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Abstract
Metastasis and therapy resistance are main clinical challenges of pancreatic ductal adenocarcinoma (PDAC) still limiting
patient's prognosis. Both are dependent on tumor cell plasticity, which allows rapid adaptation of tumor cells to changing
microenvironmental conditions. Epithelial-Mesenchymal-Transition (EMT), a process by which carcinoma cells acquire
invasive abilities, is associated with a gain of cancer stem cell (CSC) properties. Different CSC phenotypes were described
in PDAC, whereby high levels of the CSC marker Nestin was identified in CSC clones of mesenchymal Pancl cells, while
CSC clones of epithelial Panc89 cells were characterized by a high SOX2 expression. To investigate the functional impact
of these CSC markers in PDAC cells with different EMT phenotypes, expression of either CSC marker was silenced in
heterogenous (parental) and CSC PDAC populations to analyze their impact on essential malignancy associated properties.
SiRNA-mediated knockdown (KD) of NES and/or SOX2 in Pancl and Panc89 cell variants (parental and CSC popu-
lation), respectively, was successfully achieved. Decreased NES expression in Pancl cell variants and decreased SOX2
expression in Panc89 cell variants significantly inhibited self-renewing properties, however, only marginally impacted cell
growth, EMT marker expression, migration and invasion properties as well as response to chemotherapy. Overall, our data
indicate that Nestin and SOX2 are crucial mediators of self-renewal capabilities of mesenchymal and epithelial PDAC cell
variants, respectively, but that further factors are required for the maintenance of other malignancy associated properties.
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Graphical abstract.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the
most lethal cancer entities [1, 2]. The high mortality of
PDAC is represented by a poor 5-year survival rate of only
about 11%, which is often due to the lack of early and spe-
cific symptoms as well as early distant metastasis to liver,
lung and peritoneum [1, 3—6]. The only curative treatment
option is the RO resection of the primary tumor together
with e.g. adjuvant or neoadjuvant chemotherapy [7]. How-
ever, only about 20% of the patients are eligible to undergo
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surgery because of an already advanced or metastasized dis-
ease stage at time point of diagnosis [7-12].

The multistep process of metastasis is initiated by the
dissemination of tumor cells from the primary tumor, fol-
lowed by entering the circulation and finally, proliferation
of the tumor cells and outgrowth to clinically overt metasta-
ses at secondary sites. The latter only occurs if cancer cells
exhibit a high cellular plasticity as they have to repeatedly
switch their phenotype, e.g. from a proliferative to an inva-
sive stage and back [13—15]. The Epithelial-to-Mesenchy-
mal Transition (EMT) is one process by which carcinoma
cells can acquire motile and invasive traits [16, 17]. EMT
is characterized by the loss of differentiation due to down-
regulated adhesion molecules and deprivation of epithelial
proteins, like E-cadherin and an increase of mesenchymal
markers, like LICAM and Vimentin [18-23]. In this con-
text, the transcription factors ZEB1, ZEB2 and OVOL?2 are
important regulators of cellular plasticity [16, 17, 24-29].
Additionally, the process of EMT is associated with the gain
of cancer stem cell (CSC) properties [30—-35]. By their self-
renewal capacity, resistance to chemotherapy, as well as
their ability to give rise to different cancer cell clones, CSCs
play a key role in PDAC progression and metastasis [32,
36-38]. Adding to the cellular plasticity, CSC properties can
be gained and lost in response to the environmental condi-
tions [33—42]. CSC plasticity might also contribute to tumor
cell heterogeneity of PDAC thereby potentially limiting
therapy responses of PDAC patients [43, 44]. Underscoring
the heterogeneity of CSC populations, several markers have
been used for the identification of CSCs in PDAC, e.g. Nes-
tin and SOX2 [43, 45—-47]. The intermediate filament Nestin
and the stem cell (SC)-transcription factor SOX2 have been
shown to play a role in the maintenance of CSC features in
different cancer entities [48, 49]. Nestin affects cell motility
and EMT properties in PDAC cells and its knockdown (KD)
has led to reduced tumor incidence and volumes as well as
decreased liver metastasis in a murine PDAC model [50,
51]. Since elevated SOX2 expression is rarely detected in
pancreatic intraepithelial neoplasia, but in poorly differen-
tiated and neurally invasive tumors, it might play rather a
major role in later stages of tumorigenesis and metastasis
[52]. Consistent with these findings, SOX2 has been impli-
cated in Mesenchymal-to-Epithelial Transition (MET), the
reverse process of EMT, as SOX2 KD in colorectal cancer
cells alters the expression of key genes involved in EMT,
leading to increased E-cadherin and decreased Vimentin
expression [53]. Furthermore, de novo SOX2 expression in
PDAC cells is sufficient to promote self-renewal, dediffer-
entiation, and affects stemness characteristics via modula-
tion of specific cell cycle regulatory genes and EMT driver
genes [54]. In line with these findings, our group could
provide evidence that expression of Nestin and SOX2 is

associated with distinct EMT phenotypes in PDAC cells
[43]. Characterization of isolated and expanded CSC vari-
ants (so called Holoclone cells) from the PDAC cell lines
Pancl and Panc89 revealed that Nestin is associated with a
mesenchymal-like phenotype of Pancl cell variants, while
SOX2 is related to the epithelial phenotype of Panc89 cells
[43, 47, 55]. Furthermore, these distinct CSC-EMT pheno-
types are associated with different functional properties like
colony formation ability, migration and invasion potential,
response to chemotherapy and tumorigenicity. Following
these results, the present study aimed to elucidate the impact
of Nestin and SOX2 on the different CSC-EMT PDAC cell
variants to improve our understanding of the regulation of
PDAC cell plasticity.

Materials and methods
Cell Lines and Cell Culture

As a model for mesenchymal-like PDAC cells, the human
cell line Pancl was used (ATCC, Manassas, Virginia, US)
originating from a primary tumor of a male PDAC patient.
As a model for PDAC cells with an epithelial phenotype,
the human cell line Panc89 (kindly provided by Prof. T.
Okabe, University of Tokyo, JP) originating from a lymph
node metastasis of a male PDAC patient, was used. Holo-
clone cells of both cell lines were isolated and expanded via
single-cell cloning as described [43]. All cell variants were
cultivated in Panc-medium (RPMI 1640 supplemented with
10% FCS, 1% L glutamine, and 1% sodium pyruvate (Bio-
chrom, Berlin, DE)). Incubation of cells was conducted at
37°C with 5% CO, and 86% humidity.

siRNA-mediated Knockdown of CSC Markers

To investigate the functional impact of Nestin and SOX2,
PDAC cell variants were subjected to siRNA-mediated KD
of NES and/or SOX2. Gene silencer reagents are scrambled
and usually consist of a mixture of 3 to 5 target-specific
19-25 nucleotide long sequences. KD of NES was per-
formed in Pancl cell variants and KD of SOX2 was per-
formed in Panc89 cell variants. Double KD of NES/SOX?2
was performed in all Pancl and Panc89 cell variants for
RT-gPCR, immunofluorescence staining (IFS), viable cell
count analysis, colony formation assay (CFA), as well as
in Pancl and Panc89 Holoclone cells for Western Blot
analysis. For this purpose, 5x 10* cells/ well were seeded
in 12-well plates and cultivated in 1 ml Panc-medium. After
24 h, the cells were transfected with 100 ul OPTI-MEM®™
(Gibco via Thermo Scientific, Schwerte, DE) containing 4
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Table 1 Small interfering RNA (siRNA) used for knockdown of Nes-
tin and SOX2

siRNA Stock Manufacturer
[uM]
Control siRNA-A (sc-37007) 10 Santa Cruz Biotech-
nology, Texas, US
Control siRNA-B (sc-44230) 10 Santa Cruz Biotech-
nology, Texas, US
Nestin siRNA (human) 10 Santa Cruz Biotech-
(sc-36032) nology, Texas, US

Santa Cruz Biotech-
nology, Texas, US

SOX2 siRNA (human) (sc-38408) 10

Table 2 Target genes, primer sequences, and annealing temperatures
used for RT-PCR

Target 5°- 3" Sequence Anneal-
ing
[C°]
CDH1 fw - TGCTCTTGCTGTTTCTTCGG 55
(E-cadherin)™ v - TGCCCCATTCGTTCAAGTAG
GAPDH" fw - TCCATGACAACTTTGGTATC 58
GTGG
v - GACGCCTGCTTCACCACCT
TCT
LICAM™ fw - GAACTGGATGTGGTGGAGAG 58
v - GAGGGTGGTAGAGGTCTGGT
NES (Nestin)®  fw - GAAACAGCCATAGAGGGC 58
AAA
v - TGGTTTTCCAGAGTCTTCAG
TGA
OVOL2 fw - GGGACAAGCTCTACGTCTGC 58
(ZNF339)™ v - GTCTGTCCTCCCCTTCCTTC
Sox2" fw - TCCCATCACCCACAGCAAA 58
TGA
v - TTTCTTGTCGGCATCGCGG
TTT
VIM fw - TCCAAGTTTGCTGACCTCTC 58
(Vimentin)™* v - TCAACGGCAAAGTTCTCTTC
ZEB1" fw - TCCATGCTTAAGAGCGCTA 61
GCT
v - ACCGTAGTTGAGTAGGTGTA
TGCCA
ZEB2™ fw - CACATCAGCAGCAAGAAATG 58

rv - AAACCCGTGTGTAGCCATAA

* = Primers purchased from Eurofins Genomics GmbH (Ebersberg,
DE). Stocks of forward (fw) and reverse (rv) diluted at 1 pM/ul in
nuclease-free ddH,0

** = Primers purchased from RealTime Primers (via Biomol, Ham-
burg, DE). Provided as stocks of 50 uM primer mix (containing fw
and rv primer) in nuclease-free ddH,O supplemented with 10 mM
Tris-HCL and 0.1 mM EDTA (pH 7.5)

ul HiPerfect® (Qiagen GmbH, Hilden, DE) and 4 ul (0.12
puM) of the respective specific siRNA or a control siRNA
(CTRLsi) (Table 1). The double KD of NES and SOX2 in
Pancl and Panc89 cell variants was performed with 200 pl
OPTI-MEM® containing 8 pl HiPerfect® and 4 pl (0.12
puM) of each specific SiRNA or CTRLsi. The transfectant
was mixed and incubated for 10 min at RT before adding
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it to the cells. CTRLsi A was used for Pancl cell variants,
and CTRLsi B was used for Panc89 cell variants. For the
double KD, both CTRLsi A and B were used. Transfection
was performed for 72 h, until cells were subjected to differ-
ent analyses. Success and stability of the siRNA mediated
KD was checked regularly by RT-qPCR and IFS.

RNA Isolation and RT-qPCR

Total RNA was isolated using the total RNA kit peqGOLD
(PeqLab, Erlangen, DE) and subjected to reverse transcrip-
tion according to manufacturer’s instructions (Fermentas
via Thermo Fisher Scientific, Darmstadt, DE). RT-qPCR
analysis was performed in duplicates on a LightCycler 480
(Roche, Basel, CH) for a maximum of 50—60 cycles end-
ing with a melting curve analysis for primer quality control.
Primers used (Eurofins, Ebersberg DE; RealTime Primers
via Biomol, Hamburg, DE), primer sequences, and anneal-
ing-temperatures are listed in Table 2. For relative quantifi-
cation of RNA levels, CT-values of genes of interest were
normalized to the respective CT-value for the reference
gene GAPDH.

Immunofluorescence Staining

To confirm the siRNA-mediated KD of NES in Pancl cell
variants, KD of SOX2 in Panc89 cell variants and double
KD of NES/SOX2 in both Pancl and Panc89 cell variants
on protein level, an IFS was performed using an anti-Nestin
antibody (clone 10C2, Thermo Scientific, Schwerte, DE)
and an anti-SOX2 antibody (clone D6D9, Cell Signaling
Technology, Danvers, MA, US). For this purpose, 2 x 10*
cells/well were seeded on glass coverslips in 12-well plates.
After 24 h, cells were transfected as described above. After
72 h, transfectant containing medium was removed and cov-
erslips were washed with PBS. Fixation of the cells was per-
formed by incubation with 4% PFA for 15 min at RT. Next,
the coverslips were washed with PBS and incubated with
ice-cold methanol for 10 min at -20 °C for permeabilization
of the cells. Afterwards, the coverslips were washed with
PBS and cells were blocked with 4% bovine serum albumin
(BSA) diluted in 0.3% TritonX-100 in PBS for 1 h at RT.
After washing with 0.3% TritonX-100 in PBS, incubation
with the primary antibodies was performed (see below).
Incubation of every antibody and Hoechst 33258 (Merck
Millipore, Darmstadt, DE) was performed in 1% BSA diluted
in 0.3% TritonX-100 in PBS and in a humidity chamber.
Incubation of primary antibodies was performed overnight
(ON) at 4 °C, whereas incubation of the secondary anti-
bodies was performed for 1 h at RT. Both, the anti-SOX2
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antibody and its corresponding isotype CTRL (rabbit IgG,
Bio-Techne, MN, US) were used at a concentration of 25 pg/
ml. The anti-Nestin antibody and the corresponding isotype
CTRL (mouse IgGl, R&D Systems GmbH, Wiesbaden,
DE) were used at a concentration of 5 pg/ml. Secondary
antibodies (AlexaFluor goat-anti-rabbit 647 and AlexaFluor
goat-anti-mouse 488, Invitrogen, Carlsbad, US) both were
used at a concentration of 2 pg/ml. Dilution of secondary
antibodies was supplemented with 2 pg/ml Hoechst 33258
for nuclei staining. Between incubation with primary and
secondary antibodies a washing step with 0.3% TritonX-100
in PBS was performed. After washing with PBS and dH,0,
coverslips were sealed with Fluor Safe Reagent (Electron
Microscopy Sciences, Hatfield, PA). Image acquisition was
performed with the Lionheart FX Automated Microscope
and related software (Gen5 Data Analysis Software (3.10),
Bio-Tek, Bad Friedrichshall, DE).

Viable Cell Count Analyses

For the viable cell count analyses 5x10* cells/well were
seeded in 12-well plates and after 24 h, cells were trans-
fected as described above. After 72 h transfection, the trans-
fectant containing medium was removed, cells were washed
with PBS and detached from the plate. After centrifugation,
the supernatant was discarded and 1 ml fresh Panc-medium
was added. The cells were mixed with Trypan Blue to reach
a final concentration of 0.01% and pipetted to a 96-well
plate. The plate was centrifuged at 30xg for 1 min and auto-
matically imaged with NYONE® Scientific (SYNENTEC
GmbH, Elmshorn, DE). The Trypan Blue application of YT-
SOFTWARE® (SYNENTEC GmbH, Elmshorn, DE) was
used to determine the viable cell density.

Colony Formation Assay

Panc1 and Panc89 cell variants were seeded for transfection
as described above. After 72 h, cells were detached by tryp-
sinization and re-seeded in 2 ml Panc-medium in 12-well
plates. For Pancl1 cell variants 400 cells/well and for Panc89
cell variants 200 cells/well were seeded. Colony formation
was monitored for 610 days and the experiment was ter-
minated by washing the cells with PBS and fixation with
0.5 ml 4% PFA per well for 15 min at RT. Afterwards, fixed
cells were washed twice with dH,0, stained with 0.1% crys-
tal violet (Merck Millipore, Darmstadt, DE) for 1 h, washed
in dH,O and air-dried at RT. Only colonies containing more
than 50 cells were counted and their morphology regarding
Holo-, Mero- and Paraclones was determined. Holoclones,
which are associated with a strong CSC potential, consisted
of tightly, homogenously clustered cells with a regular

borderline. Paraclones, which are described to be the more
differentiated cancer cell population, consisted of dispersed,
larger cells with an irregular boundary [55]. Meroclones
form an intermediate state between Holo- and Paraclones
[55].

Migration Assay

Pancl and Panc89 cell variants were transfected as described
above. After 72 h, cells were detached and analyzed for cell
migration, which was conducted in 24-well plates (Greiner
Bio-One GmbH, Frickenhausen, DE) with Ibidi® 2-well
culture inserts (Ibidi GmbH, Grifelfing, DE). Transfected
Pancl and Panc89 cell variants were seeded with 4 x 10*
cells and 3 x 10* cells, respectively, in 75 ul Panc-medium
in each cavity of the Ibidi® insert. After 24 to 48 h, when a
confluent cell layer was detectable, the Ibidi® inserts were
removed and the cells were washed with prewarmed PBS.
Afterwards, fresh Panc-medium without FCS was added to
the cells. Cell migration of Pancl and Panc89 cell variants
was monitored after 24 h, using the NYONE® Scientific
imaging device (SYNENTEC GmbH, Elmshorn, DE). The
Wound Healing application of the YT-SOFTWARE® (SYN-
ENTEC GmbH, Elmshorn, DE) was used to determine the
confluence on the original gap.

Invasion Assay

Pancl and Panc89 cell variants were transfected as
described above. After 72 h, the cells were detached and
1 x 10* cells (Panc1 cell variants) and 1.5 x 10* cells (Panc89
cell variants) were seeded in 200 ul Panc-medium in each
well of a clear 96-well ultra-low-attachment plate (faCelli-
tate, Mannheim, DE). Afterwards, the plate was centrifuged
at 300 xg at RT for 5 min and incubated at 37 °C, 5% CO,
and 85% relative humidity for 24 h to allow spheroid forma-
tion. After 24 h, 176 pl cell culture medium were removed
from each well and the plate was centrifuged again at 300
xg and 4°C for 30 s. The plate was then put on ice and the
spheroids formed were covered with 76 pl of Matrigel®
(Corning GmbH, Kaiserslautern, DE). Finally, the plate
was incubated at 37 °C, 5% CO, and 85% relative humidity
for 30 min before the first measurement with the NYONE®
Scientific imaging device (SYNENTEC GmbH, Elmshorn,
DE) and the related Spheroid Quantification application of
the YT-SOFTWARE® (SYNENTEC GmbH, Elmshorn, DE)
was performed. Spheroids were imaged every 24 h for 72 h
and 120 h for Pancl and Panc89 cell variants, respectively.
Spheroid invasion was determined by manually analyzing
the number of invasive fronts and measuring the distance
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of each invasive front from the spheroid border using the
measurement mode of the YT-SOFTWARE® (SYNENTEC
GmbH, Elmshorn, DE).

Assessment of Treatment Responses Towards
Cytostatic Drugs

Panc1 and Panc89 cell variants were transfected as described
above. After 72 h, cells were detached and 1 x 10° cells/well
were seeded in 200 pl Panc-medium in clear flat-bottom
96-well plates. After 24 h, cells were washed with Panc-
medium and both transfection conditions (CTRLsi, specific
siRNA) of either cell variant were left untreated or treated
with Gemcitabine, 5-FU or Oxaliplatin in the concentra-
tions shown in Table 3 in duplicates. After 72 h, an endpoint
analysis was performed by staining with 2 pg/ml Hoechst
33342 (Thermo Scientific, Schwerte, DE) and 20 pg/ml
propidium iodide (Merck Millipore, Darmstadt, DE). The
plates were imaged using the NYONE® Scientific imag-
ing device and the Virtual Cytoplasm 1 F application of the
YT-SOFTWARE® (SYNENTEC GmbH, Elmshorn, DE) to
determine the number of total cells (Hoechst-positive) and
dead cells (Hoechst and propidium iodide-double positive).

Statistical Analysis

The statistical evaluation was carried out using GraphPad
Prism Software (Version 10.4.0 (Docmatics, San Diego,
California, US). All data sets were tested for normal distri-
bution using Shapiro-Wilk test.

Parametric data including multiple groups were tested
by one-way analysis of variance (one-way ANOVA) for
statistical significance. Non-parametrical datasets of mul-
tiple groups were analyzed with Kruskal-Wallis one-way
ANOVA on ranks test. Statistically significant differences
between the groups were assumed at p-values <0.05 accord-
ing to Student-Newman-Keuls method (parametric data)
and Dunn’s method (non-Parametric data), respectively.

Graphs of parametric data were presented by mean with
standard deviation or mean with standard error of means
(depending on technical and biological replicates), while
graphs of non-parametric data were presented by median
with (interquartile) range. Students t-test was used to exam-
ine two samples of normally distributed data. Grouped data
sets were analyzed using two-way-ANOVA and Tukey’s
multiple comparisons test. All data sets were examined

Table 3 Concentrations of the cytostatic drugs (Gemcitabine, 5-Flu-
orouracil, Oxaliplatin) used for treatment of Pancl and Panc89 cell
variants

Cell variant Gemcitabine  5-Fluorouracil ~Oxaliplatin
Pancl cell variants 0.0014 pM 1.368 uM 0.3337 uM
Panc89 cell variants  0.0034 uM 0.2629 uM 0.7761 pM
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using the appropriate statistical tests. Non-significant data
are not presented in the graphs. Significances between
groups are shown as zig-zag line with asterisk. Significances
of normalized data of controls (which are not shown as an
additional bar) and tested groups, are presented with a line
and asterisk above the test group. Statistical significance is
defined at a p-value 0f <0.033 and are indicated by asterisks
(»<0.033=*, p<0.002= ** p<0.001= ***) in the graphs.

Results

siRNA-mediated KD leads to a significant reduction of
NES expression in Pancl cell variants and SOX2 expres-
sion in Panc89 cell variants.

To determine the success of the siRNA-mediated KD of
NES in Pancl cell variants and SOX2 in Panc89 cell vari-
ants, parental and Holoclone cells of either cell line were
transfected for 72 h followed by gene expression (Fig. 1a,
¢) and protein level (Fig. 1b, d) analysis via RT-qPCR and
IFS, respectively.

In both Pancl cell variants a significant reduction of
NES expression by 70-80% was observed after KD of NES,
while the expression of SOX2 was not affected (Fig. 1a).
In line with these findings, Nestin protein levels were
decreased in parental Pancl and Pancl Holoclone cells by
about 80% while SOX2 was not visible in both cell variants
under either condition (Fig. 1b). Gene expression analysis
after SOX2 KD in both Panc89 cell variants showed a sig-
nificant reduction of SOX2 expression by 60—70% together
with an 1.5-2.0 -fold increase of NES expression compared
to CTRLsi condition (Fig. 1c). Protein analysis of Panc89
cell variants after KD of SOX2 revealed an even complete
loss of SOX2 together with slightly increased Nestin levels
in parental Panc89 cells (Fig. lc, d).

To further explore the impact of both CSC markers in
PDAC cells, a simultaneous KD of NES and SOX2 was per-
formed in Pancl and Panc89 cell variants (Fig. 1e-h). Gene
expression analysis after KD of NES/SOX2 showed a sig-
nificant decrease of NES expression in parental Pancl and
Pancl Holoclone cells and a significant reduction of SOX2
in parental Pancl cells, while the decrease in SOX2 expres-
sion in Panc1 Holoclone cells was less pronounced (Fig. 1¢).
On protein level, both Pancl cell variants showed consid-
erable Nestin staining under CTRLsi and a complete loss
of Nestin after KD of NES/SOX2, while SOX2 was again
not detectable under both conditions (Fig. 1f). KD of NES/
SOX2 in parental Panc89 and Panc89 Holoclone cells led
to a significant reduction of NES and SOX2 in both Panc89
cell variants (Fig. 1g). On protein level, parental Panc89
and Panc89 Holoclone cells exhibited SOX2 staining and
showed a complete loss of SOX2 protein levels after KD
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of NES/SOX2, while Nestin was not detectable under both
conditions (Fig. 1h). Overall, a significant siRNA-mediated
decrease of Nestin and SOX2 levels after single KD, respec-
tively, and after double KD could be confirmed in Panc1 and
Panc89 cell variants, respectively.

KD of NES in Pancl and KD of SOX2 Panc89 cell
variants slightly modulate gene expression of EMT
marker and plasticity modulators.
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Next, the impact of the siRNA-mediated single or double
KD of NES and SOX2 in Panc1 and Panc89 cell variants on
EMT marker expression was determined via RT-qPCR. For
this purpose, an established panel of EMT markers (CDH1,
LICAM, VIM) and plasticity modulators (ZEBI, ZEB2,
OVOL2) was analyzed [43].

Investigating the impact of NES or SOX2 KD on gene
expression of EMT markers and plasticity modulators
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revealed a considerable impact on the epithelial marker
E-cadherin (CDHI) after KD of NES in parental Pancl
and Pancl Holoclone cells exhibiting a 3.5- and 1.5-fold
increased expression, respectively, indicating a switch from
a mesenchymal to a more epithelial phenotype (Fig. 2a). In
parental Pancl cells, this effect was even strengthened by
the double KD of NES/SOX2 leading to a more than 5-fold
increased expression of CDH1, while Pancl Holoclone cells
were unaffected (Fig. 2b). Expression of the mesenchy-
mal markers L/CAM and Vimentin (VIM) was marginally
impacted by single KD of NES (Fig. 2a), while simul-
taneous KD of NES/SOX2 forced a decrease in LICAM
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expression in both Pancl cell variants together with reduced
VIM expression in Pancl Holoclone cells (Fig. 2b).

Gene expression of the plasticity modulators ZEBI,
ZEB2 and OVOL?2 after single and double KD of NES and
SOX2 in Pancl cell variants revealed, that single KD of NES
(Fig. 2a) and double KD of NES/SOX2 (Fig. 2b) led to a
slight decrease of ZEB in parental Panc1 cells, while ZEB!
expression in Pancl Holoclone cells was hardly affected.
ZEB? expression was marginally decreased in both Pancl
cell variants after single NES KD (Fig. 2a), an effect which
was further intensified after double KD of NES/SOX2
being more pronounced in Pancl Holoclone cells (Fig. 2b).
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Fig. 2 (continued)

OVOL?2 expression was almost unaffected after single NES
KD and double KD of NES/SOX2 in both Pancl cell vari-
ants (Fig. 2a, b).

Single KD of SOX2 in Panc89 cell variants also led to
a significant increase of CDHI in parental Panc89 cells
(Fig. 2¢), while KD of NES/SOX2 reversed this effect lead-
ing to a reduction in CDHI expression in parental Panc89
cells (Fig. 2d). CDH1 expression in Panc89 Holoclone cells
remained almost unaffected after both, SOX2 KD and KD of
NES/SOX2 (Fig. 2c, d).

KD of SOX2 in Panc89 cell variants led to slightly
increased ZEBI and ZEB2 expression in parental Panc89
cells (Fig. 2c), while KD of NES/SOX2 slightly reduced
the expression (Fig. 2d) as observed in Pancl cell variants
(Fig. 2b). In Panc89 Holoclone cells the expression of ZEB1
and ZEB?2 was slightly decreased after SOX2 KD (Fig. 2¢), an
effect that was further strengthened after double KD of NES/
SOX2 (Fig. 2d). As observed in Panc1 cell variants, OVOL2
expression was almost unaffected after single SOX2 KD as
well as after KD of NES/SOX2 in both Panc89 cell variants
(Fig. 2c¢, d). Overall, gene expression analysis of EMT mark-
ers revealed only marginal effects after KD of NES in Pancl
cell variants and KD of SOX2 in Panc89 cell variants with the
strongest effect on CDH1 expression in parental cell variants
after either KD, showing a possible effect towards a more

epithelial phenotype in these cells. Furthermore, double KD
of NES/SOX2 exerted decreasing effects on EMT markers
and plasticity modulators, especially in the Holoclone popu-
lations. Since single and double KD led to the most prominent
alterations in the respective Holoclone populations, Western
Blot analysis was performed to validate these findings. How-
ever, since KD mediated changes were not visible on the
protein level in Pancl and Panc89 holoclone cells (Supple-
mentary Fig. 1), the impact of Nestin and SOX2 on EMT
characteristics in PDAC cells analyzed seems to be marginal.

KD of NES in Pancl cell variants and KD of SOX2 in
Panc89 cell variants marginally impact cell growth but
significantly decreases self-renewing properties.

To determine the impact of NES KD in Pancl cell vari-
ants, SOX2 KD in Panc89 cell variants as well as KD of NES/
SOX2 in all four PDAC cell variants on functional properties,
a viable cell count analysis and CFA were performed (Fig. 3).

Overall, mesenchymal Pancl cell variants showed a
slower cell growth compared to epithelial Panc89 cell vari-
ants (Fig. 3a), being in line with previous findings [43].

KD of NES in Pancl cell variants decreased the viable
cell number compared to CTRLsi treated cells, with a sig-
nificantly lower viable cell number of Pancl Holoclone
cells (Fig. 3b). KD of SOX2 in Panc89 cell variants hardly
affected both Panc89 cell variants, only a slight decrease in
the number of viable cells was observed in Panc89 Holo-
clone cells compared to CTRLsi conditions (Fig. 3b). In
Pancl cell variants, double KD of NES/SOX2 led to similar
effects compared to single KD of NES, with a significantly
reduced number of viable Pancl Holoclone cells (Fig. 3c).
In Panc89 cell variants, the double NES/SOX2 KD only
marginally impacted the number of viable cells, albeit the
effect was reversed to that of single SOX2 KD (Fig. 3b).

The CFA demonstrated that the mean number of total col-
onies formed marginally decreased under either single KD
of NES and double NES/SOX2 KD in Pancl cell variants,
compared to CTRLsi conditions (Fig. 3d). A more detailed
analysis of the colonies formed revealed that all Pancl cell
variants showed a strong decrease of Holoclone colonies
after single KD of NES, but which was not further inten-
sified by double NES/SOX2 KD (Fig. 3d). Similar results
were observed after single SOX2 KD and double NES/SOX2
KD in both Panc89 cell variants (Fig. 3¢). Only marginal
effects of either KD on the total number of colonies formed
by parental Panc89 cells as well as Panc89 Holoclone cells
were detected, while formation of Holoclones was clearly
reduced after single SOX2 KD and double KD, respectively
(Fig. 3e). The fact that colony formation of all PDAC cell
variants was generally lower after double KD compared to
either single KD can be attributed to transfection condi-
tions as the number of total colonies was also reduced under
CTRLsi conditions (Fig. 3d, e).
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Overall, this data suggests that KD of NES and SOX2 only
marginally impact cell growth and cell viability in Pancl
and Panc89 cell variants, respectively, but clearly impair the
self-renewal abilities reflected by the diminished numbers of
Holoclone colonies after either CSC marker KD in all ana-
lyzed PDAC cell variants. The fact that the double KD of
both CSC markers did not further impair colony formation in
all PDAC cell variants indicates that self-renewal capacity of
PDAC cells can be maintained in different ways being depen-
dent on the cellular context (e.g. expression of CSC markers).

KD of NES in Pancl cell variants and KD of SOX2
in Panc89 cell variants marginally affect migration and
invasion properties.

Next, the effects of KD of NES in Pancl and SOX2 in
Panc89 cell variants on migration and invasion properties were
determined (Fig. 4). In line with previous findings, Panc89 cell
variants exhibited an increased migratory potential compared
to Pancl cell variants [43]. As shown in Fig. 4a, KD of NES in
parental Pancl cells slightly increased cell migration compared
to CTRLsi conditions, while migration of Pancl Holoclone
cells was not affected. Moreover, SOX2 KD did not impact
migration abilities of either Panc89 cell variant (Fig. 4a).

In line with the EMT phenotype, Pancl cell variants
showed a pronounced cell invasion in a mesenchymal cell
manner, while Panc89 cell variants used an epithelial cluster-
like invasion mode occurring over a longer period of time
compared to the mesenchymal-like invasion [43]. Parental
Pancl cells showed a slightly increased distance of invasive
fronts [um], while the number of invasive fronts [#] was
unaffected by KD of NES (Fig. 4b). Both, number of inva-
sive fronts [#] and covered distance of invasive fronts [pm]
remained unaffected in Panc1 Holoclone cells after NES KD
(Fig. 4b). In contrast, KD of SOX2 in parental Panc89 as
well as Panc89 Holoclone cells led to a decreased invasion
by trend with respect to both number of invasive fronts [#]
and covered distance of invasive fronts [um] (Fig. 4b).

Overall, KD of NES in Pancl cell variants and SOX2 in
Panc89 cell variants only marginally impact cell migration
and invasion, suggesting that the CSC markers Nestin and
SOX2 alone are not key players in the regulation of migra-
tion and invasion of these PDAC cell variants.

KD of NVES in Pancl cell variants and KD of SOX2 in
Panc89 cell variants only marginally impact the response
to cytostatic drugs.

Finally, the effect of KD of NES in Pancl and SOX2
in Panc89 cell variants on the response towards cytostatic
drugs was determined. After 72 h transfection, reseeded
cells were treated with either Gemcitabine, 5-Fluorouracil
(5-FU) or Oxaliplatin for 72 h.

The nuclei count analysis of both Pancl cell vari-
ants revealed no or only marginal effects by NES KD on
the response towards Gemcitabine, 5-FU or Oxaliplatin

(Fig. 5a). The cell death analysis revealed that the number
of dead cells increased up to 1.5-fold after treatment with
the cytostatic drugs and NES KD in parental Pancl cells,
with the strongest response to Oxaliplatin treatment, while
these effects were almost not observed in Pancl Holoclone
cells after NES KD (Fig. 5a).

In both parental Panc89 cells and Panc89 Holoclone cells
the nuclei count was increased up to 1.7-fold after SOX2 KD
and treatment with the cytostatic drugs compared to CTRLsi
conditions (Fig. 5b). In line with the elevated number of
nuclei counts, parental Panc89 cells showed a decreased cell
death rate by trend after SOX2 KD compared to CTRLsi con-
ditions after treatment either of the cytostatic drugs (Fig. 5b).
Overall, cell death was declined in both Panc89 cell variants
after SOX2 KD and all treatments, except in Panc89 Holo-
clone cells after KD of SOX2 and Gemcitabine or Oxalipla-
tin treatment, where almost no effect was noted (Fig. 5b).

In summary, this data indicates that neither Nestin nor
SOX2 alone are decisive for the response to cytostatic drug
treatment in Panc1 and Panc89 cell variants.

Discussion

PDAC remains one of the most challenging and life-threat-
ening malignancies [1, 2]. The high tumor cell heterogeneity
and cancer cell plasticity of PDAC tumors, along with other
factors such as the tumor stroma and microbiome, leads to
poor prognosis of PDAC patients [36, 43, 56—65]. Cellular
plasticity in tumors is characterized by the ability of cancer
cells to rapidly adapt their phenotype in response to changing
environments, e.g. by switching from a sessile, proliferative
to a motile, invasive cell state, and vice versa [16, 66, 67].
Furthermore, these plasticity related processes are associ-
ated with the gain and loss of CSC properties [31, 33, 68,
69]. CSCs have the unique ability of self-renewal, initiation
of tumoral lesions, and to resist cell death induction [32, 33,
70-73]. Altogether, these factors lead to a rapid outgrowth of
PDAC tumors, a high metastatic potential as well an increased
resistance against chemotherapy for PDAC patients [36, 58,
63, 74-76]. Yet, it is still poorly understood whether and how
different EMT states are linked to CSC phenotypes and how
this impacts malignancy associated properties.

By comprehensively characterizing PDAC cell lines and
the isolated CSC and non-CSC cell variants thereof exhibit-
ing different EMT states we could already show that dif-
ferent CSC-EMT phenotypes exist that are associated with
distinct functional properties, e.g. self-renewal capacity,
migration, invasion, therapy response and tumorigenic-
ity [43]. While mesenchymal Pancl cells show a Nestin-
dominated CSC phenotype, epithelial Panc89 cells exhibit a
SOX2-dominated CSC phenotype [43].
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To gain a better understanding of the role of these distinct
CSC markers on the EMT phenotype as well as functional
behavior of PDAC cells, a siRNA-mediated KD of NES in
Pancl cells variants and SOX2 in Panc89 cell variants, as
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well as a double KD of both markers in all cell lines was
performed. We could demonstrate a reliable and significant
reduction of gene expression and protein levels of Nestin
and SOX2 in Pancl and Panc89 cell variants, respectively.
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Fig. 5 siRNA-mediated KD ofNVESin Pancl cell variants and-
SOX2in Panc89 cell variants marginally impacts the response to
cytostatic drugs. 5x 10* cells were subjected to siRNA-mediated KD
of NES in Pancl and SOX2 Panc89 cell variants or to CTRLSsi transfec-
tion for 72 h. Afterward, 1x10° cells/well of either cell variants and
conditions were re-seeded in a 96-well plate and after 24 h, the cells
were treated with Gemcitabine, 5-FU or Oxaliplatin for 72 h. Then, (a)
Pancl and (b) Panc89 cell variants were stained with Hoechst 33342
(1:5000) and PI (1:50) and imaged to determine the total number of
cells (Hoechst-positive, nuclei count) and the number of dead cells

Interestingly, we observed that Panc] cell variants showed
a slight increase of SOX2 expression under NES KD, and
Panc89 cell variants revealed an increased NES expression
under SOX2 KD. These gene expression data are in line with
other studies suggesting potential interactions between Nes-
tin and SOX2 in PDAC [54, 77], but could not be reliable
demonstrated on protein level. However, a previous study
showed that SOX2 can bind to an enhancer region of the
NES gene, leading to an upregulated NES expression [54].
Our further analysis revealed that the effect of NES or
SOX2 KD on the expression of EMT markers and plastic-
ity modulators were rather minor, with an increased gene
expression of the epithelial marker E-cadherin (CDH]I) in
Pancl cell variants and in parental Panc89 cells after either
KD being the strongest effect. These findings indicate a phe-
notypic switch towards a more epithelial-like phenotype of
PDAC cells under downregulation of NES [50] and SOX2,
respectively, the latter being known to suppress E-cadherin
expression by binding to Snail, Slug and Twist promoters
[54]. Although the double KD of NES/SOX2 strengthened
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(Hoechst/PI-positive, cell death), respectively. Every analysis was per-
formed with n=3 independent experiments. The nuclei count and cell
death values after KD of NES and SOX2, respectively, were normal-
ized to CTRLsi conditions. All data sets were analyzed by two-way
ANOVA and Tukey’s multiple comparison. Every analysis was per-
formed with n=3 independent experiments plus technical replicates
and data are shown as mean with SEM. Significances are indicated by
asterisk: p<0.033 = *, p<0.002 = **, p<0.001 = *** (KD=knock-
down; CTRLsi=control siRNA; 5-FU=5-Fluorouracil; PI=propid-
ium iodide; SEM =standard error of means; Holo=Holoclone)

some effects on EMT markers and plasticity modulators by
a further decrease in gene expression of LICAM, VIM and
ZEB2 in Pancl cell variants and LICAM, VIM, ZEBI and
ZEB?2 in Panc89 cell variants, this effect could not be vali-
dated on protein level. Overall, these results suggest a rather
minor impact of either CSC marker on EMT marker expres-
sion, which is in line with the observation that neither NES
KD nor SOX2 KD affected cell migration and invasion of
PDAC cell variants.

Functional analysis of Pancl and Panc89 cell variants
revealed decreased viable cell numbers for Pancl cell vari-
ants under NES KD and KD of NES/SOX2, an effect being
more pronounced in Pancl Holoclone cells. This is in line
with the current knowledge of Nestin being a key player
in proliferation capability in different cancer entities, e.g.
PDAC [78-80]. Although SOX2 is also known to maintain
a cell proliferation capacity in PDAC cells [45] and a coor-
dinated gene expression of both, NES and SOX2, is needed
to promote cancer cell proliferation and survival [54, 77],
SOX2 KD as well as KD of both NES/SOX2 had only
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marginal effects causing slightly decreased cell numbers in
Panc®9 cell variants. However, CFAs revealed that KD of
NES in Panc] cell variants and KD of SOX2 in Panc89 cell
variants did not alter the number of colonies formed, but
led to clearly decreased formation of Holoclone colonies.
As the decreased number of Holoclone colonies was not
accompanied by a likewise increased number of Mero- and
Paraclones, Nestin and SOX2, respectively, seem to pre-
dominantly impact the CSC phenotype and the self-renewal
capabilities of all four PDAC cell variants supporting the
role of these proteins in self-renewal of PDAC cells. How-
ever, the observation that KD of both NES/SOX2 did not
further intensify the effect of the respective single KD sug-
gests that the self-renewal capacity in PDAC cells can be
maintained by different mechanisms being dependent on
different factors (as Nestin or SOX2). Thus, our findings
also support the view that distinct CSC populations exist in
PDAC being dependent on different self-renewal determin-
ing factors [30-33, 36, 37, 43].

Furthermore, either CSC marker KD only margin-
ally impacted the migration and invasion properties of the
PDAC cell variants analyzed, with NES KD having a rather
enhancing effect by trend in parental Pancl cells and SOX2
KD exerting a rather inhibitory effect by trend in Panc89
cell variants.

Finally, we investigated the impact of NES and SOX2
KD in Pancl and Panc89 cell variants, respectively, on
the response to clinically relevant cytostatic drugs. Nuclei
count analysis revealed that NES KD did not alter the nuclei
count of Pancl cell variants after treatment with the chemo-
therapeutic drugs Gemcitabine, 5-FU or Oxaliplatin, while
the number of dead cells slightly increased, especially for
parental Pancl cells. This data is in line with CSCs being
more resistant to conventional therapies [76, 81]. In con-
trast, the number of either Panc89 cell population even
increased along with decreased number of dead cells under
SOX2 KD when treated with Gemcitabine, 5-FU or Oxali-
platin. These findings contradict other studies that show that
SOX2 contributes to chemoresistance in colorectal cancer
cells by upregulating ATP-binding cassette transporters,
which function as efflux pumps for anti-cancer drugs [53,
82]. Furthermore, it has been shown that downregulation of
SOX2 can sensitize PDAC cells to Gemcitabine, indicating
a role in mediating chemoresistance in PDAC [83]. Addi-
tionally, SOX2 has been shown to promote proliferation and
tumor growth in a variety of cancer entities [52, 53, 82, 84].
The fact that SOX2 KD in the Panc89 cell variants analyzed
did not elevate the response towards chemotherapeutic
drugs might be explained by the concomitant upregulation
of NES for which a role in the mediation of chemoresistance
in cancer cells, e.g. hepatocellular carcinoma cells [85] or
small cell lung cancer cells [86], has been already described.
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This data indicates a potential compensation of Nestin and
SOX2 under each other’s KD. In addition, the functional
effects of both CSC factors may also be context dependent
and rely on other coregulatory factors expressed in the cells
[47,77, 80, 82, 83, 87-94].

Overall, our data demonstrate that Nestin and SOX2 are
crucial mediators of self-renewal capabilities of mesenchy-
mal-like and epithelial PDAC cell variants, respectively,
but that further factors are required for the maintenance
of other malignancy associated properties such as prolif-
eration, migration, invasion or drug responses. Our study
further supports the view that both Nestin and SOX2 essen-
tially contributes to the aggressive nature of PDAC cells,
in which their effects seem to be highly dependent on the
cellular regulatory context.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s12015-0
25-11006-3.

Acknowledgements The authors thank Sandra Schoéne for excellent
technical support. Moreover, we thank SYNENTEC GmbH for the
provision of the NYONE® Scientific and CELLAVISTA® imager as
well as continuous training, support, and service.

Author Contributions Conceptualization, SSe.; Methodology, L-MP,
PH; Investigation, L-MP, PH, LH, AM.; Analysis: L-MP, PH, LH, AM;
Resources, SSe; Writing — Original Draft Preparation, L-MP, SSe.; Vi-
sualization, L-MP, PH.; Supervision, SSe.; Funding Acquisition, SSe;
Review & Editing, all authors.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was supported by the Deutsche Forschungsge-
meinschaft (DFG) (GRK2501/0) and the DFG funding program Open
Access-Publikationskosten.

Data Availability Data will be made available on request.

Code Availability Not applicable.

Declarations
Conflict of interest The authors declare no conflicts of interest.
Ethics Approval Not applicable.

Consent To Participate All of the authors are aware of and agree to the
content of the paper and their being listed as an author on the paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, 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 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


https://doi.org/10.1007/s12015-025-11006-3
https://doi.org/10.1007/s12015-025-11006-3

Stem Cell Reviews and Reports (2026) 22:620-635

633

use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

Siegel, R. L., Kratzer, T. B., Giaquinto, A. N., Sung, H., & Jemal,
A. (2025). Cancer statistics, 2025. C Ca: A Cancer Journal for
Clinicians, no. October 2024, 10—45. https://doi.org/10.3322/caa
c.21871

Rahib, L., Smith, B. D., Aizenberg, R., Rosenzweig, A. B., Flesh-
man, J. M., & Matrisian, L. M. (2014). Projecting cancer incidence
and deaths to 2030: The unexpected burden of thyroid, liver, and
pancreas cancers in the united States. Cancer Research, 74(11),
2913-2921. https://doi.org/10.1158/0008-5472.CAN-14-0155
Meslar, E. (Sep. 2020). Pancreatic adenocarcinoma. Jaapa : offi-
cial Journal of the American Academy of Physician Assistants,
33(11), 50-51. https://doi.org/10.1097/01.JAA.0000718300.594
20.6¢

Sperti, C., Pasquali, C., Piccoli, A., & Pedrazzoli, S. (1997).
Recurrence after resection for ductal adenocarcinoma of the pan-
creas. World Journal of Surgery, 21(2), 195-200. https://doi.org/
10.1007/s002689900215

Van den broeck, A., Sergeant, G., Ectors, N., Van Steenbergen,
W., Aerts, R., & Topal, B. (2009). Patterns of recurrence after
curative resection of pancreatic ductal adenocarcinoma. Euro-
pean Journal of Surgical Oncology, 35(6), 600—-604. https://doi.o
1rg/10.1016/j.€j50.2008.12.006

Groot, V. P, et al. (2018). Patterns, Timing, and predictors of
recurrence following pancreatectomy for pancreatic ductal ade-
nocarcinoma. Annals of Surgery, 267(5), 936-945. https://doi.org
/10.1097/SLA.0000000000002234

Chiaro, M. D., & Sereide, K. (2018). Trials and tribulations of
neoadjuvant therapy in pancreatic cancer. British Journal of Sur-
gery, 105(11), 1387-1389. https://doi.org/10.1002/bjs.11003
Oettle, H., et al. (2005). A phase 111 trial of pemetrexed plus gem-
citabine versus gemcitabine in patients with unresectable or meta-
static pancreatic cancer. Annals of Oncology, 16(10), 1639-1645.
https://doi.org/10.1093/annonc/mdi309

Conroy, T., et al. (2011). FOLFIRINOX versus gemcitabine for
metastatic pancreatic cancer. New England Journal of Medicine,
364, 1817-1825. https://doi.org/10.1056/nejmoal 011923

Wang, Y., Camateros, P., Cheung, W. Y., & Real-World, A. (2019).
Comparison of FOLFIRINOX, gemcitabine plus nab-Paclitaxel,
and gemcitabine in advanced pancreatic cancers. J Gastrointest
Cancer, 50(1), 62-68. https://doi.org/10.1007/s12029-017-0028-5
Pijnappel, E. N., et al. (2022). First- and Second-Line palliative
systemic treatment outcomes in a Real-World metastatic pancre-
atic cancer cohort. JNCCN J Natl Compr Cancer Netw, 20(5),
443-450. https://doi.org/10.6004/jnccn.2021.7028
Krebsgesellschaft, A., & Krebshilfe, D. (2021). Konsultationsfas-
sung S3-Leitlinie zum exokrinen Pankreaskarzinom Wesentliche
Neuerungen durch die Aktualisierung, vol. 01, no. September, pp.
1-220.

Valastyan, S., & Weinberg, R. A. (2011). Tumor metastasis:
Molecular insights and evolving paradigms. Cell, 147(2), 275—
292. https://doi.org/10.1016/j.cell.2011.09.024

Toh, B., et al. (2011). Mesenchymal transition and dissemination
of cancer cells is driven by myeloid-derived suppressor cells infil-
trating the primary tumor. Plos Biology, 9(9). https://doi.org/10.1
371/journal.pbio.1001162

Nguyen, D. X., Bos, P. D., & Massagué, J. (2009). Metasta-
sis: From dissemination to organ-specific colonization. Nature
Reviews Cancer, 9(4), 274-284. https://doi.org/10.1038/nrc2622

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

Sokeland, G., & Schumacher, U. (2019). The functional role of
integrins during intra- and extravasation within the metastatic
cascade. Molecular Cancer, 18(1), 1-19. https://doi.org/10.1186/
$12943-018-0937-3

Thiery, J. P., Acloque, H., Huang, R. Y. J., & Nieto, M. A. (2009).
Epithelial-Mesenchymal Transitions in Development and Dis-
ease, Cell, vol. 139, no. 5. Sinauer Associates, Inc., Sunderland,
MA, pp. 871-890, Nov. https://doi.org/10.1016/j.cell.2009.11.00
7

Galvan, J. A, et al. (2015). Expression of E-cadherin repressors
SNAIL, ZEBI1 and ZEB2 by tumour and stromal cells influences
tumour-budding phenotype and suggests heterogeneity of stromal
cells in pancreatic cancer. British Journal of Cancer, 112(12),
1944-1950. https://doi.org/10.1038/bjc.2015.177

Nieto, M. A., Huang, R. Y. Y. J., Jackson, R. A. A., & Thiery, J. P.
P. (2016). Emt: Cell, vol. 166, no. 1, pp. 2145, 2016. https://doi.
org/10.1016/j.cell.2016.06.028

Geismann, C., et al. (2009). Up-regulation of LICAM in pancre-
atic duct cells is transforming growth factor f1- and slug-depen-
dent: Role in malignant transformation of pancreatic cancer.
Cancer Research, 69(10), 4517-4526. https://doi.org/10.1158/0
008-5472.CAN-08-3493

Sebens, S., Miierkoster, et al. (2007). Drug-induced expression
of the cellular adhesion molecule LICAM confers anti-apoptotic
protection and chemoresistance in pancreatic ductal adenocarci-
noma cells. Oncogene, 26, 2759-2768. https://doi.org/10.1038/sj
.onc.1210076

Wei, T. (2019). Vimentin-positive circulating tumor cells as a bio-
marker for diagnosis and treatment monitoring in patients with
pancreatic cancer, Cancer Lett., vol. 452, no. March, pp. 237—
243. https://doi.org/10.1016/j.canlet.2019.03.009

Schliekelman, M. J., et al. (2015). Molecular portraits of epithe-
lial, mesenchymal, and hybrid States in lung adenocarcinoma and
their relevance to survival. Cancer Research, 75(9), 1789-1800.
https://doi.org/10.1158/0008-5472.CAN-14-2535

Roca, H., etal. (2013). Transcription factors OVOL1 and OVOL2
induce the mesenchymal to epithelial transition in human cancer.
PLoS One, 8(10), 1-20. https://doi.org/10.1371/journal.pone.007
6773

Watanabe, M. (2012). Metabolic profiling comparison of human
pancreatic ductal epithelial cells and three pancreatic cancer cell
lines using NMR based metabonomics. J Mol Biomark Diagn,
03(02), 513-529. https://doi.org/10.4172/2155-9929.53-002

Xia, L., et al. (January, 2021). OVOL2 attenuates the expression
of MAP3KS8 to suppress epithelial mesenchymal transition in
colorectal cancer. Pathology, Research and Practice, 224, no.. ht
tps://doi.org/10.1016/j.prp.2021.153493

Scott, C. L., & Omilusik, K. D. (2019). ZEBs: Novel Players in
Immune Cell Development and Function, Trends in Immunology,
vol. 40, no. 5. Elsevier Ltd, pp. 431-446. https://doi.org/10.1016/
j.1t.2019.03.001

Zhang, Y., Xu, L., Li, A., & Han, X. (2019). The roles of ZEB1 in
tumorigenic progression and epigenetic modifications, Biomedi-
cine and Pharmacotherapy, vol. 110, no. November 2018. Else-
vier, pp. 400—408. https://doi.org/10.1016/j.biopha.2018.11.112
Wang, J., et al. (2021). Interplay between the EMT transcrip-
tion factors ZEB1 and ZEB2 regulates hematopoietic stem and
progenitor cell differentiation and hematopoietic lineage fidelity.
Plos Biology, 19(9), 1-33. https://doi.org/10.1371/journal.pbio.3
001394

Mani, S., et al. (2008). The epithelial-mesenchymal transition
generates cells with properties of stem cells. Cell, 16(4), 704—
715. https://doi.org/10.1016/j.cell.2008.03.027.The

Andriani, F., et al. (2016). Conversion to stem-cell state in
response to microenvironmental cues is regulated by balance
between epithelial and mesenchymal features in lung cancer cells.

@ Springer


https://doi.org/10.1186/s12943-018-0937-3
https://doi.org/10.1186/s12943-018-0937-3
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1038/bjc.2015.177
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1158/0008-5472.CAN-08-3493
https://doi.org/10.1158/0008-5472.CAN-08-3493
https://doi.org/10.1038/sj.onc.1210076
https://doi.org/10.1038/sj.onc.1210076
https://doi.org/10.1016/j.canlet.2019.03.009
https://doi.org/10.1158/0008-5472.CAN-14-2535
https://doi.org/10.1158/0008-5472.CAN-14-2535
https://doi.org/10.1371/journal.pone.0076773
https://doi.org/10.1371/journal.pone.0076773
https://doi.org/10.4172/2155-9929.s3-002
https://doi.org/10.1016/j.prp.2021.153493
https://doi.org/10.1016/j.prp.2021.153493
https://doi.org/10.1016/j.it.2019.03.001
https://doi.org/10.1016/j.it.2019.03.001
https://doi.org/10.1016/j.biopha.2018.11.112
https://doi.org/10.1371/journal.pbio.3001394
https://doi.org/10.1371/journal.pbio.3001394
https://doi.org/10.1016/j.cell.2008.03.027.The
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3322/caac.21871
https://doi.org/10.3322/caac.21871
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.1097/01.JAA.0000718300.59420.6c
https://doi.org/10.1097/01.JAA.0000718300.59420.6c
https://doi.org/10.1007/s002689900215
https://doi.org/10.1007/s002689900215
https://doi.org/10.1016/j.ejso.2008.12.006
https://doi.org/10.1016/j.ejso.2008.12.006
https://doi.org/10.1097/SLA.0000000000002234
https://doi.org/10.1097/SLA.0000000000002234
https://doi.org/10.1002/bjs.11003
https://doi.org/10.1093/annonc/mdi309
https://doi.org/10.1093/annonc/mdi309
https://doi.org/10.1056/nejmoa1011923
https://doi.org/10.1007/s12029-017-0028-5
https://doi.org/10.6004/jnccn.2021.7028
https://doi.org/10.1016/j.cell.2011.09.024
https://doi.org/10.1371/journal.pbio.1001162
https://doi.org/10.1371/journal.pbio.1001162
https://doi.org/10.1038/nrc2622

634

Stem Cell Reviews and Reports (2026) 22:620-635

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Molecular Oncology, 10(2),253-271. https://doi.org/10.1016/j.m
olonc.2015.10.002

Valle, S., Martin-Hijano, L., Alcald, S., Alonso-Nocelo, M., &
Sainz, B. (2018). The ever-evolving concept of the cancer stem
cell in pancreatic cancer. Cancers (Basel), 10(2). https://doi.org/1
0.3390/cancers10020033

Schwitalla, S., et al. (2013). Intestinal tumorigenesis initiated
by dedifferentiation and acquisition of stem-cell-like properties.
Cell, 152, 1-2. https://doi.org/10.1016/j.cell.2012.12.012

Jolly, M. K., Tripathi, S. C., Jia, D., Mooney, S. M., Celiktas,
M., Hanash, S. M., Mani, S. A., Pienta, K. J., Ben-Jacob, E., &
Levine, H. (2016). Stability of the hybrid epithelial/mesenchymal
phenotype. Oncotarget, 7(19), 27067-27084. https://doi.org/10.1
8632/oncotarget.8166

Jolly, M. K., Ware, K. E., Gilja, S., Somarelli, J. A., & Levine, H.
(2017). EMT and MET: Necessary or permissive for metastasis?
Molecular Oncology, 11(7), 755-769. https://doi.org/10.1002/18
78-0261.12083

Fulawka, L., Donizy, P., & Halon, A. (2014). Cancer stem cells—
the current status of an old concept: Literature review and clinical
approaches. Biological Research, 47, 66. https://doi.org/10.1186/
0717-6287-47-66

Kreso, A., & Dick, J. E. (2014). Evolution of the cancer stem cell
model, Cell Stem Cell, vol. 14, no. 3. Elsevier Inc., pp. 275-291.
https://doi.org/10.1016/j.stem.2014.02.006

Greaves, M. (2013). Cancer stem cells as ‘units of selection’.
Evolutionary Applications, 6(1), 102—108. https://doi.org/10.111
1/eva.12017

Chaffer, C. L. (2011). Normal and neoplastic nonstem cells can
spontaneously convert to a stem-like state, Proc. Natl. Acad. Sci.
U. S. A., vol. 108, no. 19, pp. 7950-7955. https://doi.org/10.1073
/pnas.1102454108

Pozza, E. D, et al. (2015). Pancreatic ductal adenocarcinoma cell
lines display a plastic ability to bi-directionally convert into can-
cer stem cells. International Journal of Oncology, 46(3), 1099—
1108. https://doi.org/10.3892/ij0.2014.2796

O’Leary, D. P, O’Leary, E., Foley, N., Cotter, T. G., Wang, J.
H., & Redmond, H. P. (2016). Effects of surgery on the cancer
stem cell niche. European Journal of Surgical Oncology, 42(3),
319-325. https://doi.org/10.1016/j.ejs0.2015.12.008

Mukherjee, S., et al. (2016). Non-migratory tumorigenic intrinsic
cancer stem cells ensure breast cancer metastasis by generation of
CXCR4+migrating cancer stem cells. Oncogene, 35(37), 4937—
4948. https://doi.org/10.1038/0nc.2016.26

Philipp, L. M. (2024). Feb., Epithelial and Mesenchymal-like
Pancreatic Cancer Cells Exhibit Different Stem Cell Pheno-
types Associated with Different Metastatic Propensities, Cancers
(Basel)., vol. 16, no. 4, p. 686. https://doi.org/10.3390/cancers16
040686

Patil, K., Khan, F. B., Akhtar, S., Ahmad, A., & Uddin, S. (2021).
The plasticity of pancreatic cancer stem cells: Implications in
therapeutic resistance. Cancer and Metastasis Reviews, 40(3),
691-720. https://doi.org/10.1007/s10555-021-09979-x

Ding, Y., et al. (2024). Pan-Cancer analysis reveals SOX2 as a
promising prognostic and immunotherapeutic biomarker across
various cancer Types, including pancreatic cancer. Journal of
Cancer, 15(1), 251-274. https://doi.org/10.7150/jca.88397
Szymanska-Chabowska, A., Swiqtkowski, F., Jankowska-
Polanska, B., Mazur, G., & Chabowski, M. (2021). Nestin expres-
sion as a diagnostic and prognostic marker in colorectal cancer
and other tumors. Clin Med Insights Oncol, 15. https://doi.org/10
1177/11795549211038256

Knaack, H., et al. (2018). Liver metastasis of pancreatic cancer:
The hepatic microenvironment impacts differentiation and self-
renewal capacity of pancreatic ductal epithelial cells. Oncotarget,
9(60), 31771-31786. https://doi.org/10.18632/oncotarget.25884

@ Springer

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

S8.

59.

60.

61.

62.

Lu, Y., etal. (Oct. 2013). Knockdown of Oct4 and Nanog expres-
sion inhibits the stemness of pancreatic cancer cells. Cancer Let-
ters, 340(1), 113-123. Lu Y, Zhu H, Shan H, Lu J, Chang X, Li
X, Lu J, Fan X, Zhu S, Wang Y, Guo Q, Wang L, Huang Y, Zhu
M, Wang Z. Knockdown of Oct4 and Nanog expression inhibits
the stemness of pancreatic cancer cells. Cancer Lett. 2013 Oct
28;340(1):113-23. doi: 10.1016/j.canlet.2013.07.009. Epub 2013
Jul 17. PMID: 23872274. https://doi.org/10.1016/j.canlet.2013.0
7.009

Su, H. T. (2013). Stem cell marker Nestin is critical for TGF-betal-
mediated tumor progression in pancreatic cancer. Molecular Can-
cer Research, 11.

Matsuda, Y., Naito, Z., Kawahara, K., Nakazawa, N., Korc, M.,
& Ishiwata, T. (2011). Nestin is a novel target for suppressing
pancreatic cancer cell migration, invasion and metastasis. Cancer
Biology & Therapy, 11(5), 512-523. https://doi.org/10.4161/cbt.1
1.5.14673

Matsuda, Y., Ishiwata, T., Yoshimura, H., Yamashita, S., Ushi-
jima, T., & Arai, T. (2016). Systemic administration of small
interfering RNA targeting human Nestin inhibits pancreatic can-
cer cell proliferation and metastasis. Pancreas, 45(1), 93—100. ht
tps://doi.org/10.1097/MPA.0000000000000427

Sanada, Y., Yoshida, K., Ohara, M., Oeda, M., Konishi, K., &
Tsutani, Y. (2006). Histopathologic evaluation of Stepwise pro-
gression of pancreatic carcinoma with immunohistochemical
analysis of gastric epithelial transcription factor SOX2: Com-
parison of expression patterns between invasive components and
cancerous or nonneoplastic Intr. Pancreas, 32(2), 164—170. https
://doi.org/10.1097/01.mpa.0000202947.80117.a0

Han, X., et al. (2012). Silencing SOX2 induced mesenchymal-
epithelial transition and its expression predicts liver and lymph
node metastasis of CRC patients. PLoS One, 7(8). https://doi.org/
10.1371/journal.pone.0041335

Herreros-Villanueva, M., et al. (June, 2013). SOX2 promotes
dedifferentiation and imparts stem cell-like features to pancreatic
cancer cells. Oncogenesis, 2, no.. https://doi.org/10.1038/oncsis.
2013.23

Beaver, C. M., Ahmed, A., & Masters, J. R. (2014). Clonogenic-
ity: Holoclones and meroclones contain stem cells. PLoS One,
9(2). https://doi.org/10.1371/journal.pone.0089834

Ishiwata, T. (2016). Cancer stem cells and epithelial-mesenchy-
mal transition: Novel therapeutic targets for cancer. Pathology
International, 66(11), 601-608. https://doi.org/10.1111/pin.1244
7

Paul, R., Dorsey, J. F., & Fan, Y. (2022). Cell plasticity, senes-
cence, and quiescence in cancer stem cells: Biological and thera-
peutic implications, Pharmacol. Ther., vol. 231, no. Xxxx, p.
107985. https://doi.org/10.1016/j.pharmthera.2021.107985
Karamitopoulou, E. (2013). Tumor budding cells, cancer stem
cells and epithelial-mesenchymal transition-type cells in pancre-
atic cancer. Frontiers in Oncology, 2 JAN, 2009-2013. https://do
i.org/10.3389/fonc.2012.00209

xiang Zhan, H., wei Xu, J., Wu, D., Zhang, T., & yuan Hu, S.
(2015). Pancreatic cancer stem cells: New insight into a stubborn
disease. Cancer Letters, 357(2), 429—437. https://doi.org/10.1016
/j.canlet.2014.12.004

Pushalkar, S., et al. (Apr. 2018). The pancreatic cancer Microbi-
ome promotes oncogenesis by induction of innate and adaptive
immune suppression. Cancer Discovery, 8(4), 403-416. https://d
oi.org/10.1158/2159-8290.CD-17-1134

Riquelme, E., et al. (Aug. 2019). Tumor Microbiome Diversity
and Composition Influence Pancreatic Cancer Outcomes. Cell,
178(4), 795-806. https://doi.org/10.1016/j.cell.2019.07.008.
el2.

Guo, W., et al. (Dec. 2021). Tumor Microbiome contributes to
an aggressive phenotype in the basal-like subtype of pancreatic


https://doi.org/10.1016/j.canlet.2013.07.009
https://doi.org/10.1016/j.canlet.2013.07.009
https://doi.org/10.4161/cbt.11.5.14673
https://doi.org/10.4161/cbt.11.5.14673
https://doi.org/10.1097/MPA.0000000000000427
https://doi.org/10.1097/MPA.0000000000000427
https://doi.org/10.1097/01.mpa.0000202947.80117.a0
https://doi.org/10.1097/01.mpa.0000202947.80117.a0
https://doi.org/10.1371/journal.pone.0041335
https://doi.org/10.1371/journal.pone.0041335
https://doi.org/10.1038/oncsis.2013.23
https://doi.org/10.1038/oncsis.2013.23
https://doi.org/10.1371/journal.pone.0089834
https://doi.org/10.1111/pin.12447
https://doi.org/10.1111/pin.12447
https://doi.org/10.1016/j.pharmthera.2021.107985
https://doi.org/10.3389/fonc.2012.00209
https://doi.org/10.3389/fonc.2012.00209
https://doi.org/10.1016/j.canlet.2014.12.004
https://doi.org/10.1016/j.canlet.2014.12.004
https://doi.org/10.1158/2159-8290.CD-17-1134
https://doi.org/10.1158/2159-8290.CD-17-1134
https://doi.org/10.1016/j.cell.2019.07.008
https://doi.org/10.1016/j.molonc.2015.10.002
https://doi.org/10.1016/j.molonc.2015.10.002
https://doi.org/10.3390/cancers10020033
https://doi.org/10.3390/cancers10020033
https://doi.org/10.1016/j.cell.2012.12.012
https://doi.org/10.18632/oncotarget.8166
https://doi.org/10.18632/oncotarget.8166
https://doi.org/10.1002/1878-0261.12083
https://doi.org/10.1002/1878-0261.12083
https://doi.org/10.1186/0717-6287-47-66
https://doi.org/10.1186/0717-6287-47-66
https://doi.org/10.1016/j.stem.2014.02.006
https://doi.org/10.1016/j.stem.2014.02.006
https://doi.org/10.1111/eva.12017
https://doi.org/10.1111/eva.12017
https://doi.org/10.1073/pnas.1102454108
https://doi.org/10.1073/pnas.1102454108
https://doi.org/10.3892/ijo.2014.2796
https://doi.org/10.1016/j.ejso.2015.12.008
https://doi.org/10.1038/onc.2016.26
https://doi.org/10.3390/cancers16040686
https://doi.org/10.3390/cancers16040686
https://doi.org/10.1007/s10555-021-09979-x
https://doi.org/10.7150/jca.88397
https://doi.org/10.1177/11795549211038256
https://doi.org/10.1177/11795549211038256
https://doi.org/10.18632/oncotarget.25884

Stem Cell Reviews and Reports (2026) 22:620-635

635

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

cancer. Commun Biol, 4(1). https://doi.org/10.1038/s42003-021-
02557-5

Neesse, A., Algiil, H., Tuveson, D. A., & Gress, T. M. (2015).
Stromal biology and therapy in pancreatic cancer: A changing
paradigm. Gut, 64(9), 1476-1484. https://doi.org/10.1136/gutjn
1-2015-309304

Zhao, Y., et al. (2023). Pancreatic cancer stemness: Dynamic sta-
tus in malignant progression. Journal of Experimental & Clinical
Cancer Research : Cr, 42(1), 1-19. https://doi.org/10.1186/s1304
6-023-02693-2

Yuan, S., Norgard, R. J., & Stanger, B. Z. (2019). Cellular plastic-
ity in cancer. Cancer Discovery, 9(7), 837-851. https://doi.org/10
.1158/2159-8290.CD-19-0015

Thiery, J. P., Acloque, H., Huang, R. Y. J., & Nieto, M. A. (2009).
Epithelial-Mesenchymal transitions in development and disease.
Cell, 139(5), 871-890. https://doi.org/10.1016/j.cell.2009.11.007
Brabletz, T. (2012). Cancer cell previews EMT and MET in
metastasis: Where are the cancer stem cells? Ccell, 22(6), 699—
701. https://doi.org/10.1016/j.ccr.2012.11.009

Mani, S. A,, et al. (2008). EMT creates cells with the properties
of stem cells. Cell, 133(4), 704-715. https://doi.org/10.1016/j.cel
1.2008.03.027.The

Mani, S. A., et al. (2008). The epithelial-mesenchymal transition
generates cells with properties of stem cells. Cell, 133(4), 704—
715. https://doi.org/10.1016/j.cell.2008.03.027

Hermann, P. C,, et al. (2007). Distinct populations of cancer stem
cells determine tumor growth and metastatic activity in human
pancreatic cancer. Cell Stem Cell, 1(3), 313-323. https://doi.org/1
0.1016/j.stem.2007.06.002

Li, C., etal. (2007). Identification of pancreatic cancer stem cells.
Cancer Research, 67(3), 1030-1037. https://doi.org/10.1158/000
8-5472.CAN-06-2030

Burdziak, C., et al. (May 2023). Epigenetic plasticity cooperates
with cell-cell interactions to direct pancreatic tumorigenesis. Sci-
ence, 380, eadd5327. https://doi.org/10.1126/science.add5327.
no. 6645.

Sipos, B., Mdéser, S., Kalthoff, H., Térdk, V., Lohr, M., & Klop-
pel, G. (2003). A comprehensive characterization of pancreatic
ductal carcinoma cell lines: Towards the establishment of an in
vitro research platform. Virchows Archiv, 442(5), 444-452. https:
//doi.org/10.1007/s00428-003-0784-4

Castellanos, J. A., Merchant, N. B., & Nagathihalli, N. S. (2013).
Emerging targets in pancreatic cancer: Epithelial-mesenchymal
transition and cancer stem cells. Onco Targets Ther, 6, 1261—
1267. https://doi.org/10.2147/OTT.S34670

Neesse, A., et al. (2019). Stromal biology and therapy in pancre-
atic cancer: Ready for clinical translation? Gut, 68(1). https://doi.
org/10.1136/gutjnl-2018-316451

Shibue, T., & Weinberg, R. A. (2017). EMT, CSCs, and drug
resistance: The mechanistic link and clinical implications. Nature
Reviews. Clinical Oncology, 14(10), 611-629. https://doi.org/10.
1038/nrclinonc.2017.44

Quan, M. Y. (2020). An FGFR/AKT/SOX2 Signaling Axis Con-
trols Pancreatic Cancer Stemness, Front. Cell Dev. Biol., vol. 8,
no. October, pp. 10—13. https://doi.org/10.3389/fcell.2020.00287
Neradil, J., & Veselska, R. (2015). Nestin as a marker of cancer
stem cells. Cancer Science, 106(7), 803—811. https://doi.org/10.1
111/cas.12691

Wiese, C., et al. (Oct. 2004). Nestin expression—a property of
multi-lineage progenitor cells? Cellular and Molecular Life Sci-
ences, 61, 19-20. https://doi.org/10.1007/s00018-004-4144-6
Zarnescu, O., Brehar, F. M., Bleotu, C., & Gorgan, R. M. (2011).
Co-localization of PCNA, VCAM-1 and caspase-3 with Nestin in
xenografts derived from human anaplastic Astrocytoma and glio-
blastoma multiforme tumor spheres. Micron (Oxford, England :

81.

82.

3.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

1993), 42(8), 793-800. https://doi.org/10.1016/j.micron.2011.04.
005

Tiéche, C. C., et al. (2019). Tumor initiation capacity and therapy
resistance are differential features of EMT-Related subpopula-
tions in the NSCLC cell line A549. Neoplasia (United States),
21(2), 185-196. https://doi.org/10.1016/j.ne0.2018.09.008

Zhu, Y., et al. (May 2021). SOX2 promotes chemoresistance, can-
cer stem cells properties, and epithelial-mesenchymal transition
by B-catenin and Beclinl/autophagy signaling in colorectal can-
cer. Cell Death and Disease, 12(5). https://doi.org/10.1038/s4141
9-021-03733-5

Jia, Y., et al. (2019). The role of GLI-SOX2 signaling axis for
gemcitabine resistance in pancreatic cancer. Oncogene, 38(10),
1764-1777. https://doi.org/10.1038/s41388-018-0553-0
Herreros-Villanueva, M., Bujanda, L., Billadeau, D. D., & Zhang,
J. S. (2014). Embryonic stem cell factors and pancreatic cancer.
World Journal of Gastroenterology, 20(9), 2247-2254. https://do
i.0rg/10.3748/wjg.v20.i9.2247

Zhang, Y., et al. (2016). Nestin overexpression in hepatocellu-
lar carcinoma associates with epithelial-mesenchymal transition
and chemoresistance. Journal of Experimental & Clinical Cancer
Research : Cr, 35(1), 1-12. https://doi.org/10.1186/s13046-016-0
387-y

Sone, K., et al. (2020). Nestin expression affects resistance to
chemotherapy and clinical outcome in small cell lung cancer.
Frontiers in Oncology, 10, 1-9. https://doi.org/10.3389/fonc.20
20.01367

Mu, R., et al. (2021). Hypoxia promotes pancreatic cancer cell
dedifferentiation to Stem-Like cell phenotypes with high tumori-
genic potential by the HIF-la/Notch signaling pathway. Pan-
creas, 50(5), 756-765. https://doi.org/10.1097/MPA.000000000
0001828

Firat, E., & Niedermann, G. (2016). FoxO proteins or loss of
functional p53 maintain stemness of glioblastoma stem cells and
survival after ionizing radiation plus PI3K/mTOR inhibition,
Oncotarget, vol. 7, no. 34, pp. 54883-54896. https://doi.org/10.1
8632/oncotarget.10702

Zhang, Y., et al. (2018). Nuclear Nestin deficiency drives tumor
senescence via lamin A/C-dependent nuclear deformation. Nature
Communications, 9(1). https://doi.org/10.1038/s41467-018-0580
8-y

Yeh, D. W., Huang, L. R., Chen, Y. W., Huang, C. Y. F., & Chuang,
T. H. (2016). Interplay between Inflammation and Stemness in
Cancer Cells: The Role of Toll-Like Receptor Signaling, Journal
of Immunology Research, vol. Hindawi Limited, 2016. https://do
1.org/10.1155/2016/4368101

Lengerke, C., etal. (Jan. 2011). Expression of the embryonic stem
cell marker SOX2 in early-stage breast carcinoma. Bmc Cancer,
11. https://doi.org/10.1186/1471-2407-11-42

Roy, S., et al. (2024). SOX2 and OCT4 mediate radiation and
drug resistance in pancreatic tumor organoids. Cell Death Discov,
10(1), 2-9. https://doi.org/10.1038/s41420-024-01871-1

Zheng, Q., et al. (2023). Inhibiting NR5A2 targets stemness in
pancreatic cancer by disrupting SOX2/MYC signaling and restor-
ing chemosensitivity. Journal of Experimental & Clinical Cancer
Research : Cr,42(1), 1-21. https://doi.org/10.1186/s13046-023-0
2883-y

Yeh, D. W., Huang, L. R., Chen, Y. W.,, Huang, C. Y. F, &
Chuang, T. H. (2016). Interplay between Inflammation and
Stemness in Cancer Cells: The Role of Toll-Like Receptor Sig-
naling, J. Immunol. Res., vol. 2016. https://doi.org/10.1155/2016
/4368101

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.micron.2011.04.005
https://doi.org/10.1016/j.micron.2011.04.005
https://doi.org/10.1016/j.neo.2018.09.008
https://doi.org/10.1038/s41419-021-03733-5
https://doi.org/10.1038/s41419-021-03733-5
https://doi.org/10.1038/s41388-018-0553-0
https://doi.org/10.3748/wjg.v20.i9.2247
https://doi.org/10.3748/wjg.v20.i9.2247
https://doi.org/10.1186/s13046-016-0387-y
https://doi.org/10.1186/s13046-016-0387-y
https://doi.org/10.3389/fonc.2020.01367
https://doi.org/10.3389/fonc.2020.01367
https://doi.org/10.1097/MPA.0000000000001828
https://doi.org/10.1097/MPA.0000000000001828
https://doi.org/10.18632/oncotarget.10702
https://doi.org/10.18632/oncotarget.10702
https://doi.org/10.1038/s41467-018-05808-y
https://doi.org/10.1038/s41467-018-05808-y
https://doi.org/10.1155/2016/4368101
https://doi.org/10.1155/2016/4368101
https://doi.org/10.1186/1471-2407-11-42
https://doi.org/10.1038/s41420-024-01871-1
https://doi.org/10.1186/s13046-023-02883-y
https://doi.org/10.1186/s13046-023-02883-y
https://doi.org/10.1155/2016/4368101
https://doi.org/10.1155/2016/4368101
https://doi.org/10.1038/s42003-021-02557-5
https://doi.org/10.1038/s42003-021-02557-5
https://doi.org/10.1136/gutjnl-2015-309304
https://doi.org/10.1136/gutjnl-2015-309304
https://doi.org/10.1186/s13046-023-02693-2
https://doi.org/10.1186/s13046-023-02693-2
https://doi.org/10.1158/2159-8290.CD-19-0015
https://doi.org/10.1158/2159-8290.CD-19-0015
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1016/j.ccr.2012.11.009
https://doi.org/10.1016/j.cell.2008.03.027.The
https://doi.org/10.1016/j.cell.2008.03.027.The
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1016/j.stem.2007.06.002
https://doi.org/10.1016/j.stem.2007.06.002
https://doi.org/10.1158/0008-5472.CAN-06-2030
https://doi.org/10.1158/0008-5472.CAN-06-2030
https://doi.org/10.1126/science.add5327
https://doi.org/10.1007/s00428-003-0784-4
https://doi.org/10.1007/s00428-003-0784-4
https://doi.org/10.2147/OTT.S34670
https://doi.org/10.1136/gutjnl-2018-316451
https://doi.org/10.1136/gutjnl-2018-316451
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.3389/fcell.2020.00287
https://doi.org/10.1111/cas.12691
https://doi.org/10.1111/cas.12691
https://doi.org/10.1007/s00018-004-4144-6

	﻿Nestin and SOX2 Maintain self-renewal Abilities of Different Pancreatic Cancer Stem Cell Populations
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Cell Lines and Cell Culture

	﻿siRNA-mediated Knockdown of CSC Markers
	﻿RNA Isolation and RT-qPCR
	﻿Immunofluorescence Staining
	﻿Viable Cell Count Analyses
	﻿Colony Formation Assay

	﻿Migration Assay
	﻿Invasion Assay
	﻿Assessment of Treatment Responses Towards Cytostatic Drugs
	﻿Statistical Analysis

	﻿Results
	﻿Discussion
	﻿References


