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Abstract

Background/Aim: Pancreatic ductal adenocarcinoma (PDAC) remains highly lethal due to gemcitabine (GEM)
resistance. This study aimed to establish a clinically relevant immunocompetent model to identify novel mediators of
acquired GEM resistance.

Materials and Methods: Metastatic PDAC (mPDAC) cells, generated from CD133-positive pancreatic stem cells (mutant
Trp53, Cdk4, Kras), were subjected to chronic in vivo GEM selection to establish a line with reduced sensitivity
(mPDAC-R).

Results: mPDAC-R exhibited sustained growth under GEM treatment, alongside enhanced invasiveness and metastatic
potential. Transcriptomic profiling identified monoamine oxidase B (MAOB) as an up-regulated mediator.
Pharmacological inhibition of MAOB significantly suppressed proliferation and tumor growth in both mPDAC-R and
human PDAC cell lines.

Conclusion: We established a novel GEM-resistant mPDAC model and identified MAOB as a promising therapeutic
target. These findings provide a rationale for targeting MAOB-driven survival signals to overcome chemoresistance
in refractory pancreatic cancer.

Keywords: Pancreatic ductal adenocarcinoma, gemcitabine resistance, CD133, cancer stem cell, monoamine oxidase B.

Introduction disease is frequently unresectable. For these patients,

gemcitabine (GEM)-based chemotherapy remains the
Pancreatic ductal adenocarcinoma (PDAC) is highly lethal,  standard first-line treatment, used with or without
with a 5-year survival rate of only 8.5% in Japan (1).Since  surgical resection. Nevertheless, the rapid development
most patients are diagnosed at advanced stages, the of GEM resistance severely limits its clinical efficacy.
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Therefore, clarifying the molecular basis of GEM
resistance is crucial for improving patient prognosis and
developing effective second-line strategies.

Known mechanisms of GEM resistance include
desmoplasia, impaired drug delivery due to poor
vascularization, and reduced intracellular uptake (2).
However, these mechanisms remain incompletely
understood. A major challenge is that conventional
xenograft models - typically involving the transplantation
of human cells into immunodeficient mice - fail to
reproduce key clinical features such as desmoplasia and
distant metastasis. Consequently, there is an urgent need
for experimental models that more accurately reflect the
human tumor microenvironment.

Recently, a previous study reported the establishment
of GEM-sensitive and GEM-resistant pancreatic cancer
cells by introducing multiple cancer-related genes into
normal human pancreatic ductal epithelial cells (3).
Building on this approach, we aimed to develop a more
clinically relevant experimental system. In this study, we
established immunocompetent, de novo metastatic PDAC
(mPDAC) cells derived from CD133-positive C57BL/6
mouse pancreatic stem cells, which effectively mimic
desmoplasia and metastatic potential characteristic of
human PDAC.

Transcriptomic analysis of parental and GEM-
resistant cell lines identified monoamine oxidase B
(MAOB) as a key mediator of GEM resistance. MAOB is an
enzyme localized to the mitochondrial outer membrane
that catalyzes the oxidative deamination of monoamines,
a process that generates reactive oxygen species (ROS)
(4). Furthermore, MAOB is known to be involved in the
activation of cell survival signals, including the NF-«xB
pathway (5). While MAOB is a well-established target in
neurodegenerative diseases, its role in cancer
chemoresistance remains largely unexplored (6). Here,
we show that MAOB-driven signaling contributes to
tumor cell survival under chemotherapeutic stress,
suggesting that targeting MAOB may represent a
promising strategy to overcome GEM resistance in
refractory pancreatic cancer.

Materials and Methods

Animals and ethical statement. All animal experiments
were conducted in accordance with the Guidelines for the
Care and Use of Laboratory Animals of Kobe University
and were approved by the Institutional Animal Care and
Use Committee (approval no. P200909). Male C57BL/6
and BALB/cA]c1-nu/nu mice (male, 6-10 weeks old) were
purchased from CLEA Japan (Tokyo, Japan) and housed
under specific-pathogen-free conditions with ad libitum
access to food and water.

Cell line establishment and culture. Mouse gemcitabine
sensitive metastatic pancreatic ductal adenocarcinoma
cells (mPDAC-S) were established by introducing GFP,
mutant Trp53, Cdk4, and mutant Kras into CD133-positive
pancreatic progenitor cells isolated from embryonic day
12.5 (E12.5) mouse fetuses (7, 8). To establish a cell line
with reduced GEM sensitivity, mPDAC-S cells were first
transplanted subcutaneously into the flanks of C57BL/6
mice. Once tumors reached a detectable volume, the mice
were subjected to chronic chemotherapy with GEM (100
mg/kg, intraperitoneally i.p.) administered twice weekly
as aselection pressure. We monitored tumor volume and
identified a specific tumor that exhibited sustained
growth and eventually regrew on day 42 despite
continuous treatment. This tumor was harvested,
enzymatically dissociated, and the resulting cells were
expanded in vitro to establish the gemcitabine resistant
mPDAC (mPDAC-R) line. Human PDAC cell lines (KMC17,
KMC26, and KMC34) were maintained as previously
described (9).

Invitro phenotypic assays. Cell viability was assessed using
the CCK-8 assay after 48 h of GEM treatment. In vitro
invasiveness and migration were evaluated using
Matrigel-coated Transwell inserts (24 h) and wound-
healing assays (72 h), respectively. Organoid cultures
were performed by suspending cells in Matrigel for five
days. All in vitro assays were performed in triplicate and
repeated in at least three independent experiments.
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Table I. List of primer sequences.

Mouse primers Sequence (5’->3") Product length

CD133 Forward CCTTGCCTCTTTGGACTCTG 439
Reverse CGGGCTTGTCATAACAGGAT

Pdx1 Forward CCGGACATCTCCCCATACGAA 509
Reverse GAGGTCACCGCACAATCTTGC

MAOB Forward CTGGAACCTAGCAAGCAGCA 222
Reverse ATACGATTCTGGGTTGGCCC

-actin Forward GGCGGACTGTTACTGAGCTG 96
Reverse AAGCCATGCCAATGTTGTCTC

Human primers Sequence (5’->3") Product length

MAOB Forward GCCCATGCACAGGATGAATTT 84
Reverse ACTAGGGAAGTGAGGCTATACAGG

B-actin Forward AGCCTCGCCTTTGCCGATCC 104
Reverse TTGCACATGCCGGAGCCGTT

In vivo tumor models and treatment. Tumorigenicity and
metastatic potential were evaluated using three distinct
transplantation models. For the subcutaneous model,
cells were suspended 1:1 in Matrigel and injected into
the flank of the mice. To more accurately recapitulate the
primary tumor microenvironment, an orthotopic model
was established via direct injection into the pancreatic
tail. Furthermore, a metastasis model was utilized to
assess the development of liver and lung lesions by
injecting cells into the portal vein through the splenic
hilum. Throughout the experiments, tumor growth was
monitored by calculating volume using the formula (long
axisxshort axis?)/2. To investigate the therapeutic
efficacy of MAOB inhibition, mice were treated with oral
rasagiline (15 mg/kg/day) administered twice weekly
foraduration of 11-14 days following tumor confirmation
(10).

Histological and molecular analyses. Paraffin-embedded
sections were stained with Hematoxylin and Eosin (H&E),
Alcian blue (for mucin), and AZAN (for fibrosis).
Immunohistochemistry (IHC) was performed using
antibodies against phosphorylated ERK, CD133, GFP,
Ki67, and MAOB (11). Gene expression profiling was
conducted using the Agilent Whole Mouse Genome
Microarray (Agilent Technologies, Santa Clara, CA, USA)

according to the manufacturer’s protocol. mRNA levels
were quantified via RT-PCR and qPCR, standardized to
mouse or human f-actin. Primer sequences are listed in
Table I. For protein analysis, mitochondrial fractions were
isolated and analyzed via western blotting for MAOB, with
COX1V as aloading control.

Statistical analyses. Data are presented as mean+SEM.
Statistical significance was calculated using Student’s
t-test or two-way ANOVA and significance (*; **) is defined
as p<0.05 or p<0.01, respectively. The specific number of
subjects (n) for each experimental group is indicated in
the respective figure legends.

Results

In vitro phenotype of mouse-derived artificial pancreatic
cancer cells (gemcitabine-sensitive cell line; mPDAC-S).
mPDAC-S cells expressed CD133 and Pdx1, indicating
stem and progenitor cell characteristics (Figure 1A). GFP
expression was detected using fluorescence microscopy
(Figure 1B), and mutant p53 was localized to the nucleus
by immunostaining (Figure 1C). KRAS activation was
inferred from phosphorylated ERK, a downstream effector
of RAS signaling (Figure 1D). GFP expression was also
observed in colonies formed within organoids (Figure 1E
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Figure 1. In vitro characterization of mouse-derived, gemcitabine-sensitive
metastatic pancreatic ductal adenocarcinoma cells (mPDAC-S). A) RT-PCR
analysis showing expression of CD133 and Pdx1 in mPDAC-S cells; -actin
serves as a loading control. B, C) Immunofluorescence (IF) staining for GFP
(B) and Immunocytochemical staining for mutant p53 (C) in mPDAC-S
colonies. D) Immunohistochemical (IHC) staining for phosphorylated ERK,
a downstream marker of KRAS signaling. E, F) Representative images of
GFP-positive colonies in three-dimensional organoid cultures. G, H)
Representative histological images of organoid structures stained with
Alcian blue. Scale bars: 100 um (B, E, F); 50 um (C, D); 20 um (G, H).

and F). Alcian blue staining demonstrated mucus
production within luminal structures of organoids (Figure
1G and H).

In vivo phenotype of mouse-derived artificial pancreatic
cancer cells. mPDAC-S cells formed subcutaneous tumors
within one month. Orthotopic transplantation of cells
derived from these subcutaneous tumors into the
pancreatic tail also led to tumor formation (Figure 2A).
GFP expression confirmed the presence of cancer cells
(Figure 2B). Histological analysis revealed mucin
production (Figure 2C) and fibrosis (Figure 2D), features
characteristic of human pancreatic cancer (12). Liver
metastases were detected one month after orthotopic
transplantation (n=3) (Figure 2E and F), and histology
confirmed mucin production (Figure 2G) and fibrosis
(Figure 2H).

Phenotype as cancer stem cells, CD133-positive mouse
pancreatic stem cells were isolated using magnetic-
activated cell sorting (MACS) and cultured, resulting in a
mixed population of CD133-positive and CD133-negative
cells (Figure 3A). Orthotopic transplantation of the isolated
CD133-positive cells into the pancreas of BL6 mice led to
tumor formation, in which GFP-positive cells comprised
both CD133-positive and CD133-negative cells (Figure 3B).
These results demonstrate that CD133-positive cells can
generate heterogeneous tumor tissues, confirming their
tumorigenic potential. They also suggest that tissue stem
cells may serve as the origin of cancer stem cells.

Effect of GEM on mPDAC-S. The 1Cs, value of GEM for
mPDAC-S was 0.08 uM (Figure 4A), indicating that the
sensitivity of this cell line to GEM is higher than or
comparable to that of established human pancreatic
cancer cell lines (13). GEM has been reported to enhance
the invasive ability of human cancer cells (14); therefore,
we evaluated the effect of GEM on the invasion of mPDAC-S
cells. In vitro Matrigel invasion assays demonstrated a
significant increase in the number of invading cells
following treatment with 0.1 pM GEM (Figure 4B). Cell
migration area was also increased in a dose-dependent
manner (n=3, p<0.05) (Figure 4C). In vivo, the effect of
GEM on tumor growth was examined in subcutaneous and
orthotopic pancreatic tumor models. Tumor growth was
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Figure 2. In vivo histological characterization of orthotopic and metastatic gemcitabine-sensitive metastatic pancreatic ductal adenocarcinoma (mPDAC-S)
tumors. A-D) Representative histological images of orthotopic mPDAC-S tumors stained with H&E (A), GFP (B), Alcian blue (C), and AZAN (D). E-H) Representative
histological images of liver metastatic lesions stained with H&E (E), GFP (F), Alcian blue (G), and AZAN (H). Scale bars: 100 um (A-D); 200 um (E-H).

G ( CD133 merge DAPI

Figure 3. CD133 expression in gemcitabine-sensitive metastatic pancreatic ductal adenocarcinoma (mPDAC-S) cells and tumors. A) Representative
image of GFF, CD133, merged images, and DAPI in mPDAC-S cells. B) Representative images of GFP, CD133, merged images, and DAPI in mPDAC-S tumors.

Scale bars: 100 um.
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suppressed approximately two weeks after the start of
GEM administration (Figure 4D and E), with tumor
volumes of 657+101.5% in the control group versus
370+115.5% in the GEM-treated group (mean+SEM, n=4,
p<0.05), and tumor weights of 1.125+0.2298 g versus
0.550+0.0353 g, respectively (mean+SEM, n=4, p<0.05).
Histological analysis revealed that while tumors in the
control group had clear boundaries, GEM-treated tumors
exhibited invasion, with indistinct borders between the
tumor and normal pancreatic tissue (Figure 4F).

Establishment of GEM-resistant cell line and effect of GEM
on mPDAC-R. To establish a model with reduced GEM
sensitivity, mPDAC-S cells were transplanted subcutaneously
and treated with GEM. Although initial tumor growth was
suppressed, a specific tumor exhibited definitive regrowth
on day 42 (Figure 5A). This tumor was harvested to
establish the mPDAC-R line.

The ICs5¢ of GEM for mPDAC-R cells (30.0 uM) was
higher than that for mPDAC-S cells, although this increase
did not reach statistical significance in vitro (Figure 5B).
However, in vivo, tumor growth was suppressed by GEM
in mice transplanted with mPDAC-S, whereas tumors
continued to grow in mice transplanted with mPDAC-R
(Figure 5C), with tumor volumes of 2406+406.3% in the
control group versus 442+108.3% in the GEM-treated
group (mean*SEM, control, n=2; GEM-treated, n=2).

In vivo phenotype of mouse pancreatic cancer cells:
mPDAC-S and mPDAC-R. Similar to mPDAC-S, mPDAC-R
also formed pancreatic tumors one month after orthotopic
transplantation. As shown in the collagen invasion assay,
more mPDAC-R cells invaded than mPDAC-S cells (Figure
6A and B). Tumors derived from mPDAC-S exhibited
distinct, swollen borders, whereas tumors derived from
mPDAC-R displayed invasive growth into the surrounding
pancreas (Figure 6C and D). The orthotopic pancreatic
tumor volumes were comparable between the mPDAC-S
group and the mPDAC-R group. In the metastasis model,
liver metastases were observed within three weeks in all
mice transplanted with either mPDAC-S (3/3) or

mPDAC-R (4/4). mPDAC-S cells produced localized
metastatic lesions confined to the liver, whereas mPDAC-R
developed diffuse liver metastases accompanied by
hepatomegaly (Figure 6E and F). Moreover, lung
metastasis was detected in one of the four mice
transplanted with mPDAC-R (1/4; Figure 6G). Similar to
the primary tumors, metastatic lesions exhibited Alcian
blue-positive mucin production and Azan-positive
stromal fibrosis, both characteristic features of pancreatic
ductal adenocarcinoma (Figure 7).

MAOB expression in mPDAC and tumor suppression effect
of a MAOB inhibitor. Transcriptomic profiling and Gene Set
Enrichment Analysis (GSEA) identified several differentially
expressed genes related to drug metabolism. Among
these, Maob was identified as the most highly up-regulated
gene in mPDAC-R compared with mPDAC-S (Figure 8A).
Expression of MAOB mRNA and protein was quantitatively
confirmed by real-time PCR and western blotting and was
significantly higher in mPDAC-R than in mPDAC-S (Figure
8B). As MAOB is localized to the mitochondrial outer
membrane, immunostaining at the light microscope level
showed cytoplasmic expression in both mPDAC-S and
mPDAC-R cells (Figure 8C).

To evaluate the tumor-suppressive effect of the MAOB
inhibitor rasagiline, subcutaneous tumors generated from
mPDAC-R cells were treated for 11 days. Tumor volume
in the rasagiline group was significantly reduced
compared with the vehicle group on days 7 and 11 (Figure
8D). On day 11, tumor volume reached 389+123% in the
vehicle group and 224+97% in the rasagiline group
(mean+SEM, control vehicle, n=4; rasagiline-treated, n=4,
p<0.01), relative to the baseline volume on day 0.

MAOB expression in GEM-resistant human pancreatic cancer
cells and tumor suppression by a MAOB inhibitor. mRNA
expression of MAOB was detected in KMC17, KMC26, and
KMC34 cells using RT-PCR (Figure 9A), and MAOB protein
was localized in the cytoplasm as determined by
immunofluorescence staining (Figure 9B). Tumors
generated by subcutaneous implantation of KMC26 and
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Figure 4. Effects of gemcitabine on gemcitabine-sensitive metastatic pancreatic ductal adenocarcinoma (mPDAC-S) cells and tumors. A) Cell viability
of mPDAC-S cells following gemcitabine treatment. B) Matrigel invasion assay of mPDAC-S cells treated with gemcitabine. C) Wound-healing assay
showing migration of mPDAC-S cells after gemcitabine treatment. D) Growth curves of subcutaneous mPDAC-S tumors in vehicle- and gemcitabine-
treated mice. Data represent mean+SEM (n=4 per group). *p<0.05. E) Weights of orthotopic mPDAC-S tumors in vehicle- and gemcitabine-treated mice.
Data represent mean+SEM (n=4 per group). *p<0.05. F) Representative H&E-stained images of orthotopic mPDAC-S tumors from control and
gemcitabine-treated groups. Scale bars: 100 um (C); 50 um (F).
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establishment of gemcitabine (GEM) resistance. B) In vitro cell viability of
mPDAC-S and mPDAC-R cells after GEM treatment. C) In vivo tumor
growth comparison under GEM treatment (control, n=2; GEM-treated,
n=2 per group). Data represent mean+SEM.
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Figure 6. Invasive and metastatic characteristics of gemcitabine-resistant
metastatic pancreatic ductal adenocarcinoma (mPDAC-R). A, B) In vitro
invasion assays shows increased invasiveness in mPDAC-R compared with
mPDAC-S. C, D) Representative histological images stained with H&E
shows expansive growth with well-defined borders in mPDAC-S (C) versus
infiltrative morphology in mPDAC-R (D). E-G) In a splenic injection
metastasis model, both lines formed liver metastases (mPDAC-S: n=3;
mPDAC-R: n=4). Lung metastases is present only in the mPDAC-R group
(1/4). GFP immunohistochemistry and histological staining confirmed
metastatic lesions. Scale bars: 100 um.

KMC34 cells were treated with rasagiline for 13 days, and
tumor volume was measured. Tumor volume in the
rasagiline-treated group was significantly reduced
compared with the vehicle group from day 3 after the start
of treatment (Figure 9C). On day 13, tumor volume reached
557+63.7% in the vehicle group and 374+40% in the
rasagiline group (mean+SEM, control vehicle, n=18;
rasagiline-treated, n=17, p<0.01), relative to the baseline
volume on day 0. Immunostaining of excised tumors with
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Figure 7. Histological staining of liver and lung metastases derived from gemcitabine-resistant metastatic pancreatic ductal adenocarcinoma
(mPDAC-R). A-H) Representative histological images stained with Alcian blue revealed mucus-producing cells in both liver (C) and lung (G) metastases.
Azan staining demonstrated stromal fibrosis around metastatic lesions (D, H). Scale bars: 200 um.

an anti-Ki67 antibody showed that the percentage of Ki67-
positive cells was significantly lower in the rasagiline-
treated group (vehicle: 84+10% vs. rasagiline: 57+6%; n=3;
mean+SEM, p<0.05; Figure 9D and E), confirming that
MAOB inhibition directly suppresses the proliferative
capacity of PDAC cells.

Discussion

In this study, we established a novel syngeneic PDAC model
by introducing mutant Trp53, Cdk4, and mutant Kras into
mouse CD133-positive pancreatic tissue stem cells. This
orthotopic model rapidly mimics key human PDAC
hallmarks - including desmoplasia and remote metastasis
- within an immunocompetent environment. By comparing
mPDAC-S and mPDAC-R cell lines through transcriptomic
profiling, we identified MAOB as a novel mediator of GEM
resistance. Additionally, pharmacological inhibition of
MAOB by rasagiline also demonstrated tumor-suppressive
effects against mPDAC-R, further supporting MAOB as a
potential therapeutic target for refractory PDAC.

A key strength of this study is the use of a de novo
mPDAC model derived from CD133-positive pancreatic

stem cells (Figure 3). Given that pancreatic tissue stem
cells are recognized as a potential cell of origin for PDAC
(15), our model provides a biologically relevant
framework that aligns with human tumorigenesis. Unlike
conventional xenografts, this approach allows us to
investigate drug resistance within a natural immune
environment, further validating the clinical significance
of MAOB as a mediator of GEM resistance.

Our in vivo observations using the mPDAC-S model
demonstrate that while GEM treatment effectively
reduced tumor burden, it simultaneously induced an
invasive phenotype characterized by poorly defined
tumor margins (Figure 4F). This suggests that prolonged
GEM exposure exerts a potent selection pressure, favoring
the survival and enrichment of sub-populations with
enhanced migratory and invasive properties - a finding
that aligns with our in vitro data (Figure 4B, C).We
conclude that this continuous selection of aggressive
clones eventually led to the establishment of mPDAC-R,
which possesses both profound GEM resistance and high
metastatic potential (16) (Figure 5A and C; Figure 6).

Intriguingly, the GEM resistance observed in our model
appeared to be independent of classical metabolic
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*p<0.05. Scale bars: 100 um (B, D).

pathways. While acquired resistance is typically attributed
to alterations in GEM-metabolizing enzymes or transporters
(17), our transcriptomic profiling showed that these
canonical markers remained largely unchanged. Instead,
we identified a marked and specific up-regulation of Maob
in mPDAC-R (Figure 8A). The MAOB-mediated generation
of ROS provides a critical link between mitochondrial
metabolic activity and the activation of pro-survival
programs, such as NF-kB signaling, in GEM-resistant cells
(5). This functional role is further supported by the
observation that pharmacological inhibition of MAOB by
rasagiline suppressed cell proliferation and reduced Ki67
positivity in both mPDAC-R and human PDAC cell lines
(Figure 9A-E). Collectively, these findings suggest that GEM
resistance in this model arises not from altered drug
metabolism, but from MAOB-driven survival signals that
enable tumor cells to maintain their proliferative capacity
under chemotherapeutic stress. Clinically, the identification
of MAOB as a mediator of GEM resistance is significant for

treating refractory PDAC. While previous strategies have
focused primarily on drug-metabolizing enzymes, our
findings suggest that targeting MAOB-driven survival
signals offers a new therapeutic approach. Specifically, the
efficacy of rasagiline in our model indicates that MAOB
inhibition could be used in combination with GEM to
overcome resistance. This provides a new rationale for
improving outcomes in patients with invasive, GEM-
resistant disease. Consistent with this concept, integrated
bioinformatic analyses of human PDAC transcriptomic
datasets have identified novel targets such as LPAR5 and
ACSL5 that are linked to disease progression and
therapeutic response but fall outside classical drug
metabolism pathways (18). In addition, in human pancreatic
cancer cell lines, the transcriptional repressor BHLHE41
has been shown to restore GEM sensitivity by suppressing
IGFBP4-mediated survival signaling, independent of GEM
transport or metabolic activation (19). The convergence of
these human clinical and in vitro findings with our murine
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in vivo evidence further supports the therapeutic potential
of targeting non-canonical resistance mechanisms in PDAC.

Study limitations. First, although our model mimics key
features of PDAC, it may not fully capture the extreme
complexity of the human tumor microenvironment
(TME), particularly the diverse immune cell infiltration
seen in patients. Second, the upstream mechanisms
responsible for Maob up-regulation and the direct effects
of its genetic manipulation on GEM sensitivity remain to
be fully elucidated. Nevertheless, the absence of classical
metabolic alterations in our models highlights MAOB as a
promising target for overcoming GEM resistance. Future
preclinical studies focusing on the causal link between
MAOB dynamics and drug response will be essential to
validate the clinical utility of this strategy.

Conclusion

In conclusion, this study established a novel GEM-
resistant mPDAC model and identified MAOB as a key
mediator of GEM resistance. These results highlight MAOB
as a promising therapeutic target for overcoming
chemoresistance in refractory pancreatic cancer.
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