig. 3A, B). Based on the previous mRNA seq results,
MAPK was assumed as a sub-factor for regulating LOXL2
stemness and its activity was confirmed by western blot
analysis (Fig. S4A, C). In Mia GR, p38 phosphorylation was
increased compared to Mia Con, and its activity was decreased
by LOXL2 knockdown (Supplementary Fig. S4D). When cells
were treated with siLOXL2 and p38 inhibitor SB202190 alone
or in combination, the expression of stemness markers was
reduced (Fig. 6F, G). Furthermore, the CD326 + cell popula-
tion and spheroid formation were significantly decreased in
the cotreatment environment (Fig. 6H, I). Furthermore, inhibi-
tor and LOXL2 knockdown showed the lowest viability after
8 days of 3D culture (Fig. 6J). Gemcitabine-resistant pancre-
atic cancer exhibits cancer stemness, which is regulated by
LOXL2 and is achieved through the regulation of EPCAM and
oct4, c-myc by MAPK signaling.
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Fig.4 NF-kB directly regulates LOXL2 expression or indirectly
through ZEB1. A Immunoblotting for phospho NF-xB and NF-xB
using nuclear and cytoplasmic fractions prepared from Mia GR cells
after treatment with JSH-23 for 4 h. Relative mRNA expression (B),
and protein expression (C), of LOXL2 and ZEB1 in Mia Con, Mia
GR (no treatment, JSH-23 1 h or 4 h treatment) cells. D Scheme for
the expected NF-kB binding site on the LOXL2 gene promoter. E
ChIP fold enrichment of LOXL2 DNA fragments (NP1, NP2, NP3)
by chIP-qPCR. F Changes in chIP fold enrichment with NF-kB in the
NP2 region on the LOXL2 gene promoter in Mia Con and Mia GR

LOXL2 promotes tumorigenesis and modulates
gemcitabine resistance in xenograft models

Increased gemcitabine sensitivity by LOXL2 knockdown
was observed through the proliferation assay (Fig. 7A). We
constructed a xenograft mouse model in Mia GR expect-
ing the EMT process-preferring trait and maintenance of
high cancer stemness will affect cancer growth. First, we
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cells (no treatment, 2DG treatment, and siGLUT3 transfection) (G),
Mia GR cell transfected with LOXL2 and ZEB1 siRNA. Knockdown
efficiencies were evaluated by immunoblotting using LOXL2 and
ZEBI1 antibodies. H Relative gene expression of LOXL2 and ZEB1
confirmed by qPCR in Mia GR transfected with siRNA. I Scheme for
the expected ZEB1 binding site on the LOXL2 gene promoter. J ChIP
fold enrichment of LOXL2 DNA fragments (ZP1, ZP2, ZP3) by chIP-
qPCR. K Changes in chIP fold enrichment with NF-kB in the ZP3
region on the LOXL2 gene promoter in Mia Con and Mia GR cells
(no treatment, JSH-23 4 h treatment)

created a Mia GR cell line that stably knocked down LOXL2
(Fig. S5A, B). It was confirmed that Mia GR tumorigenicity
was higher than Mia Con and that LOXL2 knockdown had
an inhibitory effect on tumor volume (Figs. 7C and S5C).
After 35 days of cell administration, the difference was
more clearly defined when weight and size were compared
(Fig. 7D, F). After administrating cells in the same way as
in the previous xenograft mouse model, the reaction was
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confirmed by treatment with gemcitabine (Fig. 7G). Tumor
growth was slow in mice administered with Mia GR, in
which LOXL2 was knocked down (Figs. 7H and S5D).
Furthermore, sensitivity to gemcitabine was higher in the
LOXL2 knockdown mouse group when volume and weight
were sacrificed 6 weeks after drug injection (Fig. 71 and K).

Discussion

Pancreatic cancer is a fatal multigene-based disease with
a high mortality rate. According to 2020 cancer statistics,
pancreatic cancer ranks as the seventh leading cause of

Snail2

assay. The quantitative evaluation and statistical analysis of wound
closure percentage in wound healing assay were measured by Image J
software. C and D The EMT marker expression of siRNA transfected
Mia GR was analyzed by qPCR (C), and immunoblotting (D)

cancer-related death worldwide. A domestic study con-
ducted in 2021 revealed that pancreatic cancer has a low
incidence of only 3.4% but is estimated to have a high mor-
tality rate [37]. Despite the development of many treat-
ments and diagnostic methods, the 5-year survival rate is
the lowest among cancer types at 11% [38]. One reason for
a poor prognosis is that radiation therapy and chemotherapy
can prolong survival or alleviate symptoms but rarely lead
to a cure; therefore, resistance to treatment is a major chal-
lenge [39]. Studies have shown that even with gemcitabine
adjuvant chemotherapy, the 2-year survival rate is only 4%,
indicating that most pancreatic cancers exhibit some resist-
ance [40]. Therefore, in this study, our objective was to
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Fig.6 LOXL2 activates the MAPK signaling pathway to modulate
cancer stemness of gemcitabine-resistant cells. A Microscopic images
of spheroid formed Mia Con and Mia GR (control shRNA and
LOXL?2 shRNA transfected) cells after 8 days in culture (40 X magni-
fication). B Image of Mia Con and Mia GR (control, LOXL2 shRNA)
in a 3D culture system. Bars=100 pm. C Flow cytometry analysis
of pancreatic cancer stem cell surface markers CD44 and EPCAM in
Mia Con, Mia GR (control and LOXL2 shRNA). Histograms and bar
graphs document the enrichment of CD44 +and CD326 (EPCAM).

develop a gemcitabine-resistant pancreatic cancer cell line
and confirm the characteristics of the resistance mecha-
nism to improve pancreatic cancer treatment. We found that
LOXL2 is highly expressed in gemcitabine-resistant pan-
creatic cancers compared to the gemcitabine-sensitive by

@ Springer

D and E Expression of stemness markers in Mia Con and Mia GR
(control, LOXL2 shRNA transfected) are analyzed by qPCR D,
and immunoblotting (E). F and G Mia GR cells were treated with
SB2190 or/and transfected with siLOXL2. Stemness markers were
analyzed by immunoblotting (F), and qPCR (G). H FACS analy-
sis of CD326+cells in Mia GR cells treated with SB2190 and/or
transfected with siLOXL2. I Spheroid formation of Mia GR cells. J
WST-1 based viability assay of Mia GR

examining both pancreatic patients and pancreatic cancer
cells. Moreover, it played a major role in various metabolic
mechanisms in gemcitabine-resistant pancreatic cancer
than the drug-sensitive cancer. Also, we found that it had
a positive correlation with another EMT marker, ZEB1.
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Fig.7 LOXL2 inhibits the tumor growth of gemcitabine-resistant
pancreatic cancer cells and increases sensitivity to gemcitabine.
A WST-1 assay of Mia con and Mia GR (control, LOXL2 siRNA
transfection) cells exposed to gemcitabine at different concentra-
tions for 48 h. B Scheme of cell administration into the flanks of a
nude mouse. C Tumor volumes of Mia Con and Mia GR (con-
trol, LOXL2 shRNA transfected) administered mouse were meas-
ured every 3 days. D Representative tumor bearing mouse image. E

LOXL2 is a well-known ECM-related enzyme that cata-
lyzes the formation of collagen crosslinks in the extracellular
region. Intracellular LOXL?2 also acts as an EMT modulator
through the regulation of EMT-inducing transcription fac-
tors [41]. Specifically focusing on LOXL2-induced cancer
progression, various attempts have recently been made to
develop inhibitors [42]. However, a phase II study using the

+Gemcitabine

Images of the tumors harvested from mice on day 35. F Mouse tumor
wet weights on day 35 after tumor inoculation. G Scheme of gemcit-
abine intraperitoneal injection to tumor bearing mouse. (100 mg/kg)
H Tumor volumes of Mia con and Mia GR (control, LOXL2 shRNA
transfected) administered and gemcitabine treated mice were meas-
ured every three days. I Representative tumor bearing mouse image.
J Images of tumors harvested from mice on day 42. K Tumor wet
weights of the mouse on day 42 after gemcitabine L.P. injection

LOXL2 inhibitor simtuzumab for pancreatic cancer did not
confirm a significant effect [43]. Regarding LOXL2 and
drug resistance, a study published in Oncotarget in 2016
reported that it limits intratumoral drug distribution through
extracellular enzymatic activity [17]. Besides its functions
in EMT and ECM remodeling, we identified a novel role of
LOXL2 in stem cell regulation.
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Drug-resistant cells undergo many metabolic changes,
including upregulation of DNA repair, increased survival
signaling and autophagy, activation of drug efflux pumps,
and neutralization of ROS [44]. Among them, hypoxic and
metabolic stress environments cause pancreatic cancer to
show the “Warburg effect,” which activates oncogenes or
suppresses tumor suppressor genes and activates glycolysis
by increasing glucose uptake [45, 46]. Recently, it was con-
firmed that translational regulation by HIF1 alpha and MYC
ultimately regulates glycolysis in pancreatic cancer [47]. A
study revealed that a positive feedback loop exists between
LOXL2 and HIFla, facilitating glycolytic metabolism
under hypoxia. Moreover, LOXL2 plays an important role
in regulating glucose metabolism in cancer metastasis [48].
In addition, cancer cells’ circulatory systems increase glu-
cose uptake and NF-«xB transcriptional activity [49]. Taken
together, this study might predict that the induction of HIF-1
by NF-kB activated by glycolysis increases the expression
of LOXL2 and induces c-myc to form a feedback loop that
regulates glycolysis.

Both NF-kB and ZEB1 are oncogenic transcription fac-
tors. ZEB1 plays an important role in EMT regulation, simi-
lar to LOXL2. To date, transcriptional regulation of ZEB1
by NF-kB is understood, but its association with LOXL?2 is
unknown [50]. LOXL2 and ZEB1 are EMT regulators that
transform cells from the epithelial type to the mesenchymal
type. The EMT process induces drug resistance by increasing
drug efflux, slowing cell proliferation, and avoiding apop-
tosis signaling pathways and immune response [51]. There-
fore, overexpression of LOXL2 and ZEB1 was confirmed,
and simultaneous regulation of both could effectively inhibit
the EMT process in gemcitabine-resistant pancreatic can-
cer. Therefore, it would be compelling to explore whether
the induction of HIF-1 by NF-xB activated by glycolysis
would increase not only the expression of LOXL?2 but also
the expression of ZEB1 with considering the previous study.

Cancer stem cells are immortal tumor cells that can self-
renew. They are present in less than 1% of pancreatic cancer
but contribute to cancer growth and maintenance, metastasis,
and drug resistance. Studies have shown that the potential
link between EMT and CSC is considered a key factor in
cancer cell plasticity, which acquires cancer drug resist-
ance and transforms cancer cells into malignant cells and
vice versa [52]. Although we found that both EPCAM as
a surface marker and oct4 and c-myc as Yamanaka factors
were confirmed to be regulated by LOXL?2, KLLF4 as another
Yamanaka factor was downregulated regardless of regulation
of LOXL2 in Mia GR. Wang et al. [53] demonstrated that
gemcitabine suppresses the expression of KLLF4 with relation
to the chemo-resistant mechanism along with an increase in
ZEB1. Therefore, we concluded that stemness could be posi-
tively modulated by LOXL?2 in gemcitabine-resistant pan-
creatic cancer cells with the exception of KLF4 expression.
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This study investigated the regulatory role of the LOXL2
subfactors in maintaining drug resistance in gemcitabine-
resistant pancreatic cancer and aimed to elucidate the induc-
tion mechanism leading to LOXL2 overexpression. We
confirmed that glucose metabolism was activated in gemcit-
abine-resistant pancreatic cancer cells, regulating NF-«B sign-
aling. Activated NF-kB not only directly induces transcription
by binding to the LOXL2 promoter but also overexpresses
ZEB1, resulting in transcriptional regulation of LOXL2
through ZEB1. In gemcitabine-resistant pancreatic cancer,
the EMT process was significantly inhibited when ZEB1 and
LOXL2 were co-regulated. Furthermore, LOXL2 has also
recently been associated with cancer stem cells and plays a
regulatory role in a MAPK signal-dependent manner. There-
fore, the results revealed an important role for LOXL?2 in the
resistance to gemcitabine of pancreatic cancer cells and pro-
vided an effective therapeutic target to treat pancreatic cancer.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00109-023-02369-6.

Author contribution YunSun Lee: methodology, formal analysis, investiga-
tion, data curation, writing—original draft, visualization. Hyung Sun Kim:
resources, data curation. Hyeon Woong Kang: formal analysis, writing. Da
Eun Lee: data curation, investigation. Myeong Jin Kim: methodology. Woosol
Chris Hong: formal analysis, writing. Ju Hyun Kim: formal analysis Minsoo
Kim: validation, data curation. Hyo Jung Kim: conceptualization, resources,
data curation. Jae-Ho Cheong: validation, data curation. Joon Seong Park:
conceptualization, writing—review and editing, supervision, project admin-
istration. All authors have read and approved the final manuscript.

Funding This work was supported by a National Research Founda-
tion of Korea (NRF) grant funded by the Korean Government, Minis-
try of Science, and ICT (MSIT) (NRF 2022R1A2C1004141 and NRF
2022R1A2C1091712) and the Industrial Strategic Technology Develop-
ment Program (20009773, Commercialization of 3D Multifunction Tissue
Mimetics Based Drug Evaluation Platform) funded by the Ministry of Trade,
Industry and Energy (MOTIE, South Korea) and supported by a faculty
research grant of Yonsei University College of Medicine for (6-2015-0093).

Data availability The original contributions presented in the study are
included in the article/Supplementary Material. Further inquiries can
be directed to the corresponding author.

Declarations

Ethics approval and consent to participate The study protocol was
approved by the Institutional Review Board at Gangnam Severance
Hospital, Yonsei University of Korea (Approval Number 3-2014-0153)
and complied with the Declaration of Helsinki. Informed consent was
obtained from all participants.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated


https://doi.org/10.1007/s00109-023-02369-6

Journal of Molecular Medicine (2023) 101:1449-1464

1463

otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

13.

14.

15.

Kang MJ, Won Y, Lee JJ, Jung K, Kim H, Kong H, Im J, Seo
HG (2022) The community of population-based regional cancer
registries. Cancer Res Treat. https://doi.org/10.4143/crt.2022.128
Kamisawa T, Wood LD, Itoi T, Takaori K (2016) Pancreatic can-
cer. Lancet 388:73-85

Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman
JM, Matrisian LM (2014) Projecting cancer incidence and
deaths to 2030: the unexpected burden of thyroid, liver, and pan-
creas cancers in the United States. Cancer Res 74:2913-2921
Dumont R, Puleo F, Collignon J, Meurisse N, Chavez M, Seidel
L, Gast P, Polus M, Loly C, Delvenne P et al (2017) A single
center experience in resectable pancreatic ductal adenocarci-
noma : the limitations of the surgery-first approach. Critical
review of the literature and proposals for practice update. Acta
Gastroenterol Belg 80:451-461

Labori KJ, Katz MH, Tzeng CW, Bjornbeth BA, Cvancarova M,
Edwin B, Kure EH, Eide TJ, Dueland S, Buanes T et al (2016)
Impact of early disease progression and surgical complications
on adjuvant chemotherapy completion rates and survival in
patients undergoing the surgery first approach for resectable
pancreatic ductal adenocarcinoma - a population-based cohort
study. Acta Oncol 55:265-277

Huang P, Chubb S, Hertel LW, Grindey GB, Plunkett W (1991)
Action of 2°,2’-difluorodeoxycytidine on DNA synthesis. Can-
cer Res 51:6110-6117

Zeng S, Pottler M, Lan B, Grutzmann R, Pilarsky C, Yang H
(2019) Chemoresistance in pancreatic cancer. Int J Mol Sci
20:4504

Hirschhaeuser F, Sattler UG, Mueller-Klieser W (2011) Lactate:
a metabolic key player in cancer. Cancer Res 71:6921-6925
Basturk O, Singh R, Kaygusuz E, Balci S, Dursun N, Culhaci N,
Adsay NV (2011) GLUT-1 expression in pancreatic neoplasia:
implications in pathogenesis, diagnosis, and prognosis. Pan-
creas 40:187-192

Vander Heiden MG (2011) Targeting cancer metabolism: a
therapeutic window opens. Nat Rev Drug Discov 10:671-684
Jiang SH, Li J, Dong FY, Yang JY, Liu DJ, Yang XM, Wang YH,
Yang MW, Fu XL, Zhang XX et al (2017) Increased serotonin
signaling contributes to the Warburg effect in pancreatic tumor
cells under metabolic stress and promotes growth of pancreatic
tumors in mice. Gastroenterology 153(277-291):e219

Mauro C, Leow SC, Anso E, Rocha S, Thotakura AK, Tornatore L,
Moretti M, De Smaele E, Beg AA, Tergaonkar V et al (2011) NF-
kappaB controls energy homeostasis and metabolic adaptation by
upregulating mitochondrial respiration. Nat Cell Biol 13:1272-1279
Kracht M, Muller-Ladner U, Schmitz ML (2020) Mutual regula-
tion of metabolic processes and proinflammatory NF-kappaB
signaling. J Allergy Clin Immunol 146:694-705

Zha X, Hu Z,Ji S, Jin F, Jiang K, Li C, Zhao P, Tu Z, Chen X,
Di L et al (2015) NFkappaB up-regulation of glucose trans-
porter 3 is essential for hyperactive mammalian target of rapa-
mycin-induced aerobic glycolysis and tumor growth. Cancer
Lett 359:97-106

Kawauchi K, Araki K, Tobiume K, Tanaka N (2008) p53 regu-
lates glucose metabolism through an IKK-NF-kappaB pathway
and inhibits cell transformation. Nat Cell Biol 10:611-618

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Cuevas EP, Moreno-Bueno G, Canesin G, Santos V, Portillo F,
Cano A (2014) LOXL2 catalytically inactive mutants mediate
epithelial-to-mesenchymal transition. Biol Open 3:129-137
Le Calve B, Griveau A, Vindrieux D, Marechal R, Wiel C,
Svrcek M, Gout J, Azzi L, Payen L, Cros J et al (2016) Lysyl
oxidase family activity promotes resistance of pancreatic ductal
adenocarcinoma to chemotherapy by limiting the intratumoral
anticancer drug distribution. Oncotarget 7:32100-32112
Weeber F, Ooft SN, Dijkstra KK, Voest EE (2017) Tumor orga-
noids as a pre-clinical cancer model for drug discovery. Cell Chem
Biol 24:1092-1100

. Arumugam T, Ramachandran V, Fournier KF, Wang H, Marquis

L, Abbruzzese JL, Gallick GE, Logsdon CD, McConkey DJ, Choi
W (2009) Epithelial to mesenchymal transition contributes to drug
resistance in pancreatic cancer. Cancer Res 69:5820-5828
Zheng X, Carstens JL, Kim J, Scheible M, Kaye J, Sugimoto H,
Wu CC, LeBleu VS, Kalluri R (2015) Epithelial-to-mesenchymal
transition is dispensable for metastasis but induces chemoresist-
ance in pancreatic cancer. Nature 527:525-530

Singh M, Yelle N, Venugopal C, Singh SK (2018) EMT: mecha-
nisms and therapeutic implications. Pharmacol Ther 182:80-94
Namba T, Kodama R, Moritomo S, Hoshino T, Mizushima T
(2015) Zidovudine, an anti-viral drug, resensitizes gemcitabine-
resistant pancreatic cancer cells to gemcitabine by inhibition of
the Akt-GSK3beta-Snail pathway. Cell Death Dis 6:1795
Richard V, Nair MG, Santhosh Kumar TR, Pillai MR (2013) Side
population cells as prototype of chemoresistant, tumor-initiating
cells. Biomed Res Int 2013:517237

Cojoc M, Mabert K, Muders MH, Dubrovska A (2015) A role for
cancer stem cells in therapy resistance: cellular and molecular
mechanisms. Semin Cancer Biol 31:16-27

Hong SP, Wen J, Bang S, Park S, Song SY (2009) CD44-positive
cells are responsible for gemcitabine resistance in pancreatic can-
cer cells. Int J Cancer 125:2323-2331

Hermann PC, Huber SL, Herrler T, Aicher A, Ellwart JW, Guba
M, Bruns CJ, Heeschen C (2007) Distinct populations of can-
cer stem cells determine tumor growth and metastatic activity in
human pancreatic cancer. Cell Stem Cell 1:313-323

Collisson EA, Sadanandam A, Olson P, Gibb WI, Truitt M, Gu
S, Cooc J, Weinkle J, Kim GE, Jakkula L et al (2011) Subtypes
of pancreatic ductal adenocarcinoma and their differing responses
to therapy. Nat Med 17:500-503

Cui Y, Brosnan JA, Blackford AL, Sur S, Hruban RH, Kinzler
KW, Vogelstein B, Maitra A, Diaz LA Jr, Iacobuzio-Donahue
CA et al (2012) Genetically defined subsets of human pancreatic
cancer show unique in vitro chemosensitivity. Clin Cancer Res
18:6519-6530

Lee CJ, Dosch J, Simeone DM (2008) Pancreatic cancer stem
cells. J Clin Oncol 26:2806-2812

Langmead B, Salzberg SL (2012) Fast gapped-read alignment
with Bowtie 2. Nat Methods 9:357-359

Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utilities
for comparing genomic features. Bioinformatics 26:841-842

R Core Team (2016) R: A Language and Environment for Statisti-
cal Computing. R Foundation for Statistical Computing, Vienna,
Austria. Available at: https://www.R-project.org/

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M,
Dudoit S, Ellis B, Gautier L, Ge Y, Gentry J et al (2004) Biocon-
ductor: open software development for computational biology and
bioinformatics. Genome Biol 5:R80

Zhang H, Steed A, Co M, Chen X (2021) Cancer stem cells,
epithelial-mesenchymal transition, ATP and their roles in drug
resistance in cancer. Cancer Drug Resist 4:684—709

Nakano Y, Tanno S, Koizumi K, Nishikawa T, Nakamura K,
Minoguchi M, Izawa T, Mizukami Y, Okumura T, Kohgo Y
(2007) Gemcitabine chemoresistance and molecular markers

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4143/crt.2022.128
https://www.R-project.org/

1464

Journal of Molecular Medicine (2023) 101:1449-1464

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

associated with gemcitabine transport and metabolism in human
pancreatic cancer cells. Br J Cancer 96:457-463

Xu XM, Liu W, Cao ZH, Liu MX (2017) Effects of ZEB1 on
regulating osteosarcoma cells via NF-kappaB/iNOS. Eur Rev Med
Pharmacol Sci 21:1184-1190

Jung KW, Won YJ, Hong S, Kong HJ, Im JS, Seo HG (2021) Pre-
diction of cancer incidence and mortality in Korea, 2021. Cancer
Res Treat 53:316-322

Scholten, J (2022) Pancreatic cancer reaches highest-ever survival
rate, 11%, according to annual cancer report. [Press release] Pan-
creatic cancer action network

Wishart G, Gupta P, Nisbet A, Velliou E, Schettino G (2021)
Novel anticancer and treatment sensitizing compounds against
pancreatic cancer. Cancers (Basel) 13

Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J, Moore
M, Seay T, Tjulandin SA, Ma WW, Saleh MN et al (2013)
Increased survival in pancreatic cancer with nab-paclitaxel plus
gemcitabine. N Engl J Med 369:1691-1703

Moon HJ, Finney J, Ronnebaum T, Mure M (2014) Human lysyl
oxidase-like 2. Bioorg Chem 57:231-241

Ferreira S, Saraiva N, Rijo P, Fernandes AS (2021) LOXL2 inhibi-
tors and breast cancer progression. Antioxidants (Basel) 10:312
Benson AB 3rd, Wainberg ZA, Hecht JR, Vyushkov D, Dong H,
Bendell J, Kudrik F (2017) A phase II randomized, double-blind,
placebo-controlled study of simtuzumab or placebo in combina-
tion with gemcitabine for the first-line treatment of pancreatic
adenocarcinoma. Oncologist 22:241-e215

Bhardwaj V, He J (2020) Reactive oxygen species, metabolic plas-
ticity, and drug resistance in cancer. Int J Mol Sci 21

Feig C, Gopinathan A, Neesse A, Chan DS, Cook N, Tuveson DA
(2012) The pancreas cancer microenvironment. Clin Cancer Res
18:4266-4276

@ Springer

46.

47.

48.

49.

50.

51.

52.

53.

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next
generation. Cell 144:646-674

Li Z, Ge Y, Dong J, Wang H, Zhao T, Wang X, Liu J, Gao S,
Shi L, Yang S et al (2022) BZW1 Facilitates glycolysis and
promotes tumor growth in pancreatic ductal adenocarcinoma
through potentiating eIF2alpha phosphorylation. Gastroenterol-
ogy 162(1256-1271):e1214

Li Q, Zhu CC, Ni B, Zhang ZZ, Jiang SH, Hu LP, Wang X, Zhang
XX, Huang PQ, Yang Q et al (2019) Lysyl oxidase promotes liver
metastasis of gastric cancer via facilitating the reciprocal inter-
actions between tumor cells and cancer associated fibroblasts.
EBioMedicine 49:157-171

Ruan HB, Singh JP, Li MD, Wu J, Yang X (2013) Cracking
the O-GlcNAc code in metabolism. Trends Endocrinol Metab
24:301-309

Fouani L, Kovacevic Z, Richardson DR (2019) Targeting onco-
genic nuclear factor kappa B signaling with redox-active agents
for cancer treatment. Antioxid Redox Signal 30:1096-1123

De Las RJ, Brozovic A, Izraely S, Casas-Pais A, Witz IP, Figueroa
A (2021) Cancer drug resistance induced by EMT: novel thera-
peutic strategies. Arch Toxicol 95:2279-2297

Tanabe S, Quader S, Cabral H, Ono R (2020) Interplay of EMT
and CSC in cancer and the potential therapeutic strategies. Front
Pharmacol 11:904

Wang Z, Chen Y, Lin Y, Wang X, Cui X, Zhang Z, Xian G, Qin
C (2017) Novel crosstalk between KLF4 and ZEB1 regulates
gemcitabine resistance in pancreatic ductal adenocarcinoma. Int
J Oncol 51(4):1239-1248. https://doi.org/10.3892/ij0.2017.4099

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3892/ijo.2017.4099

	The role of LOXL2 induced by glucose metabolism-activated NF-κB in maintaining drug resistance through EMT and cancer stemness in gemcitabine-resistant PDAC
	Abstract 
	Key messages 
	Introduction
	Materials and methods
	Patient selection
	Cell line construction
	RNA sequencing and data analysis
	Reagents
	Cytotoxicity assay
	Western blotting
	RNA isolation and qPCR
	RNA interference
	Glucose uptake
	Lactate production analysis
	Immunocytochemistry
	Cell fractionation
	Chromatin Immunoprecipitation (ChIP)
	Wound healing assay and invasion assay
	Spheroid formation assay
	3D Culture
	Flow cytometry
	Knockdown stable cell lines
	Mouse tumor models
	Statistical analysis

	Results
	LOXL2 is upregulated in gemcitabine-resistant pancreatic cancer cell lines
	Overview of mRNA expression and enrichment analyses of gemcitabine-resistant pancreatic cancer cell lines
	Glucose metabolism is activated in gemcitabine-resistant pancreatic cancer
	NF-κB signaling is regulated by glucose metabolism in gemcitabine-resistant cell lines
	Activated NF-κB binds to the LOXL2 promoter and transcriptionally regulates overexpression
	LOXL2 and ZEB1 are together involved in the regulation of EMT in gemcitabine-resistant pancreatic cancer
	MAPK activation by LOXL2 regulates cancer stemness of EPCAM-dependent gemcitabine-resistant pancreatic cancer
	LOXL2 promotes tumorigenesis and modulates gemcitabine resistance in xenograft models

	Discussion
	Anchor 36
	References


