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Abstract: Pancreatic ductal adenocarcinoma (PDAC) presents with condensed stroma that contributes to its high
invasive capability. Although metformin adjuvant treatment has been suggested to improve the survival times of
patients with PDAC, the mechanism responsible for that benefit has been investigated only in two-dimensional cell
lines. We assessed the anti-cancer effect of metformin in a three-dimensional (3D) co-culture model to quantify the
migration behavior of patient-derived PDAC organoids and primary pancreatic stellate cells (PSCs). At a concentra-
tion of 10 yM, metformin reduced the migratory ability of the PSCs by downregulating the expression of matrix
metalloproteinase-2 (MMP2). In the 3D direct co-cultivation of PDAC organoids and PSCs, metformin attenuated the
transcription of cancer stemness-related genes. The reduced stromal migratory ability of PSCs was associated with
the downregulation of MMP2, and MMP2 knockdown in PSCs reproduced their attenuated migratory ability. The
anti-migration effect of a clinically relevant concentration of metformin was demonstrable in a 3D indirect co-culture
model of PDAC consisting of patient-derived PDAC organoids and primary human PSCs. The metformin suppressed
PSC migration via MMP2 downregulation and attenuated cancer stemness factors. Furthermore, oral administra-
tion of metformin (30 mg/kg) strikingly suppressed the growth of PDAC organoids xenograft in immunosuppressed
mice. These results indicate metformin could offer the potential approach as an effective therapeutic drug for PDAC.
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Introduction

Early detection of pancreatic ductal adenocar-
cinoma (PDAC) has not been feasible due to its
rapid progression and early metastasis to dis-
tant organs while in the asymptomatic phase.
Because of the small proportion of patients eli-
gible for curative surgery and strong resistance
to current chemotherapeutic regimens, PDAC
ranks among the worst solid malignancies in
terms of outcomes and survival time [1].
Identifying more effective methods to decrease
its migration and invasive ability is essential to
improving the prognosis of PDAC patients.

One of the main characteristics of PDAC respon-
sible for its poor prognosis is desmoplasia, in

the form of dense stroma with excessive extra-
cellular matrix (ECM). Abundant ECM is associ-
ated with PDAC’s strong resistance to chemo-
therapy [2] and invasive ability [3, 4]. In the
ECM, matrix metalloproteinases (MMPs) are
secreted by pancreatic stellate cells (PSCs) and
cancer cells [3]. Among the several subtypes of
MMPs, MMP2 is primarily related to the promo-
tion of cell growth and invasion [3, 4].

Recent studies have revealed that metformin, a
first-line anti-diabetes medication with an excel-
lent safety profile, could play a role in reducing
the number of cancer stem cells (CSCs) and the
migration ability of various cancer cells. For
example, in pancreatic [5], breast [6], and ovar-
ian cancers [7] and melanoma [8], metformin
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has been shown to inhibit and suppress tumor
states, both in vitro and in vivo. Several meta-
analyses have concluded that the risk of
patients taking metformin to treat diabetes
was lower than the average risk of developing
cancers such as lung cancer [9], colorectal can-
cer [10], and PDAC [11, 12]. Meta-analyses
have also revealed a significant association
between metformin adjuvant treatment and a
survival benefit, particularly for those with a
resection or local invasion [12, 13]. Given its
safety profile and low cost, metformin adjuvant
treatment could be an attractive option for
improving the prognosis of PDAC. However,
investigations of the mechanism responsible
for its benefit have been largely limited to cell
lines [14, 15], which fail to reproduce the pan-
creatic tumor microenvironment.

Tumor microenvironments include not only the
tumor core itself but also stromal cells, macro-
phages, blood vessels, fibroblasts, the ECM,
and immune cells. Those factors tend to inter-
act tightly and boost tumorigenesis [16, 17]. In
the pancreas, PSCs are the central cells facili-
tating desmoplastic reactions in the tumor
microenvironment. Previous studies have re-
ported that PSCs modulation can offer thera-
peutic improvements in PDAC [18, 19]. We
therefore approached PSCs, which have abun-
dant stroma that contributes to chemoresis-
tance and high invasive capacity, as an impor-
tant therapeutic target in PDAC.

In this study, we set out to determine whether
the anti-cancer effect of metformin at a clini-
cally relevant concentration would be demon-
strable in a three-dimensional (3D) co-culture
model of PDAC made from patient-derived
PDAC organoids and primary human PSCs
obtained from post-surgical tissues. We used
this model to investigate whether the key
mechanism of the anti-migration effect of met-
formin on PSCs is MMP2 downregulation.
Finally, we investigated whether oral adminis-
tration of metformin (30 mg/kg) could inhibit
the growth of PDAC organoid xenograft in
immunosuppressed mice.

Materials and methods
Human pancreatic cancer tissue samples

Human pancreatic cancer tissue samples were
obtained from Samsung Medical Center. This
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study was approved by the Samsung Medical
Center Institutional Review Board (IRB) and
conducted according to the protocols of the
Helsinki Declaration. The IRB file number is
SMC-2018-08-148. All tissue samples were
obtained with informed consent. Pancreatic
cancer tissues were obtained from PDAC
patients who underwent surgical resections for
pylorus preserving pancreatoduodectomy but
did not undergo neoadjuvant chemotherapy.
The clinical characteristics of the included

patients are listed in Supplementary Table 1.

PDAC organoid generation and maintenance

The obtained tissues were minced to produce
adult stem cells within duct clusters, following
a method described previously [20]. Tissues
were washed thoroughly with ice-cold Dul-
becco’s phosphate-buffered saline (DPBS) con-
taining 1% penicillin/streptomycin to remove
adipose tissue and blood vessels. After several
washing procedures, the tissues were digested
in 5 mg/mL collagenase |l (gibco) and TrypLE
(gibco) at 37°C for up to 1 h to detach duct
clusters. The isolated duct clusters were
embedded in Growth Factor Reduced (GFR)
Matrigel (Corning) at a ratio of 1:1 and cultured
with organoid growth medium (OGM) contain-
ing B-27 serum-free supplement (Invitrogen,
Carlsbad, CA, USA), N-2 supplement (Invitrogen),
50 ng/mL animal-free recombinant murine
epidermal growth factor (PeproTech, Inc., NJ,
USA), 10 ng/mL recombinant human Noggin
(PeproTech), 50 ng/mL fibroblast growth factor
10 (PeproTech), 0.5 uM A83-01 (Tocris
Bioscience, Bristol, UK), 10 mM nicotinamide
(Sigma-Aldrich, Louis, MO, USA), R-spondin-1
conditioned medium (Trivigen, MD, USA), 50%
Wnt-3a conditioned medium (ATCC) in advanced
Dulbecco’s modified Eagle medium (DMEM,;
Thermo Fisher Scientific, MA, USA) supplement-
ed with GlutaMAX (Thermo Fisher Scientific),
HEPES buffer (Thermo Fisher Scientific), peni-
cillin-streptomycin solution (Thermo Fisher
Scientific), N-acetyl-L-cysteine (Sigma-Aldrich)
and 10 uM Y-27632. The medium was refreshed
every 3 days omitting Y-27632. Organoids were
routinely passaged by dissociation with TrypLE
for 5 min at 37°C. Metformin (STEMCELL
Technologies, Vancouver, British Columbia,
Canada) was dissolved in phosphate-buffered
saline (PBS) as a stock solution, and working
dilutions were prepared in culture medium.
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Recombinant TGF-B1 (PeproTech) was dis-
solved in 0.1% bovine serum albumin (BSA)
diluted in PBS as a stock solution.

Isolation and cultivation of human pancreatic
stellate cells

PSCs and PDAC organoids were isolated from 7
PDAC patients with different stages of regional
lymph node involvement (N stages O to 2). The
post-surgical PDAC tissues were washed in
DPBS. The tissues then were minced into 2 mm
pieces and digested for 10 minutes at 37°C in
Hank’s balanced salt solution containing colla-
genase and 12.5% FBS. Dissociated cells were
cultured in DMEM supplemented with 10%
fetal bovine serum (FBS), 100 pg/mL kanamy-
cin, and 100 mg/dl glucose at 37°C with 5%
CO, supply. The cells from passage number 4-5
were used for all experiments.

Immunofluorescence

The culture medium was removed, and the
PDAC organoids and PSCs were washed three
times with DPBS. Fixation was carried out with
4% paraformaldehyde at room temperature.
Permeabilization was performed with 0.1%
Tween-20 and 0.2% Triton-X100 in DPBS. To
reduce non-specific binding, blocking was per-
formed with 5% BSA in DPBS. Samples were
covered with primary antibodies at 4°C over-
night. The next day, the samples were incubat-
ed with secondary antibodies at room tempera-
ture for 2 h. Primary and secondary antibodies
used for the staining were anti-collagen |
(Abcam, Cambridge, UK), anti-laminin (Abcam),
Ki67 (Santa Cruz Biotechnology, Dallas, Texas,
USA), LGR5 (Abgent, San Diego, CA, USA), des-
min (Invitrogen), vimentin (Abcam), B-catenin
(Abcam), lysozyme (Diagnostic Biosystems,
Fremont, CA, USA), a-SMA (Abcam), ZO-1
(Abcam), E-cadherin (Cell Signaling, Danvers,
MA, USA), anti-cytokeratin 7 (Abcam), anti-cyto-
keratin 19 (Abcam), CA19-9 (Invitrogen), Alexa
Fluor 488-conjugated anti-rabbit immunoglo-
bin G (IgG; Life Technologies, Gaithersburg,
MD, USA), and Alexa Fluor 594-conjugated anti-
mouse IgG (Life Technologies). In order to
ensure nuclear staining, samples were mount-
ed with Mounting Medium with 4’,6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories).
Pictures were taken by using Laser Scanning
Confocal (ZEISS).
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Quantitative reverse transcriptase polymerase
chain reaction

The PDAC organoids and PSCs were treated
with TRizol (Invitrogen) and chloroform (Sigma-
Aldrich), and the colorless upper supernatant
was collected after centrifugation at 12,000 x
g for 15 min at 4°C. Isopropyl alcohol was then
added to induce RNA precipitation. After cen-
trifugation, the RNA pellets were washed with
75% ethanol and dried at room temperature
until all leftover ethanol had evaporated. The
air-dried RNA pellets were dissolved in diethyl
pyrocarbonate-treated water for elution. cDNA
was then synthesized using PrimeScript RT
Master Mix (Takara, Kusatsu, Shiga, Japan).
gRT-PCR amplification was performed by add-
ing cDNA to TB Green Premix Ex Taq (Tli RNaseH
Plus, Takara). The level of mMRNA expression
was measured using a QuantStudio 6 Flex
Real-Time PCR system (Applied Biosystems,
Waltham, Massachusetts, USA). The primer
pairs used for qRT-PCR analysis are listed in

Supplementary Table 2.

Migration assays

PSC migration assay was performed using a
Radius Cell Migration Assay kit (Cell Biolabs,
San Diego, CA, USA). The cell migration proce-
dures followed the manufacturer’s guidelines.
Briefly, when 1 x 10* cells were seeded in the
well, the PSCs attached everywhere except on
the Radious™ gel overnight. After removal of
Radius™ Gel, cells migrated into the cell-free
zone for 48 h, as revealed by microscope obser-
vations. To confirm that PSCs have their migra-
tory capacity in the presence of ECM compo-
nent, we used a 3D indirect co-culture model
with PDAC organoids and PSCs. The PSCs were
seeded at the upper insert coated with Matrigel
diluted with serum-free medium, and the PDAC
organoids were seeded at the bottom, embed-
ded with OGM in Matrigel. After 48 h, the
migrated PSCs were stained with crystal violet
dye, and the assay was analyzed. Each experi-
ment was repeated at least three times.

Cell proliferation assay

Cell Counting Kit-8 (CCK-8) was used to analyze
cell proliferation. Buffer was added at 1/10th
the total medium volume and analyzed after 4
h. Data were measured with a 450-490 nm fil-
ter and a microplate reader.
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Western blot analysis

The expression of MMP2, CD10, CD24, CD44,
CD133, EpCAM, LGR5, p-Smad2/3, AMPK, and
o-SMA was evaluated after metformin treat-
ment in PSCs. For AMPK inhibition experiments,
the AMPK inhibitor Compound C (Calbiochem,
San Diego, CA, USA) was treated at a concen-
tration of 5 uM for 48 h in PSCs. The prepared
cells were lysed using PRO-PREP Protein
Extraction Solution (iNtRON Biotechnology,
Gyeonggi, Korea). After protein extraction, 10%
sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and a nitrocellu-
lose membrane (Bio-Rad, Hercules, CA, USA)
were used for the experiment. Blocking was
done with 5% skim milk, and the membrane
was incubated overnight at 4°C with anti-MMP2
(Abcam), anti-CD10 (Abcam), CD24 (Abcam),
CD44 (Santa Cruz), CD133 (Abcam), EpCAM
(Cell Signaling), LGR5 (Abgent), anti-p-Smad2/3
(Cell Signaling), anti-Smad2/3 (Cell Signaling),
anti-a-SMA (Cell Signaling), MMP2 (Sigma-
Aldrich) and anti-B-actin (Sigma) antibodies.
The next day, the membrane was probed with
secondary antibodies conjugated to horserad-
ish peroxidase for 2 h at room temperature.
After washing, membranes were detected by
enhanced chemiluminescence solution in the
dark room.

Transfection with siRNA and MMP2 stimula-
tion

To knock down MMP2 expression, MMP2-
targeted siRNA was used. The siRNA for MMP2
(AccuTarget™ genome-wide predesigned siRNA
No. 4313-3) and the negative control siRNA
(AccuTarget™ Negative Control siRNA No.
SN-1002) were purchased from Bioneer (Dae-
jeon, Korea). Transfection was performed with
Lipofectamine 3000 (Invitrogen, Carlsbad, CA)
based on OptiMEM (Gibco, Carlsbad, CA, USA)
according to the manufacturer’s instructions.
The PSCs were used for further experiments
24~96 h after transfection. To stimulate MMP2
expression in PSCs, recombinant human MMP2
was purchased from Sigma (MO, USA).

Measurement of secreted TGF-3 with ELISA

To detect TGF-B secretion from PSCs, PDAC
organoids, and co-cultivation with PSCs and
PDAC organoids, they were cultured with serum-
free DMEM/F12 for 48 h, and the supernatant
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was collected and filtered to remove cell debris.
The procedures for measurement of TGF-§3 fol-
lowed the manufacturer’'s guidelines. Briefly,
the samples were incubated with 1N hydrochlo-
ric (HCL) and 1.2N NaOH/0.5M HEPES for 10
minutes to activate TGF-B. Then enzyme-linked
immunosorbent assay (R&D Systems, Min-
neapolis, MN, USA) was performed after the
activation of TGF-B in each sample. Samples
were measured with a 450-490 nm filter and a
microplate reader.

Analysis of MMP-2 activity by gelatin zymogra-
phy

The gelatinase activity of MMP2 in human PSCs
was examined by gelatin zymography. The cul-
ture medium was concentrated using an
Amicon Ultra-15 Centrifugal Filter Unit (Merck,
Kenilworth, NJ, USA), and the protein concen-
tration was measured by Bradford assay.
Conditioned medium from untreated and met-
formin-treated human PSCs for 48 h was sepa-
rated by electrophoresis in 10% Zymogram
Plus (Gelatin) Protein Gels (1.0 mm) (Invitro-
gen). After electrophoresis, the gels were incu-
bated for 30 min at room temperature in
Zymogram renaturing buffer (Invitrogen) with
gentle agitation. The gels then were equilibrat-
ed in Zymogram developing buffer (Invitrogen)
for 30 min, incubated with fresh Zymogram
developing buffer for 18 h at 37°C and stain-
ed with SimplyBlue™ SafeStain (Invitrogen).
Gelatinase activities were visualized as white
bands on the blue background of the gels. The
Bio-Rad Gel-Doc system (Bio-Rad) was utilized
to quantify zymography band intensities. The
relative activity of MMP2 was expressed as the
sum of the pro-enzyme and the active form
since the active form was faintly visible.

Hematoxylin and eosin (H&E) staining

Organoids were fixed in 4% paraformaldehyde
for one hour at room temperature and then
embedded in 2% agarose in water. The organ-
oids were centrifuged, incubated on ice, and
embedded in paraffin, after which the sections
were subjected to H&E staining.

Xenograft experiment
BALB/c-nude mice were obtained from the

Orient Bio (Gyeonggi-do, Korea). 1 x 10° PDAC
organoids were mixed with Matrigel (100 pl).
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Mixed Matrigel was injected subcutaneously
into the right flank of each mouse. One week
after PDAC organoids transplantation, mice
were randomized into vehicle (18 mice per
group) and metformin-treated groups (20 mice
per group). For metformin groups, 30 mg/kg
metformin was diluted freshly in sterile water
and administered by oral injection using zonde
needles every day for 28 days. The tumor vol-
ume (V) was calculated according to the stan-
dard formula V = (length x width?)/2. The tumor
volumes were measured every 3-4 day for
28 days. Following sacrifice, the tumors were
dissected and weighted. All animal studies
were approved by the Institutional Animal Care
and Use Committee of Samsung Biomedical
Research Institute.

Statistical analysis

Differences between the two groups were
assessed by student’s t-test. Three or more
groups were compared with a one-way analysis
of variance followed by Student-Newman-Keuls
post hoc testing. Differences were considered
statistically significant at P < 0.05. Statistical
analyses were performed using GraphPad
Prism version 8 (GraphPad, San Diego, CA,
USA).

Results

PSCs and PDAC organoids derived from post-
surgical human PDAC specimens mimic a pan-
creatic tumor state

To explore the phenotype of human PDAC in
vitro, we isolated PSCs and PDAC organoids
from duct clusters of human PDAC tissue. The
morphology of PSCs and PDAC organoids was
tracked with microscopy on days 1, 2, and 6
(Figure 1A, 1B). Both the PSCs and PDAC
organoids were examined using confocal
microscopy after being immunostained with
specific markers. The PSCs were characterized
by desmin, vimentin, and alpha-smooth muscle
actin (Figure 1C). The PSCs also expressed
laminin and collagen type IV, which contribute
to some ECM components and help produce
massive fibrosis and desmoplasia when they
are in an inflammatory disease state (Figure
1C). The human PDAC organoids were immu-
nostained for lysozyme, Ki67, B-catenin, colla-
gen |V, and laminin as markers for secretory
cells, proliferating cells, epithelial tumor cells,
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and basement membrane, respectively (Figure
1D). These markers were expressed in human
PDAC organoids, regardless of the regional
lymph node (N) stage of the PDAC patients
(Supplementary Figure 1A, 1B). Furthermore, to
ensure that isolated PSCs and PDAC organoids
have a high purity of their characteristics, we
performed a couple of negative immunofluores-
cences (IF) staining of each cell type. As a
result, both cell types showed negative IF data
of their opposite markers. We confirmed that
the expression of epithelial markers such as
zonula occludens-1 (Z0-1) and E-cadherin was
negative in PSCs (Figure 1E). Also, representa-
tive mesenchymal markers such as vimentin
and a-SMA were not positive in PDAC organoids
(Figure 1F). As with other CSCs, which are a
small subpopulation within tumor cells [17], a
small proportion of cells in the PDAC organoids
expressed leucine-rich repeat-containing G
protein-coupled receptor 5 (LGR5) (Supple-

mentary Figure 1C).

Metformin attenuates the expression of migra-
tion and invasion-related factors in human
PSCs

Previous studies suggested that metformin tar-
gets cancer cells and inhibits migration and
invasion [21-24]. To examine whether metfor-
min can affect the mRNA transcription levels of
genes related to migration and invasion in
human PSCs, we added metformin at concen-
trations of 1 uM, 10 uM, and 100 uM to PSC
growth medium one day after seeding the
cells and treated them for 48 h, after which the
PSCs were harvested. The metformin-treated
PSCs exhibited attenuated expression levels of
vimentin, MMP2, and tissue inhibitors of metal-
loproteinases 2 (TIMP2), which are critical fac-
tors for migration and invasion (Figure 2A).
Metformin dose-dependently reduced the tran-
scription levels of CD10, CD24, and CD44,
which are stromal prognostic markers in vari-
ous tumors (Figure 2B). Based on quantitative
PCR analysis, we considered 10 uM, which is
close to previously reported human blood
trough levels for type 2 diabetes mellitus
(T2DM) [25, 26], as an optimum concentration.
Therefore, we examined the morphological
changes and cell viability of PSCs at a concen-
tration of 10 yM metformin and found no sig-
nificant differences between the control group
and the metformin-treated group for 48 h
(Figure 2C, 2D).
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Figure 1. Characterization of PSCs and PDAC organoids derived from human post-surgical tissue. A, B. Phase mor-
phology of the PSCs and PDAC organoids on days 1, 2, and 6. Scale bars, 100 um. C. Representative confocal imag-
es of immunofluorescence of laminin, collagen IV, desmin, vimentin, and alpha-SMA (a-SMA) in human PSCs. Scale
bars: 50 um. D. Representative confocal images of immunofluorescence of Ki67 (proliferation marker), B-catenin
(epithelial tumor cell marker), lysozyme (secretory cell marker), collagen 1V, and laminin (ECM component marker)
in human PDAC organoids. E. Representative confocal images of immunofluorescence of ZO-1 and E-cadherin as
negative markers for PSCs. Scale bars: 50 ym. F. Representative confocal images of immunofluorescence of vimen-
tin and a-SMA as negative markers for PDAC organoids. Scale bars: 50 um. The lower panel indicates magnification
of the area in the red line rectangle of the upper panel. Scale bars, 50 um.
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Figure 2. Effect of metformin on the expression of migration and invasion marker genes and cell viability in isolated
primary human PSCs. A, B. Quantitative PCR data were analyzed after 48 h of metformin treatment. The rela-
tive mMRNA expression levels of vimentin, MMP2, TIMP2, CD10, CD24, and CD44 were compared in control and
metformin-treated PSCs. Data are represented as mean + SEM. “P < 0.05, **P < 0.01, P < 0.001, statistically
significant differentiation compared with the control. C. Representative bright-field microscopy images of PSCs.
Microscopy was performed at O h and 48 h. Scale bars, 200 um. D. Measurement of cell viability after 48 h of
metformin treatment. No significant difference was seen between the control and metformin groups. CTL, control;

ns, non-significant.

Metformin inhibits the migration capacity of
human PSCs

To investigate whether metformin can inhibit
the migration capacity of human PSCs, we con-
ducted cell migration assay. PSCs seeded in
pre-coated wells were cultured for up to 48 h.
Compared with the control and 1 yM metfor-
min, the 10 uM metformin significantly inhibit-
ed the closure of a circle cell-free zone by
migrated cells (Figure 3A, 3B; PSCs from a
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patient with stage NO PDAC). These results
were reproducible in PSCs from patients with
different N stages of PDAC (Figure 3C, 3D).
Next, we investigated the protein expression
and enzyme activity of MMP2 using Western
blotting and gelatin zymography. The protein
levels and enzyme activities of MMP2 showed
significant differences between control and
metformin groups regardless of PSCs derived
from different N stages of PDAC (Figure 3E,
3G). Also, metformin showed an inhibitory

Am J Cancer Res 2023;13(5):1806-1825
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Figure 3. Metformin inhibits the migration capacity of PSCs and their expression of MMP2 and CD10. A. Migration
assay with stage NO PSCs treated with metformin (10 uM). Bright-field microscopy images of PSCs were taken at O
h and 48 h. Scale bars, 100 um. B. The migration areas were analyzed by measuring the areas of the migrated cells
after 48 h of metformin treatment. C, D. Migration assay of N-stage 1 and 2 PSCs treated with metformin. Bright-
field microscopy images of PSCs were obtained at O h and 48 h, and the migration areas were measured. Scale
bars, 100 um. E, F. Western blots of PSCs treated for 48 h with metformin. The relative levels of MMP2 and CD10
normalized to B-actin are depicted in the bar graph (n = 3 independent isolations). G. Gelatin zymography of MMP2-
activated protein in PSCs. Media conditioned for 48 h in metformin or metformin-free conditions were assessed
for MMP2 activation by zymography. Data are represented as mean + SEM. "*P < 0.01, "*P < 0.001, statistically

significant differentiation compared with the control.

effect on protein expression of CD10, which is a
stromal stem cell marker that promotes the
progression of cancer cells (Figure 3F). These
data suggest that metformin could inhibit the
migration capacity of human PSCs and expres-
sion levels of MMP2 and CD10.

Metformin attenuates the migration ability of
PSCs through a signaling pathway of TGF-3 but
not AMPK

We explored the role played by the transform-
ing growth factor-beta (TGF-B) signaling path-
way, one of the primary signaling pathways in
cancer migration, in metformin’s ability to
attenuate MMP2 expression in PSCs. First, to
confirm that PSCs, PDAC organoids, and co-
culture of PSCs and PDAC organoids secrete
TGF-B, we cultured them for 48 h and collected
the culture supernatant to detect the secretion
of TGF-B. We found that each group treated
with metformin secreted less TGF- than the
control groups (Figure 4A). Next, to determine
whether metformin affects TGF-3 signaling mol-
ecules, we administered recombinant TGF-3 to
PSCs in the presence of metformin. Metformin
reduced the expression of MMP2, phosphory-
lated Smad 2/3, and alpha-smooth muscle
actin (x-SMA), which are known to be related to
TGF-B signaling in metastasis. Administering
recombinant TGF-B reversed attenuation of
pSmad2/3, a-SMA, and MMP2 in metformin-
treated PSCs (Figure 4B).

To determine whether the anti-migration ability
of metformin is also mediated by AMP-activated
protein kinase (AMPK) activation, we added the
AMPK inhibitor, Compound C to the PSCs. We
found that Compound C treatment effectively
decreased AMPK expression in PSCs (Figure
4C). Metformin treatment increased AMPK
expression while decreasing TGF-B-related sig-
naling. Treatment with Compound C reversed
the metformin-induced activation of AMPK.
However, it did not affect the expression of
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downstream TGF-B signaling (Figure 4D). In
addition, we performed a migration assay to
determine whether the anti-migration effect of
metformin is independent of AMPK pathways
(Figure 4E, 4F). Those results suggest that the
anti-migration effect of metformin is indepen-
dent of AMPK-dependent pathways (Supple-
mentary Figure 2A). These findings were consis-
tent in various TGF-B downstream signaling
molecules in PSCs derived from stage NO-2

PDAC surgical samples (Supplementary Figure
2B, 20).

Metformin attenuates the expression of cancer
stem cell markers in human PDAC organoids

To investigate how metformin affects human
PDAC organoids, we isolated and cultured
organoids from dissected post-surgical tissue
of patients diagnosed with pancreatic cancer.
We cultured and observed PDAC organoids in
Matrigel for 48 h (Figure 5A). When the PDAC
organoids were stained with EhtD-1 and Calcein
AM to assess cell viability, the control and met-
formin groups did not differ significantly (Figure
5B). Cytotoxicity and cell proliferation assays
also showed no differences (Figure 5C).

To investigate whether metformin decreases
cancer stem cell (CSC) markers involved in can-
cer aggressiveness, the transcription of LGR5
and clusters of differentiation (CD) markers
were determined by quantitative reverse tran-
scriptase polymerase chain reaction (QRT-PCR).
The mRNA transcripts of cancer stemness
markers LGR5, CD24, CD44, CD133, and
EpCAM [27] were significantly decreased in
stage NO PDAC organoids (Figure 5D). In stages
N1 and N2 PDAC organoids, LGR5 was signifi-
cantly decreased (Figure 5E and 5F). In stages
NO to N2 PDAC organoids, CD24, CD44, and
EpCAM were reduced (Figure 5D-F). Also, the
level of protein expression of CSC markers was
significantly reduced by metformin treatment
(Figure 5G). These results suggest that metfor-
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Figure 4. Roles of TGF-B- and AMPK-related signaling pathways in metformin’s attenuation of MMP2 expression and cancer migration ability. A. Detection of TGF-3
secreted from PSCs, PDAC organoids, and co-culture of PSCs and PDAC organoids using ELISA. The supernatant was obtained after 48 h and activated TGF-$ before
the analysis. The samples were measured at 450 nm using a microplate reader. B. The expression of TGF-3 downstream signaling and MMP2 according to treatment
with metformin and/or recombinant TGF-B (2 ng/ml), as assessed by Western blotting. The right panel is quantitative analysis of band intensity. C. The inhibition ef-
fect of AMPK on PSCs was confirmed by Western blotting after 48 h of treatment with Compound C. The right panel is quantitative analysis of band intensity. D. The
expression of TGF-B downstream signaling, AMPK, and MMP2 according to treatment with metformin and/or Compound C. The data on bar graphs were normalized
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depends on an AMPK pathway. 5 uM Compound C was used as an AMPK inhibitor. F. Quantitative analysis of cell migration. Data are depicted as mean + SEM. "P
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Figure 5. Metformin inhibits the expression of cancer stemness markers on PDAC organoids. A. Representative
bright-field images of stage NO PDAC organoids exposed to metformin treatment for 48 h. Scale bars: 100 um. B.
Representative fluorescence images of live and dead organoids after 48 h (Calcein AM for live organoids; ethidium
homodimer-1 for dead cells). No significant difference was seen between the control and metformin-treated groups.
Scale bars, 100 um. C. Cell viability of PDAC organoids after 48 h of metformin treatment. No significant difference
is evident between the control and metformin groups. D. Gene expression of CSC markers. LGR5, CD24, CD44,
CD133, and EpCAM were assessed in stage NO PDAC organoids. E, F. Bright-field microscopy images and qRT-PCR
of stage N1 and N2 PDAC organoids exposed to metformin treatment. G. The expression of CSC markers of PDAC
organoids. First lane; stage NO, second lane; stage N1, third lane; stage N2 of each group, respectively. Metformin
reduces the expression of cancer stemness markers on cancer organoids derived from PDACs. Data are depicted
as mean + SEM. "P < 0.05, *P < 0.01. Scale bars, 100 ym.

min induces the downregulation of cancer
stemness markers in PDAC organoids without
affecting cell viability or proliferation.

Metformin treatment downregulates cancer
stemness factors in a 3D direct co-culture
model using PDAC organoids and PSCs

Next, to recapitulate the tumor microenviron-
ment of human PDAC stroma, we established a
3D direct co-culture model in vitro using PDAC
organoids and PSCs that produced a conglom-
erate. We cultured the stage NO organoids and
PSCs separately until both cell types were
embedded in Matrigel to mimic a tumor micro-
environment (Figure 6A, Supplementary Figure
3B). When the PDAC organoids were directly
embedded with PSCs in Matrigel, the PSCs sur-
rounded the PDAC organoids without their dis-
turbing ductal structures (Figure 6B). We then
compared the mRNA transcription levels of
cancer stemness factors with and without met-
formin treatment. Metformin attenuated the
gene and protein expression levels of CD24,
CD44, CD133, and LGR5 in the 3D direct co-
culture model (Figure 6C and 6D) and these
findings were consistent in stage N1 and N2
PDAC organoids and PSCs (Supplementary
Figure 3B), suggesting that the co-cultivation of
PDAC organoids and PSCs can mimic human
PDAC stroma without disrupting the ductal
structures and that metformin can serve as an
adjuvant treatment to reduce cancer stemness

factors (Supplementary Figure 3A).

MMP2 knockdown in PSCs attenuated the
migration capacity of PSCs in indirect 3D co-
culture system with PDAC organoids

First, we examined the effect of metformin on
the gene expression of cancer aggressiveness
and migration markers in both PDAC of organ-
oids and PSCs using indirect co-culture system.
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Metformin treatment reduced the gene expres-
sion of MMP2 and TIMP2 in PSCs of upper
insert wells and CD24, CD44, CD133, and
LGRS, cancer stemness markers in PDAC
organoids of bottom wells (Supplementary
Figure 4). We then investigated the role of
MMP2 in the anti-migration effect that metfor-
min had on PSCs. We cultured PSCs on an
insert well pre-coated with Matrigel and PDAC
organoids on the bottom embedded in Matrigel
using an indirect co-culture system and
assessed the number of PSCs that migrated
toward the bottom well (Figure 7A). To explore
the role of MMP2 downregulation in the anti-
migration effect of metformin, the PSCs were
transfected with siRNA for MMP2 or control
siRNA, and the migration assays using indirect
3D co-culture system were performed. We con-
firmed that transfection with the MMP2 siRNA
significantly decreased the mRNA expression
of MMP2 in PSCs (Figure 7B). To investigate
the migration capacity of MMP2-silenced PSCs,
we seeded control siRNA or MMP2-knockdown
PSCs on a Matrigel-coated insert and cultured
PDAC organoids at the bottom. The number of
PSCs that migrated toward the bottom of the
well was significantly smaller in the MMP2-
silenced groups than in the control-siRNA
groups (Figure 7C, 7D). In the control siRNA and
MMP2 silenced groups, metformin treatment
showed the same results as the MMP2-silenced
alone (Figure 7C, 7D). Next, to explore whether
MMP2 could promote the migration and inva-
sion ability of PSCs, we added rhMMP2 to the
culture medium. Treatment with rhMMP2 in
control siRNA-transfected group led to more
enhanced migration compared with the control
siRNA groups. Metformin treatment in rhMMP2
treatment groups reduced the increased migra-
tion as much as the control siRNA groups
(Figure 7C, 7D). These results suggest that
metformin exerts an anti-migratory effect on
PSCs by targeting MMP2.
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Oral administration of metformin inhibited tu-
mor growth in xenograft mice

We investigated whether metformin with a clini-
cally relevant dose for anti-hyperglycemic medi-
cation could affect the tumor growth of PDAC
organoids implanted subcutaneously in nude
mice. As metformin is given orally to patients
with T2DM, we orally administered metformin
at 30 mg/kg daily for 28 days in xenografted
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mice. Mice in the control group were injected
with sterile water as the same amount as the
metformin group. Mice were randomly divided
into two groups, and the initial tumor volume
(mm?3) between the two groups showed no sig-
nificant difference (Figure 8A). As shown in
Figure 8B and 8C, administration of metformin
distinctly reduced the volume of the tumors,
compared with the vehicle group. Also, the
average tumor weight (g) in the metformin
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Figure 8. Orally administered metformin inhibits the growth of PDAC organoid xenografts in nude mice. A. The initial
volume of tumor at day O after injected PDAC organoids into right flank of each mouse. B, C. Tumor volume (mm?2)
was measured every 3-4 day for 28 days and tumor volume (V) was calculated according to standard formula, V
= (length width?)/2. The area under the curve was calculated from tumor volume at day O to day 28. D. After the
experiment, xenograft tumor weight was measured from each mouse. E. The size of tumor after mice sacrifice. The
results indicated that metformin significantly inhibited xenograft growth by oral administration of metformin. F. Gene
expression analysis by quantitative PCR from tumor tissues. Data represent as mean + SEM. *P < 0.05, P < 0.01,

***p < 0.001.

group was significantly lower than that of the
vehicle group (Figure 8D). The size of xenograft
tumors was visually smaller in the metformin
groups than in the vehicle groups (Figure 8E).
Furthermore, mRNA levels of cancer stemness
and proliferation markers, such as CD24,
CD44, CD133, and Ki67 were significantly
decreased after 28 days of metformin adminis-
tration (Figure 8F). These data indicate that
metformin inhibits the growth of PDAC tumor
xenografts in vivo.

Discussion

Metformin is an established first-line therapy
for T2DM with an excellent safety profile, and it
is a promising adjuvant therapy for improving
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the survival of patients with PDAC. To the best
of our knowledge, this is the first study to
assess the mechanism responsible for metfor-
min’s anti-cancer effect using a clinically rele-
vant concentration for T2DM in a 3D direct and
indirect co-culture model containing PDAC
organoids and primary PSCs obtained from
post-surgical PDAC tissues. The results indi-
cate that metformin attenuates the migration
capacity of PSCs and downregulates the ex-
pression of cancer stemness factors in PDAC
organoids generated from various stages of
PDAC. Silencing MMP2 in PSCs with siRNA
reproduced the benefit of metformin in terms of
reductions in PSC migration, indicating that the
effect of metformin on PSCs can be attributed
to the downregulation of MMP2. In addition, we
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observed that oral administration of metformin
(30 mg/kg) could inhibit the growth of PDAC
organoid xenograft in immunosuppressed
mice.

A plausible explanation for the aggressiveness
of PDAC is its formation of dense stroma [28].
The tumor microenvironment in human PDAC is
composed of many ECM factors, and PSCs
interact with cancer cells and facilitate tumor
progression [29]. These findings suggest that
PSCs are important targets for anti-tumor strat-
egies in pancreatic cancer. In previous studies,
immortalized pancreatic cancer cell lines and
PSCs were used to study pancreatic cancer.
However, those cell lines lack cell-cell and cell-
matrix interactions that recapitulate the tumor
microenvironment [3]. Organoids, which are 3D
complexes of tissue-specific cells and cells
derived from adult stem cells, have emerged as
novel tools for studying stem cell and cancer
biology because they maintain patient-specific
phenotypes and reflect physiological changes
in heterogeneous tumor microenvironments
[30]. In this study, we established human PDAC
organoids from post-surgical PDAC tissues and
co-cultured them with primary PSCs to mimic a
human PDAC microenvironment. In such a
microenvironment, MMPs, including MMP2,
MMP9, and MTAMMP, are involved in invasion
and tumor progression [4]. High levels of MMP2
expression in PSCs can lead to invasive states
in PDAC organoids through TIMP2, whereas
PDAC organoids rarely exhibit MMP2 expres-
sion [31]. In the indirect co-culture model used
in this study, the anti-migration effect of met-
formin on PSCs is attributable to MMP2
downregulation.

In this study, the MMP2 downregulation in PSCs
caused by metformin treatment was attribut-
able to a reduction in TGF-B-related down-
stream signaling molecules (Supplementary
Figure 2A). Previous studies revealed that met-
formin suppresses migration and invasive abil-
ity via the epithelial-mesenchymal transition
(EMT) in cancer cells by reducing TGF- [5, 32,
33]. Another study showed that metformin
inhibited TGF-B production in desmoplastic
PDAC by triggering AMPK. Although we also
found that metformin treatment triggered
AMPK activation, the ability of metformin to
downregulate TGF-B-related signaling pathway
molecules and MMP2 was AMPK-independent
in our study and a previous study [34]. TGF-B
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has potent tumor-promoting functionalities,
inducing the EMT and ECM production and
enhancing tumor cell invasion and metastasis
[32, 35-38]. In particular, TGF-B strongly upreg-
ulates its own expression in an autocrine man-
ner to maintain metastasis, resulting in a sig-
nificant upregulation of MMP2 and TGF-B/
Smad signaling [36, 39]. In another study, a
significant correlation was found between
TGF-B/Smad signaling and MMP2 expression
under metformin treatment [5]. In our study,
treatment with recombinant TGF-3 reversed the
metformin-induced EMT changes and the anti-
migration effect caused by MMP2 downregula-
tion. Notably, metformin inhibited migration
ability and decreased the transcription of Snail,
Twist, and Zeb in pancreatic cancer PSCs.

In our study, the anti-cancer effect of metfor-
min in a human PDAC direct and indirect co-
culture model built using patient-derived organ-
oids and PSCs was demonstrated using a clini-
cally relevant concentration (10 uM) of metfor-
min. Trough blood levels of metformin range
from 4.5 yM to 8.88 uM in people with T2DM,
depending on their kidney function [25, 26].
Metformin is related to the expression of anti-
invasive factors in various cell lines. However,
previous studies investigated the effect of met-
formin at levels much higher than those in clini-
cal use [40, 41]. The results of this study are
consistent with those of a previous study that
found that a relatively low concentration of
metformin inhibited CSCs in PDAC without
inducing cytotoxicity [15].

Targeting CSCs has been proposed to be supe-
rior to targeting only MMPs in pancreatic can-
cer [3, 29]. In this study, the PDAC organoids
included a small proportion of CSCs expressing
LGR5 (Supplementary Figure 1C), which is a
representative marker for CSCs. The develop-
ment of agents that target MMPs not only in
ECM but also in PSCs to reduce cancer stem-
ness is an unmet clinical need. Using a 3D
direct co-culture model, we found that metfor-
min can not only reduce MMPs in ECM but also
reduce the markers of cancer stemness in
PDAC organoids, such as CD24, CD44, CD133,
and LGR5 [27]. LGRS is a representative mark-
er of self-renewing stem cells and has been
studied as a potential CSC population marker,
indicating tumor progression and metastasis
[42]. Our data show that LGR5 expression in
PDAC organoids was significantly reduced in a
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direct co-cultured model of PDAC organoids
and PSCs (Figure 6C), suggesting that metfor-
min could effectively alleviate cancer stemness
in human PDAC microenvironments.

Several studies have suggested that metformin
protects against apoptosis in non-cancer cell
lines [43, 44]. In one study, metformin did not
enhance but instead inhibited gemcitabine-
induced apoptosis in pancreatic cancer cell
lines, in contrast to clinical observations sup-
porting an anti-tumor adjuvant effect [45]. We
found no difference in the viability of PDAC
organoids when they were cultured with or with-
out metformin. However, metformin did exhibit
an apoptosis-independent anti-tumor mecha-
nism, namely the reduction of local-invasive
capacity through the downregulation of MMP2
in PSCs.

Several studies have shown that metformin
administration suppressed tumor growth from
various cancer cell lines in xenografted mice
[46-49]. However, in previous xenograft studies
of pancreatic cancer, most studies were con-
firmed using cancer stem cell lines [15, 48]. In
our study, orally administered low concentra-
tions of metformin to PDAC organoids injected
Balb/c-nude mice for 28 days suppressed
tumor growth in vivo and reduced cancer stem-
ness. The results of the xenograft study are
consistent with those studies that injected can-
cer stem cell lines using a clinically safe dose of
metformin [47], suggesting that an anti-hyper-
glycemic dose of metformin could suppress
PDAC tumor growth in vivo.

Several limitations of this study should be con-
sidered. First, we did not use metformin in con-
junction with cytotoxic anti-cancer chemothera-
peutic agents, and our results should not be
extrapolated to cytotoxic cancer chemotherapy.
Second, the benefits of metformin adjuvant
therapy have not been shown in PDAC patients
with distant metastases who are on chemo-
therapy. Third, organoid culture cannot perfect-
ly mimic human physiology; organoids have
characteristics derived primarily from epithelial
cells that lack immune and nervous systems
[50], and the culture medium for organoids
requires various growth factors that could
affect the drug responses of the organoids.
Fourth, our 3D local-invasion model is unsuit-
able for directly demonstrating tumor cell motil-
ity or invasiveness. It would require longer-term
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observation because the organoids maintain
their ductal structure shapes when growing and
expanding. A detailed mechanistic investiga-
tion of the interaction between tumor cells and
stromal cells is also not feasible with this
model. However, we also confirmed the anti-
cancer effect of metformin in a xenograft model
using a clinically relevant concentration for
T2DM.

Conclusions

The anti-cancer effect of metformin was
demonstrable in a 3D direct and indirect co-
culture model of PDAC made with patient-
derived PDAC organoids and human primary
PSCs. In addition, we observed the anti-cancer
effect of metformin in a xenograft model. The
findings of this study indicate that the key
mechanism of the anti-migratory effect of met-
formin on PSCs occurs via MMP2 downregula-
tion, which was associated with the downregu-
lation of TGF-B-signaling. Treatment with met-
formin also attenuates the cancer stemness of
PDAC organoids cultured alone or with PSCs.
This anti-cancer effect was achievable with a
clinically relevant metformin concentration
comparable to the doses used in people with
T2DM.
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Supplementary Table 1. Clinical and pathologic features of patients with PDAC

Patient 1  Patient2 Patient3 Patient4 Patient5 Patient6 Patient7

Age (years) 67 53 71 85 77 56 60

Sex Male Male Female Male Female Male Female

DM No No No Yes Yes Yes No

Tumor size (Largest size) 3.1 3 5.5 3.5 4 2.2 3.8

Depth of invasion (T stage) T2 T2 T3 T2 T2 T2 T2

N stage NO N2 N2 N1 NO N1 NO

DM: diabetes mellitus, T stage: primary tumor, N stage: regional lymph nodes.

Supplementary Table 2. Primers used for gqRT-PCR

Gene name Direction Sequence (5-3) Species

GAPDH Forward CCACCCATGGCAAATTCCATGGCA Human
Reverse TCTAGACGGCAGGTCAGGTCCACC

LGR5 Forward GAGAAAGCATTTGTAGGCAAC Human
Reverse ATCTCCCAACAAACTGGATG

Ki67 Forward TGTGCCTGCTCGACCCTACA Human
Reverse TGAAATAGCGATGTGACATGTGCT

CD10 Forward GGCATGGTCATAGGACACGAA Human
Reverse GTCAACGAGGTCTCCATCTTTGTTA

CD24 Forward TGCTCCTACCCACGCAGATT Human
Reverse GGCCAACCCAGAGTTGGAA

CDh44 Forward CCTGGCAGCCCCGATTATTT Human
Reverse AAGGACACACCCAAGCAAGG

CD133 Forward GGACCCATTGGCATTCTC Human
Reverse CAGGACACAGCATAGAATAATC

EpCAM Forward TGCTGGAATTGTTGTGCTGG Human
Reverse AAGATGTCTTCGTCCCACGC

MMP2 Forward GGAATGCCATCCCCGATAAC Human
Reverse CAGCCTAGCCAGCCAGTCGGATTT

TIMP2 Forward GAGCCTGAACCACAGGTACCA Human
Reverse TCTGTGACCCAGTCCATCCA

Vimentin Forward ACCCGCACCAACGAGAAGGT Human
Reverse ATTCTGCTGCTCCAGGAAGCG

Smad?2 Forward ATCCTAACAGAACTTCCGCC Human
Reverse CTCAGCAAAAACTTCCCCAC

Smad4 Forward GCATCGACAGAGACATACAG Human
Reverse CAACAGTAACAATAGGGCAG

TWIST1 Forward TGCGGAAGATCATCCCCACG Human
Reverse GCTGCAGCTTGCCATCTTGGA

SNAIL1 Forward CTGGGTGCCCTCAAGATGCA Human
Reverse CCGGACATGGCCTTGTAGCA

ZEB1 Forward GCACCTGAAGAGGACCAGAG Human
Reverse TGCATCTGGTGTTCCATTTT

AMPK Forward CTGTAAGCATGGACGGGTTGA Human
Reverse AAATCGGCTATCTTGGCATTCA
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Supplementary Figure 1. Features of PDAC organoids at different N stages visualized by hematoxylin and eosin
staining and immunostaining of pancreatic tumor-related markers. A. Representative images of H&E staining in
PDAC organoids from different N stages. B. Representative confocal images of immunofluorescences of pancreatic
tumor markers, CK7 (cytokeratin 7), CK19 (cytokeratin 19), and CA19-9 (carbohydrate antigen 19-9). Scale bars,
50 um. C. Confocal images of immunofluorescence of LGR5 within PDAC organoids. Nucleus; orange-red, green;
LGR5. Scale bars, 50 um.
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Supplementary Figure 2. Anti-migratory effect of metformin through TGF-B signaling. A. Scheme of TGF-3/MMP2
mechanism under metformin treatment. B. Metformin reduces transcription of migration-related markers with sup-
pression of representative TGF-B downstream signaling molecules and MMP2 in stage NO human PSCs. C. Metfor-
min suppresses the transcription of various TGF- downstream signaling molecules and MMP2 in stage N1 and N2
PSCs. Data are depicted as mean + SEM. "P < 0.05, P < 0.01.
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Supplementary Figure 3. A direct co-culture system of different N stages of PDAC organoids and PSCs. A. A scheme of 3D co-culture model from post-surgical
tissues. B. Stage N1 (left panel) and N2 (right panel) PDAC organoids and PSCs were embedded in Matrigel with or without metformin treatment. Metformin at-
tenuated cancer stemness expression after 48 h of cocultivation. Ductal structures of PDAC organoids were maintained. Scale bars, 100 pym. Data represent as

mean + SEM. *P < 0.05, P < 0.01.
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Supplementary Figure 4. Reduction of migration-related markers in indirect co-cultured PSCs. A scheme of the indirect co-culture system of PDAC organoids and
PSCs. PDAC organoids and PSCs were indirectly cultured using a trans-well system. Cancer aggressiveness and migration-related markers were analyzed in both
PDAC organoids and PSCs, respectively. Relative mRNA expressions of TIMP2 and MMP2 in PSCs were reduced in the metformin-treated group. Data represent

as mean + SEM. "P < 0.05, P < 0.01.



