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Abstract
Pancreatic ductal adenocarcinoma (PDAC) arises through accumulation of multiple genetic alterations. However, cancer
cells also acquire and depend on cancer-specific epigenetic changes. To conclusively demonstrate the crucial relevance of
the epigenetic programme for the tumourigenicity of the cancer cells, we used cellular reprogramming technology to reverse
these epigenetic changes. We reprogrammed human PDAC cultures using three different techniques – (1) lentivirally via
induction of Yamanaka Factors (OSKM), (2) the pluripotency-associated gene OCT4 and the microRNA mir-302, or (3)
using episomal vectors as a safer alternative without genomic integration. We found that induction with episomal vectors
was the most efficient method to reprogram primary human PDAC cultures as well as primary human fibroblasts that served
as positive controls. Successful reprogramming was evidenced by immunostaining, alkaline phosphatase staining, and real-
time PCR. Intriguingly, reprogramming of primary human PDAC cultures drastically reduced their in vivo tumourigenicity,
which appeared to be driven by the cells’ enhanced differentiation and loss of stemness upon transplantation. Our study
demonstrates that reprogrammed primary PDAC cultures are functionally distinct from parental PDAC cells resulting in
drastically reduced tumourigenicity in vitro and in vivo. Thus, epigenetic alterations account at least in part for the
tumourigenicity and aggressiveness of pancreatic cancer, supporting the notion that epigenetic modulators could be a
suitable approach to improve the dismal outcome of patients with pancreatic cancer.

Introduction

Pancreatic cancer, including the most frequent subtype
pancreatic ductal adenocarcinoma (PDAC), is currently the
third leading cause of cancer-related deaths in the United
States [1] and predicted to become the second most frequent
cause of cancer-related death by 2030 [2]. It is characterized
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by extensive desmoplasia, rapid metastasis, and pronounced
resistance to chemotherapy and radiation [3]. Due to a
paucity of biomarkers for early-stage detection of the dis-
ease, PDAC is usually detected at advanced stages with
limited therapeutic options [4], rendering this disease a
major unmet priority for public health care [5]. A major
obstacle for developing more effective therapies relies in our
still limited understanding of the molecular mechanisms of
PDAC progression. Whole-genome sequencing studies have
identified inactivating mutations of chromatin modifiers as
frequent genetic events in PDAC tumours [6], further cor-
raborating the notion that epigenetic alterations play an
important role in this disease.

Although cancer is generally believed to develop through
accumulation of multiple genetic mutations, there is
increasing evidence that cancer cells also acquire epigenetic
abnormalities during tumour development and progression
[7]. Moreover, mutual interactions between genetic muta-
tions and epigenetic alterations still remain to be uncovered.
In this context, cellular reprogramming technology can be
used to actively modify the epigenome without affecting the
underlying genomic sequences and is already applied in
regenerative medicine and now increasingly also for disease
modelling. It could also be a powerful tool for experimen-
tally dissecting the role of the cancer epigenome during the
initiation and progression of cancer. Understanding its
specific role and the potential modulation by small chemical
compounds may contribute to the development of more
effective cancer treatment strategies [8].

While somatic cells have been reprogrammed successfully,
cancer cells are extremely difficult to reprogram and few
reports exist to date on the successful reprogramming of
cancer cell using either nuclear transfer (NT) or viral insertion
of pluripotency genes [9]. Specifically, epigenetic repro-
gramming using nuclear transfer has been used to suppress
the cancer phenotype in certain medulloblastoma, RAS-
induced melanoma, embryonal carcinoma, and renal cancer
cell lines [10–13], but primary cancer cells have not yet been
reprogrammed by this method. iPSC technology [14] has also
been used to reprogram cancer cell lines into iPSCs, inde-
pendent of oocytes and blastocysts [15–17]. Still, generating
iPSC using epithelial cancer cells from primary human ade-
nocarcinomas has been challenging. In 2013, it was reported
that a single iPSC line had been reprogrammed from a late-
stage human pancreatic cancer to a near pluripotent state,
although it could only be maintained under low-level
expression of the exogenous 4 reprogramming factors [3].

Here we explored different cell reprogramming tech-
nologies to force primary pancreatic cancer cells to exit
from their epigenetically determined tumourigenicity pro-
gramme. Specifically, we reprogrammed primary human
PDAC cells by (1) lentiviral induction of the four Yama-
naka Factors (OSKM), (2) lentiviral induction the

pluripotency-associated gene OCT4 and the microRNA
mir-302, and (3), as a safer alternative, introduction of the
latter without genomic integration using episomal vectors.
The aim of our study was to identify the most efficient and
safest method to reprogram PDAC cells and subsequently
study potential alterations of their tumourigenic phenotype.

Materials and methods

Cell culture

Patient-derived xenograft cells were obtained from PDAC
patients and xenografted in immunocompromised mice,
kindly provided by Dr. Hidalgo [18, 19]. PDAC cells
(PDAC-247, -253 and -354) and PANC-1 cells (PDAC cell
established line) were cultured in RPMI, 10% FBS, and 50
units/ml penicillin/streptomycin. Human Foreskin Fibro-
blast (HFF-5) and Human dermal fibroblast (HDF) were
cultured in DMEM (Life bioscience) supplemented with
10% FBS (Invitrogen). Mouse embryonic fibroblasts
(MEFs) were isolated from day 12.5 embryos of C57BL/6
mice. All mice used in this study were bred and sacrificed
appropriately following the code of ethics of the animal
research committee at the Royan Institute, Tehran and the
CNIO, Madrid. MEF were cultured in DMEM supple-
mented with 10% FBS, 2 mM L-glutamine and 50 units and
50 mg ml−1 penicillin and streptomycin, respectively.
Reprogrammed cells were cultured using DMEM:F12
medium with 20% KOSR, 1% NEAA, 2 mM Glutamine,
100 ng/ml bFGF, and 0.1 mM β-mercaptoethanol. The
plates were coated with BD Matrigel™ hESC-qualified
Matrix (BD Biosciencies, 542777), and a monolayer of
mitomycin C–treated MEF cells as a feeder. For passaging,
cells were harvested using trypsin and replated at 1:30 to
1:100 dilutions in medium containing 10 μM ROCK inhi-
bitor (Y-27632, Stemgent).

Virus production and cell induction

TetO-FUW-OSKM

The inducible polycistronic TetO-FUW-OSKM (Addgene,
20321) lentivirus production was performed according to
the manufacturer’s protocol. One day before transfection for
needed vectors, we placed 5 × 106 293T cells separately into
10 cm culture dishes. The next day transfection was per-
formed according to the protocol described in the manual.
Briefly, the cell media was changed with 5 ml complete
media and 2% FBS without antibiotics. In two separate 5 ml
tubes we added 1.5 ml of basal medium followed by the
addition of 36 μl lipofectamine. To the first tube we added
12 μg of packaging vector and the desired vector to the
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other tube. After a 5-min incubation period, the tubes were
combined and allowed to incubate for another 20 min. We
added the complete 3 ml mix to the culture plates in a drop-
wise manner. From this step, the cells must be maintained in
a Biosafety level II culture room and manipulated as bio-
hazard materials. The next day the medium was replaced by
complete medium that contained 10% FBS. This medium
was collected after 48 h, filtered through 0.45 μm pore-size
filter (BD Biosciences), then centrifuged at 20,000 r.p.m.
(Centrifuge, Sigma-Aldrich 3K30) for 2 h at 4 °C after
which the pellets were dissolved in 300 μl PBS, aliquoted
and maintained at –80 °C.

Reprogramming was initiated by direct induction of cells
(HDF, HFF-5, PANC-1, PDAC-247, -253 and -354 cells)
with TetO-OSKM and M2rtTA concentrated virus. At day 2
we added Doxycycline, the cells were cultured 5 days in
RPMI+ 10% FBS. Afterwards, cells were trypsinised and
seeded in MEF-layered, Matrigel-coated plates with RPMI
+ 10% FBS. After 72 h, medium was changed to defined
iPS medium. Media was renewed every other day.

Mir302-OCT4

Replication-incompetent lentiviral particles were produced by
calcium-phosphate transfection of 293 T cells using the
packaging plasmids pMD2.G (VSV-G) and pPAX2, as well
as mir302-OCT4 as the shuttle vector. The medium was
replaced with fresh DMEM complete 6 h after transfection,
and 48 h afterwards the medium was collected, cleared by
low-speed centrifugation, filtered through 0.45 μm pore-size
filter (BD Biosciences) and ultracentrifuged for 2 h at
20,000 r.p.m. (4 °C). The pellet was then resuspended over-
night at 4 °C with 300 μL of PBS, and the viral concentrate
was stored in aliquots at –80 °C. The lentiviral vector was
composed of CMV-OCT4-mir-302 as reprogramming factors
using mCherry as a red fluorescent reporter. Concentrated
virus supernatants were used to infect cells and the cells were
cultured 5 days in RPMI+ 10% FBS. Afterwards, for
miR302-OCT4 we sorted for mCherry+ cells and seeded
them in MEF-layered, Matrigel-coated plates with RPMI+
10% FBS. After 72 h, medium was changed to defined iPS
medium. Media was renewed every other day.

Episomal vectors and cell infection

The episomal vectors were obtained from Addgene
(#20924, 20925, 20926, 20927, 28213, and 28220; Cam-
bridge, MA, http://www.addgene.org/). Cells were cultured
in RPMI supplemented with 10% FBS. 45 micrograms of
expression plasmid mixtures were electroporated into 106

cells according to the manufacturer’s instructions. Condi-
tions used were 250 mV, 500 mF, one pulse for all cells.
The cells were seeded in gelatin-coated 100-mm dishes.

Five days after transfection cells were trypsinized and 4 ×
104 cells were re-plated onto 60-mm dishes covered with
MEF feeder layer and Matrigel. After 72 h, medium was
changed to defined iPS medium. Media was renewed every
other day.

Fluorescent Activated Cell Sorting

Single fibroblasts and cancer cells positive for mCherry
were sorted using a BD influx FACS sorter. Sorting buffer
was composed of PBS with 3 mM EDTA, 3% FCS and
1:1000 DAPI 2.5 mg/ml. Parental cells were used as con-
trol. Dead cells were excluded as DAPI+ cells. FACS data
was analysed using Flowjo version 9 (Tree star).

RNA preparation and quantitative real-time PCR

RNA was purified from parental and reprogrammed cells
following standard protocols using Trizol as previously
described [20]. Reprogrammed cells were harvested when
they reached about 50% confluency and preplated on non-
gelatinized T25 flasks for 45 min to remove feeder cells.
cDNA was produced by the RevertAid First Strand cDNA
Synthesis Kit (Fermantas, K1632) according to the manu-
facturer’s instructions. qRT-PCR was performed using Fast
SYBR® Green Master Mix (Invitrogen). Relative and
absolute expression was determined after adjusting for
β-ACTIN housekeeping gene. Samples were run in a ther-
mocycler 7500 Fast Real Time PCR system (Applied Bio-
systems). ΔΔCt analysis was performed and standardized to
low passage parental cell lines.

Alkaline Phosphatase Staining

Alkaline phosphatase (AP) staining was performed with an
Alkaline Phosphatase substrate kit (Vector laboratories)
according to manufacturer’s recommendations.

Immunofluorescence

Cells were seeded in 12-well plates, for reprogrammed cells
plates were previously coated with BD Matrigel™ hESC-
qualified Matrix. Cells were washed with PBS and then
fixed in 4% paraformaldehyde for 20 min at RT. After
washing, the cells were permeabilized with 0.1% Triton X-
100 for 10 min, then blocked in 10% secondary antibody
host serum and 0.5% BSA for 1–2 h at RT with agitation.
After washing with PBS-Tween, the cells were incubated
overnight with primary antibodies (OCT4, SOX2, NANOG,
TRA-1-60, TRA-1-81, E-Cadherin and CK19) at 4 °C with
shaking. Following the incubation period, cells were
washed and incubated with secondary antibodies for 1 h at
4 °C. The nuclei were counterstained with DAPI (Sigma-
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Aldrich; D8417). We observed the plates under a fluor-
escent microscope (IX71; Olympus).

Histology and immunohistochemistry

For histopathological analysis, FFPE blocks were serially
sectioned (6 μm thick) and stained with haematoxylin and
eosin (H&E). Additional serial sections were probed with
antibodies against human E-cadherin and Pan-Cytokeratin
(Abcam). Following incubation with primary antibodies,
samples were incubated with HRP-conjugated secondary
antibodies (Dako), and positive cells were visualized using
3,3-diaminobenzidine tetrahydrochloride plus (DAB+ ) as
a chromogen.

Fluorescent detection of Nanog mRNA in live cells

A total of 247-parental and reprogrammed cell suspensions
were seeded into 6-well plates (Thermo Scientific) at a
concentration of 106 cells per well, in 3 ml of media. Then
3 μl of SmartFlare probe (EMD Millipore) prediluted into
50 μl of PBS were added to the following wells: scramble-
Cy3 background control probe and one well of the mRNA
probe specific for Nanog-Cy3. Cells were incubated over-
night for a minimum of 16 h at 37 °C and 5% CO2. After
incubation, cells were observed using a fluorescent micro-
scope (IX71; Olympus).

Cell proliferation assay

Cells (2 × 103) were seeded in RPMI culture medium with
10% FBS in 96 wells plates. Trypan blue exclusion test was
used to assess cell proliferation during 5 days after plating.
Results were presented as mean ± SD from three indepen-
dent experiments each with triplicate wells.

Flow cytometry

Cell cycle analysis was performed using propidium iodide
(PI) DNA staining. 106 cells were trypsinised, washed in
PBS, centrifuged, and pellets were fixed in 200 µl of 70%
ethanol for 2 h at 4 °C, washed with PBS, pelleted and
stained with propidium iodide (50 µg/ml) in the presence of
RNase A (100 µg/ml) (Sigma-Aldrich, Germany) for 15 min
at 37 °C. Flow cytometry analysis was performed on the BD
FACS Calibur (San Jose, CA) and Flowing software ver-
sion 2.5.1 was used for data analysis (www.flowingsoftwa
re.btk.fi).

The level of CD133 expression in 247-parental and
reprogrammed cells was determined via flow cytometry
using PE-CD133 antibody (1:20, BD Biosciences, USA).
PE Mouse IgG1 (1:100, BD Biosciences, USA) was used as
negative control. The CD133 labeled cells were analysed by

using BD FACS Calibur Flow Cytometry System (San Jose
CA, USA).

Sphere formation assay

Cells were trypsinised into single cells and 3 × 104 cells/mL
were suspended and cultured in ultra-low attachment 6-well
plates (Corning) using serum-free DMEM/F12 supplemented
with B27 (1:50, Invitrogen), 20 ng/mL bFGF 20 ng/ml
(Royan Biotech), 50 U/mL penicillin/streptomycin and 2%
FBS. Spheres > 40 µm were considered for enumeration using
an inverted microscope at 40x magnification.

Invasion assay

BioCoat Matrigel invasion chambers with 8.0 µm PET
membranes in 24-well plates (Corning Inc. Life Sciences,
MA) were used. At total of 25,000 cells was resuspended in
500 µl of serum-free DMEM and added to the upper
chamber. In the lower chamber, 800 µl of DMEM with 10%
FBS was used as a chemoattractant. After 16 h, the upper
well containing membrane was scrubbed carefully with a
cotton swab soaked in PBS to remove all non-invaded cells.
The lower membrane of the well was rinsed with PBS.
Transmigrated cells were stained with Crystal Violet (Sigma
Aldrich) for 1–2 min in the dark. The invasion index was
calculated as the average number of cells per 10x micro-
scopic field, as determined by ImageJ software.

In vivo tumourigenicity assay

To assess in vivo tumourigenicity of reprogrammed versus
parental cells, male 4-6-week-old BALB/C mice were used.
Graded doses of cells (0.5 × 106, 1 × 106, 2.5 × 106, 5 × 106,
7 × 106 and 10 × 106) was prepared in 100 μl Matrigel/PBS
(0.34 mg/ml BD Biosciences, San Jose, CA) and injected
subcutaneously into to each flank of nude mice (n= 6
injections per group). Mice were housed according to
institutional guidelines and all experiments were approved
by the Animal Experimental Ethics Committee of the
Royan Institute. Tumour formation was evaluated after
2 months. Any formed tumours were extracted, weighed,
and processed for histology. In addition, the liver and lungs
of each mouse were assessed for metastasis. Tumours were
fixed in 10% formalin in PBS, embedded in paraffin, and
processed for H&E staining.

Statistical analysis

We used the non-parametrical Kruskal-Wallis test, followed
by post-hoc pairwise comparison using the Mann-Whitney
test (GraphPad Prism 6, GraphPad Software, San Diego,
CA). Data are presented as mean ± SD.
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Results

Reprogramming of PDAC Cells

To elucidate the possibility of reprogramming human
PDAC cancer cells into a epigenetically distinct and hope-
fully less tumourigenic state, we tested three somatic cell
reprogramming methods on our PDAC primary cancer
cultures (PDAC-247, -253 and -354). The established
human pancreatic cancer cell line PANC-1 and human
fibroblast cells (HDF and HFF-5) served as controls. We
treated our cells with the following reprogramming plas-
mids, (1) the doxycycline-inducible TetO-FUW-OSKM
[21] plasmid containing OCT4, SOX2, KLF4, and c-
MYC that was delivered by lentiviral gene transfer, (2) the

CMV-OCT4-miR-302 plasmid with OCT4 and the repro-
gramming miRNA mir-302 also requiring lentiviral trans-
duction, and (3) the episomal vectors (OCT4, SOX2, KLF4,
LMYC and LIN28A, combined with P53 knockdown
(shP53)) that do not integrate into the genome and are
delivered by virus-free electroporation (Fig. 1a).

Growth of iPS-like colonies occurred after only 12 days
following gene transfer with episomal vectors in the human
fibroblasts cell lines HDF and HFF-5, whereas iPS-like
colonies with OSKM or OCT4-miR-302 took 60 days fol-
lowing transduction (Fig. 1b). Successful reprogramming in
HFF-5 and HDF fibroblasts was confirmed by induction of
endogenous pluripotency-associated genes such as NANOG
and its downstream target REX1 (Fig. 2a), and further
corroborated by immunostaining with NANOG and

Fig. 1 Reprogramming of
PDAC cells using three different
methods. a Schematic and
timeline of cell reprogramming
in human pancreatic cancer
cells. b PDAC primary cancer
cultures (PDAC-247, -253 and
-354), the established human
pancreatic cancer cell line
PANC-1, and human fibroblast
cells (HDF and HFF-5) as a
control were treated with three
reprogramming methods. The
morphology of parental and
reprogrammed cells is exhibited
4–8 weeks after infection. We
observed distinct types of
colonies with round shapes
different from the wild type.
Referential morphologies are
exhibited by HDF and HFF-5;
scale bar: 100 μm. Inserts show
the red fluorescence of OCT4-
mir302-mCherry+ cells. The
corresponding colonies are
shown as brightfield
microscopy images
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Fig. 2 Characterization of reprogrammed fibroblasts and PDAC cells.
a Expression of pluripotency markers in parental and reprogrammed
cells by real-time PCR. b Immunofluorescence staining of plur-
ipotency markers NANOG and OCT4 in the parental and

reprogrammed HDF cells. DAPI was used for nuclear counterstaining;
scale bar: 50 μm. c Alkaline phosphatase-positive colonies from
reprogrammed HDF cells generated by the episomal vectors method
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increased alkaline phosphatase activity in iPS cells induced
with the episomal vectors (Fig. 2b, c). In HFF-5 fibroblasts,
episomal vector reprogramming provoked significantly
higher levels of NANOG and REX1 as compared to fibro-
blasts transduced with OSKM. Moreover, we did not detect
alkaline phosphatase activity by infection with OSKM or
OCT4-miR302. Thus, induction with the episomal vectors
appears to be the more efficient method to reprogram our
fibroblast cells into iPS cells.

Next, we attempted to reprogram pancreatic cancer cells,
first using the established pancreatic cancer cell line PANC-
1 and followed by primary cultures of PDAC cells. How-
ever, reprogramming of PANC-1 generated epithelial cell
aggregates without any sharp border. Because of the epi-
thelial morphology of parental PDAC 247, 253, and 354
cells, it was impossible to define whether they were suc-
cessfully reprogrammed into iPS cells based on morphology
(Fig. 1b). Therefore, we analysed the expression of a set of
pluripotency-associated and epigenetic modifier genes. Our
data showed that reprogramming by episomal vectors did
not result in the upregulation of pluripotency-associated
genes such as NANOG in PANC-1 and PDAC-253 and
-354 cells compared with their parental cells (Fig. 2a),
suggesting that these PDAC cells had not reprogrammed
properly following the iPS-inducing procedures.

In contrast, PDAC-247 primary cultures were the only
group, which exhibited dramatically high cell death rates,
particularly following gene transfer with episomal vectors.
PDAC-247 primary cultures started to grow colonies at
about 21–50 days following infection, showing morpholo-
gical changes with increased nuclei to cytoplasm ratio (Fig. 3a).
Therefore, we followed this group to further evaluate
whether they were indeed reprogrammed into a distinct
epigenetic state.

Phenotypic characterization of reprogrammed PDAC
cells

First, we characterized the PDAC 247-reprogrammed cells
(247-REP) by RT-PCR, immunostaining and ALP staining
(Fig. 3a–g). Immunostaining showed that some colonies
derived from PDAC 247 expressed NANOG and TRA-1-81
as compared to the parental cells (Fig. 3c). However, levels
of expression substantially varied between cells of indivi-
dual colonies. The heterogeneity of NANOG expression in
247-REP colonies was further validated using a SmartFlare
mRNA probe to detect NANOG expression (Fig. 3e). Inside
a single colony, we noticed that cells with a higher nucleus-
to-cytoplasma ratio also showed higher expression of
NANOG. To further corroborate our finding, we assessed
ALP activity that could only be observed in a few of the
screened colonies (Fig. 3b). In addition, gene expression
data indicated that 247-REP colonies show a consistent

upregulation of the pluripotency marker NANOG and the
epigenetic modifier gene TET1, while CMYC, SIRT1,
DOT1L and TET2 were actually downregulated (Fig. 3d).
We also checked for CD133 expression in our repro-
grammed cells and observed an increase in the percentage
of CD133 ± cells following induction of reprogramming
(Fig. 3f, g).

On the basis of the above data, 247-REP cells appeared
to have not been completely reprogrammed into iPS cells,
but still showed remarkable changes as compared to their
parental cells.

In vitro tumourigenicity and phenotype of
reprogrammed PDAC cells

We next asked whether the in vitro tumourigenic potential of
247-REP cells was decreased or even lost after reprogram-
ming. For this reason, we evaluated the proliferative capacity
of reprogrammed 247-REP cells over 5 days (Fig. 4a).

To further explore this surprising finding of enhanced
proliferation for 247-REP cells, we next measured sphere
formation capacity of 247-REP cells as an in vitro surrogate
for the cells’ tumour-initiating capacity. Interestingly, the
sphere formation capacity of 247-REP cells was sig-
nificantly reduced comparing to their parental cells (Fig.
4b). Notably, 247-REP-derived spheres were also sig-
nificantly smaller than those produced by their parental
cells. Therefore, while reprogramming of PDAC 247 cells
enhanced the cells’ proliferative capacity, it still sig-
nificantly impaired their in vitro tumourigenic potential.
These data are in line with the notion that the tumourigenic
capacity of cancer cells does not rely exclusively on cell
proliferation.

The invasive properties also represent an important fea-
ture of PDAC cells and contribute to their aggressiveness.
Analysis of the invasive capacity of PDAC 247-REP cells
revealed a significant reduction as compared to their par-
ental cells (Fig. 4c). Consistently, gene expression data
showed a significant downregulation of EMT genes such as
CDH2, SNAIL, and ZEB1 (Fig. 4d). Finally, immunostain-
ing also demonstrated increased E-CADHERIN and
Cytokeratin-19 expression, consistent with a more differ-
entiated phenotype of reprogrammed PDAC cells (Fig. 5).

In vivo tumourigenicity of reprogrammed PDAC
cells

Finally, we assessed the in vivo tumourigenicity of the
reprogrammed cells. We injected increasing numbers of
both parental and the reprogrammed cells (0.5, 1.0, 2.5, 5.0,
7.0, and 10.0 × 106) subcutaneously into BALB/C nude
mice. Parental cells formed tumours within 8–10-weeks and
all mice had to be killed three months after injection. In
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contrast, their reprogrammed counterparts did not form any
tumours within 3 months (Fig. 6a). Consistent results were
obtained for murine PDAC cells reprogrammed by

lentiviral transduction with the OCT4 mir-302 mCherry
construct, suggesting that our findings are species-
independent (Suppl Fig. 1) [22]. Histological analysis of
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tumours formed by parental cells revealed that cancer cells
were irregularly shaped and contained hyperchromatic
nuclei and a high nuclear to cytoplasmic ratio (Fig. 6b).
Tumours formed by parental cells showed low expression
of E-cadherin and pan-cytokeratin, consistent with a less
differentiated state. Thus, our results clearly demonstrate
that direct reprogramming decreases the aggressiveness of
PDAC cancer cells and subsequent loss of in vivo
tumourigenicity, despite their increased in vitro pro-
liferative capacity.

Discussion

In the present study, we have shown that resetting the
epigenetic profile of PDAC cells via episomal vectors
facilitated their reprogramming by induction of plur-
ipotency and resulted in reduced sphere formation in vitro
and tumourigenicity in vivo. Several lines of evidence show
that cancer progression can be elicited by both reversible
epigenetic changes and irreversible mutations in oncogenic
and tumour suppressor genes [23]. While cancer cell nuclei
have been suggested not to be amenable to the reprogram-
ming process [11], multiple groups have generated putative
iPS cells from various types of malignancies [15, 16, 24].
However, reprogramming efficiencies were reported to be
low and only a subset of cancers is amenable to repro-
gramming and, similarly, we only obtained one repro-
grammed line (247-REP) from PDAC cells.

Here, we demonstrated that PDAC cells and normal
fibroblasts can be reprogrammed using episomal vectors.
Episomal reprogramming seems particularly well-suited for
clinical translation because it is integration-free, works

reliably with patient fibroblasts and blood cells, and is based
on a very simple reagent (plasmid DNA) that can easily be
generated using current good manufacturing practice
(cGMP)-compatible processes [25].

To develop safe and efficient iPS generation methods
towards clinical applications, we used non-integrative epi-
somal-based reprogramming of PDAC cells on feeder
conditions. Importantly, in comparison to two other lenti-
viral methods, this episomal method can more efficiently
reprogram fibroblast and PDAC cells resulting in both a
shorter time (<14 days) and higher quality of the repro-
gramming process. In addition, reprogrammed PDAC cells
exhibit loss of tumourigenicity both in vitro and in vivo.
Our results showed that induction with the episomal vectors
is the most efficient method to reprogram our fibroblast and
PDAC cells. In contrast to other reports, our reprogrammed
tumour cells did not remain dependent on the ectopic
overexpression of the reprogramming factors.

Certain mutations might make cancer cells refractory to
reprogramming so that they are not sensitive to the reset of
the epigenome. For instance, PDAC epithelial cells from
patients pre-treated with radiation did not produce any iPS
colonies, perhaps due to senescence induced by irradiation
and DNA damage. Given that many cancer patients are
treated with chemotherapy and irradiation prior to surgical
resection, such treatments may prevent the reprogramming
of these cells [26]. In this study, all PDAC primary cultures
harbour KRAS mutations. However, only PDAC 247 could
overcome this genetic barrier and lost their tumour-initiating
potential during the reprogramming process. Interestingly,
OCT4 expression was not upregulated, suggesting that
tumour cells harbour barriers impeding the reactivation of
OCT4, which might prevent the acquisition of a stable
pluripotent state.

Global epigenetic remodelling processes are well-known
hallmarks of tumour development and also play an import
role in tumourigenesis [27]. Here, we demonstrated that
resetting the epigenetic profile of PDAC cells induced by
nuclear reprogramming can facilitate their differentiation
and reduces the tumour-initiating potential. Reprogramming
toward pluripotency induces a stepwise increase in the
developmental potential. This allows tumour cells to
acquire a terminal differentiation other than its origin [17].

Our study revealed that a PDAC epigenome could be
reprogrammed resulting in significantly impaired tumour-
igenicity in vitro and in vivo. We could also show that
reprogramming of PDAC cells was consistent with sub-
sequent expression of differentiation markers such as E-
cadherin and cytokeratin-19, while EMT genes were
reduced. Therefore, we demonstrated a direct correlation
between the tumourigenic potential of a cancer cell and its
differentiation status.

Fig. 3 Characterization of reprogrammed PDAC cells generated by
transfection with episomal vectors. a Cells from PDAC-247 were
reprogrammed and different passages of the iPS-like clones are shown.
b ALP activity was only observed in a few of the screened colonies
from 247- reprogrammed cells; scale bar: 50 μm. c Immuno-
fluorescence staining of pluripotency markers NANOG, TRA-1-81,
SOX2, OCT4 and TRA-1-60 in the 247-parental and reprogrammed
cells (upper panel). Both parental and reprogrammed cells were
negative for SOX2, OCT4 and TRA-1-60 (lower panel). DAPI was
used for nuclear counterstaining; scale bar: 100 μm. d Expression of
pluripotency markers and epigenetic modifier genes in parental and
reprogrammed PDAC-247 cells as assessed by real-time PCR. Gene
expression levels were normalized to bACTIN; *p ≤ 0.0001; mean ±
SD; n= 3. e Detection of NANOG mRNA expression using Smart-
Flare mRNA probe for NANOG in live parental and reprogrammed
PDAC-247 cells. Inside a single colony, expression of NANOG is
more pronounced in some areas. The circular binding pattern of the
SmartFlare mRNA probe is typical for live imaging of NANOG; scale
bar: 100 μm. f Expression of CD133 in parental and reprogrammed
247 cells by real-time PCR. Gene expression levels were normalized to
bACTIN; *p ≤ 0.0001, mean ± SD; n= 3. g Representative flow cyto-
metry images for CD133 staining
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Fig. 4 Tumourigenicity, proliferative and invasive capacity of repro-
grammed PDAC cells in vitro. a Cell proliferation of parental and
reprogrammed PDAC-247 cells during 5 days after plating; * P ≤ 0.05;
n= 3; mean ± SD. b Sphere formation efficiency in first- and second-
generation of parental and reprogrammed PDAC-247 cells. Quantifi-
cation (left) and representative pictures (right); *P < 0.05; n= 3. c
Cells were seeded onto the filters of 0.8 µm pore transwells coated with

Matrigel and after 16h transmigrated cells were stained with Crystal
Violet and quantified. Photos are representative of one of three per-
formed experiments; scale bar: 100 µm, (right). Quantification of cell
invasion; *P < 0.05, n= 3, mean ± SD, (left). d Expression of EMT
markers in parental and reprogrammed 247 cells by real-time PCR.
Gene expression levels were normalized to bACTIN; *p ≤ 0.0001,
mean ± SD; n= 3
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Apart from expression of pluripotency-associated
genes to confirm the pluripotent state, we showed that
epigenetic modulators such as TET2, SIRT1, and DOT1L
were decreased, while TET1 was upregulated. Repro-
grammed cells also showed an upregulation of NANOG at
the protein level. However, considering the expression of
the surface reprogramming marker TRA-1-80, our repro-
grammed colonies may only have reached partial

reprogramming. Interestingly, partial reprogramming
might be also sufficient or even advantageous. Partial
reprogramming had been reported to facilitate further
differentiation with a reduced propensity for tumour-
igenicity in vivo (Fig. 7) [28].

Regarding the level of expression of different chromatin
modifiers, a strong change in the expression pattern could
be observed. This indicates that the reprogrammed cells

Fig. 5 Reprogrammed PDAC
cells show a more differentiated
phenotype. Immunofluorescence
staining of the epithelial
differentiation markers
cytokeratin 19 and E-cadherin in
247-parental and reprogrammed
cells; scale bar: 100 µm
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have a different chromatin modifier expression profile than
the parental cells. The SIRT family has been reported
playing a significant role in cancer development, tumour-
igenesis and metastasis, in particular its deacetylase activity
plays a key function. Thus, SIRT family members promoted
the EMT process through two different ways, as a reader of
the EMT transcription factor SNAIL and by suppression of
TET1 having EMT repressing capacities [29]. SIRT1 has
also been reported to facilitate iPS reprogramming and is

required for efficient post reprogramming telomere elon-
gation and the maintenance of pluripotency [30]. Our 247-
REP cells also could not maintain pluripotency which could
be explained by SIRT1 downregulation in these cells. It
seems that DOT1L only plays a role in the early stages of
reprogramming, which is in line with the reversal of our
downregulated DOT1L levels. Inhibition of DOT1L has
also been reported to be effective against leukaemia and is
currently tested in clinical studies (Suppl Fig. 2) [31].

Fig. 6 Tumourigenicity in vivo
following reprogramming.
a Subcutaneous injections of
increasing numbers of parental
and reprogrammed PDAC-247
cells. Parental cells formed
tumours after 8–10-weeks and
all mice had to be killed three
months after injection (upper
panel). Images of one
representative tumour per group
are shown. Tumour weight was
measured. Data are shown as
box plots with whiskers
indicating the range of the data
and the box representing the
interquartile range (lower panel).
b Haematoxylin and eosin
staining and immunostaining for
the differentiation marker E-
CAD and PanCK for tumours
derived from PDAC-247
parental cells
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Our data showed a positive correlation between TET1
upregulation and TBX3 downregulation and their effect on
cell proliferation, sphere formation, EMT gene expression,
and invasion potentials in 247-REP cells. This notion is also
consistent with previous findings that the tumour develop-
ment is associated with a decrease of TET gene expression,
while ectopic expression of TET1 inhibited colony formation,
cell migration, and invasion in ovarian cancer cells [32].
Furthermore, TET1 overexpression reversed the epithelial-
mesenchymal transition (EMT) process in colon cancer cells
[33, 34]. Furthermore, it has been found that TET1 bound to
the promoter of ZEB2 and inhibited cancer cell proliferation,
colony formation and invasion (Fig. 7) [35].

It has been also revealed that expression of TBX3, a T-
box transcription factor repressor, can promote progression
in a model of early breast cancer by altering cell properties
involved in cell survival/colony formation and invasiveness,
as well as key regulatory and EMT/invasiveness-related
gene expression [36]. Consistently, our reprogrammed cells
also showed significant downregulation of TBX3 and EMT
related genes and also reduced their migratory capacities.

Collectively, our study showed that pluripotency factors
and the pluripotency state can suppress features of the
cancer phenotype, restore differentiation potential, and alter
cancer-related gene expression. Finally, cellular repro-
gramming may provide a model to study how epigenetic
abnormalities may be pivotal to the origins of cancer and
whether reprogramming might play a role in the formation
of key subpopulations of cancer cells [37]. Hence, targeting
these epigenetic alterations will provide effective ther-
apeutic approaches for the treatment of PDAC and will be
pursued in future studies. Further work is necessary for
more in-depth understanding of the molecular regulatory
mechanisms of PDAC reprogramming and the development
of novel therapies in the regenerative arena.

Highlights

● Primary human pancreatic ductal adenocarcinoma
(PDAC) cells were successfully reprogrammed.

● Induction with episomal vectors was most efficient to
reprogram PDAC cells.

● Reprogrammed PDAC cells were functionally distinct
from parental cells with drastically reduced tumour-
igenicity in vitro and in vivo.

● Reprogrammed PDAC cells more readily differentiated
in vivo resulting in rapid loss of stemness.
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