INTERNATIONAL JOURNAL OF ONCOLOGY 60: 55, 2022

Isoforms of the orphan nuclear receptor COUP-TFII
differentially modulate pancreatic cancer progression
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Abstract. The expression of the nuclear receptor transcription
factor (TF) COUP-TFII is broadly associated with cell differen-
tiation and cancer development, including of pancreatic ductal
adenocarcinoma (PDAC), a devastating disease with one of the
poorest prognoses among cancers worldwide. Recent studies
have started to investigate the pathological and physiological
roles of a novel COUP-TFII isoform (COUP-TFII_V2) that
lacks the DNA-binding domain. As the role of the canonical
COUP-TFII in PDAC was previously demonstrated, the present
study evaluated whether COUP-TFII_V2 may have a func-
tional role in PDAC. It was demonstrated that COUP-TFII_V2
naturally occurs in PDAC cells and in primary samples, where
its expression is consistent with shorter overall survival and
peripheral invasion. Of note, COUP-TFII_V2, exhibiting
nuclear and cytosolic expression, is linked to epithelial to
mesenchymal transition (EMT) and cancer progression, as
confirmed by nude mouse experiments. The present results
demonstrated that COUP-TFII_V2 distinctively regulates the
EMT of PDAC and, similarly to its sibling, it is associated with
tumor aggressiveness. The two isoforms have both overlapping
and exclusive functions that cooperate with cancer growth and
dissemination. By studying how PDAC cells switch from one
isoform to the other, novel insight into cancer biology was
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gained, indicating that this receptor may serve as a novel
possible target for PDAC management.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a deadly disease
with a poor prognosis and the fourth most common cause of
cancer-associated death in developed countries (1-3). Despite
the indisputable progress in elucidating its pathology and
mechanisms, the acquired knowledge has always been mini-
mally translated into successful cancer treatments.

Given the importance of the interaction between cancer
cells and the surrounding environment, PDAC progression
may be sketched out as a combination of a series of phenomena
ranging from tumor stemness, epithelial-mesenchymal transi-
tion (EMT), secretion of autocrine and paracrine factors and
finally to the modification of the metabolic machinery. These
aspects are tightly intertwined. On one hand, EMT is neces-
sary for tumor spreading, acquisition of chemoresistance and
mitochondrial dysfunction (4); on the other hand, the presence
of cancer stem cells is associated with tumor spreading, relapse
and EMT, suggesting that both EMT and stemness are strictly
related events in tumor progression.

The orphan nuclear receptor transcription factor chicken
ovalbumin upstream promoter transcription factor II
(COUP-TFII), also known as nuclear receptor 2 family 2
(NR2F2), belongs to the orphan nuclear receptor family and
has an important role in cell fate determination, neuronal and
vascular organogenesis and stemness (5-11). Alterations of
COUP-TFII expression and transcription activity are associ-
ated with epithelial cancer progression (12-18); furthermore,
its contribution to the development of PDAC was recently
highlighted (18). The role of COUP-TFII in cancer is complex:
It acts both as an oncogene and as a tumor suppressor by
controlling different pathways, such as angiogenesis, TGFf
signaling, telomere lengthening and cancer metabolism. The
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evidence that COUP-TFII deletion has little impact on adult
physiological functions indicates that this receptor may be a
potential therapeutic target in oncology (19).

COUP-TFII is prototyped by the steroid hormone receptor;
however, it has been recently demonstrated that different
COUP-TFII variants are expressed in epithelial cells and one
of these variants, COUP-TFII_V2, lacks the DNA-binding
domain (DBD) (10,20). Although the absence of DBD suggests
a lack of transcription activity, the role of this receptor has
remained elusive.

To the best of our knowledge, the involvement of
COUP-TFII_V2 in cancer biology has not been previously
reported; therefore, the present study was performed to eluci-
date the role of this recently discovered variant in the complex
scenario of PDAC progression, indicating its crucial implica-
tion in cancer invasiveness and chemoresistance.

Materials and methods

Cell culture, transfection and commercially available
plasmids. Pancreatic cell lines (PANC-1, BxPC3, CAPAN-2,
MiaPaca2, hTERT-HPNE, PL-45 and Su.86.86) were
obtained from the American Tissue Type Collection and
cultured as previously described (18). Specifically, PANC-1,
MiaPaca2 , CAPAN-2 and PL-45 were cultured in DMEM
high glucose (MilliporeSigma) with 10% Fetal Bovine Serum
(FBS; Euroclone); Su.86.86 and BxPC3 cells were cultured
in RPMI-1640 (MilliporeSigma)/10% FBS; hTERT-HPNE
were cultured in 75% DMEM (MilliporeSigma) (with
2 mM L-glu and 1.5 g/l sodium bicarbonate, both from
MilloporeSigma)/25% Medium M3 Base (Incell Corp.) with
5% FBS, 10 ng/ml human recombinant EGF (Thermo Fisher
Scientific, Inc.), 5.5 mM D-glucose (1 g/l; MilliporeSigma)
and 750 ng/ml puromycin (Thermo Fisher Scientific, Inc.). The
transfections of plasmids were performed with FuGENE HD
(Promega Corporation) according to the manufacturer's
protocol. Short hairpin (sh)RNA for COUP-TFII (shNR2F2)
and negative control sShRNA (shNEG) are described in (18);
shNR2F2 covers the same target sequence of a small interfering
(si))RNA for COUP-TFII (Hs_NR2F2_6, cat. no. s103649065;
Qiagen GmbH). COUP-TFII_V2-GFP (cat. no. RG226609) and
COUP-TFII_V2 (cat. no. 4453629) plasmids were from OriGene
Technologies, Inc.

EGFP-COUP-TFII_VI plasmid. To produce the N-terminal
enhanced green fluorescence protein (EGFP)-tagged
COUP-TFII_V1 a 1.5 Kb EcoRl/Xhol fragment of the
COUP-TFII_V1 cDNA was amplified from the plasmid
pCR3.1-COUP-TFII by PCR with PFU Ultra II (Agilent
Technologies) using the following primers: Forward, 5'-C AT
GAATTCGGCAATGGTAG-3' and reverse, 5-TAGAAG
GCACAGTCGAGG-3'". Thermocycling conditions were as
per the manufacturer's instructions with annealing at 54°C for
30 sec and extension at 72°C for 30 sec (x35 cycles); reaction
mixtures were prepared as per the manufacturer's protocol.
After digestion with EcoRI and Xhol enzymes (New England
Biolabs, Inc.) and gel purification of the PCR product, the
COUP-TFII cDNA was ligated in the EcoRI/Sall sites of
pEGFP-C1 (GenBank accession no. U55763; cat. no. 6084-1;
Clontech). The absence of errors due to PCR amplification

was confirmed by standard Sanger DNA sequencing. The
pCR3.1-COUP-TFII plasmid was a kind gift of Professor
M. Vasseur-Cognet [INSERM, U1016; Department of
Endocrinology, Metabolism and Cancer, Cochin Institute,
CNRS (UMR 8104), Paris, France].

COUP-TFII_V2-NLS plasmid. COUP-TFII_V2 was fused
at the C-terminal end with a nuclear localization signal
derived from SV40 virus (-PKKKRKV-) to force nuclear
localization. In brief, an EcoRI/MIul COUP-TFII fragment,
obtained by double enzymatic digestion with EcoRI and
MIiul (New England Biolabs, Inc) from plasmid RG226609
(OriGene Technologies, Inc.), was cloned between the EcoRI
and Xhol sites of the pcDNA3.1 plasmid (cat. no. V79020;
Thermo Fisher Scientific, Inc.) and the nuclear localization
signal (NLS) was inserted in frame as a double-strand (ds)
DNA in the MIul/Xhol restriction sites. Tag presence was
detected by restriction digestion with the newly inserted Spel
site and confirmed by standard Sanger DNA sequencing. For
COUP-TFII_V2NLS-EGFP, the ds oligo corresponding to the
NLS was directly cloned in the Mlul/Xhol restriction sites of
the plasmid RG226609. The NLS was obtained by annealing
the oligos NLS-[forward (for)/reverse (rev)] for V2-NLS and
NLS-GFP (for/rev) for V2-NLS-GFP (Table SI).

Time-lapse experiment. Time-lapse experiments were
performed on a Leica AM600 inverted microscope equipped
with a microscope miniculture incubator (CTI-control
3400 digital) and Temp control (37-2 digital), both from Leica
Microsystems GmbH. Transfected cells were plated on 35-mm
p-Dishes (Ibidi GmbH) for observation; usually, cells were
followed for 16 h and images were acquired every 5 min. The
average speed and linearity were measured with Icy v.2.0.3
(icy.bioimageanalysis.org).

Cell viability, apoptosis, mitochondrial membrane poten-
tial and cell senescence. Cell viability, apoptosis and
mitochondrial potential were evaluated with the ‘Cell Count
and Viability’, with the ‘Annexin V & Cell Death kit and with
the ‘MitoPotential kit’, respectively, on a Guava Muse cell
Analyzer (Luminex Corporation) following the manufacturer's
protocols. Cellular senescence was histochemical determined
with the Senescence detection kit (BioVision) as percentage of
senescence-associated B-gal expressing cells.

Wound healing and invasiveness. A wound-healing assay
was performed by plating PANC-1 clones in the chambers of
p-Dish culture inserts (Ibidi GmbH) for live cell analysis. After
reaching confluence, the inserts were removed and images of
the same areas were acquired immediately (time O) and then
after 4, 24 and 48 h. Captured images were then analyzed with
ImageJ 1.52r inside Icy 2.0.3. To measure the wound width, its
margins were determined by thresholding the images and then
a straight vertical line was drawn for each margin; the wound
gap was then measured as the distance between these two
lines. Chemo-invasiveness was performed as described previ-
ously (18). In brief, cells suspended in serum-free medium were
loaded in the top chambers of 12 multiwell Boyden chambers
(Neuro Probe Inc.) at 10* cells/filter and complete medium was
added to the lower chamber as a chemo-attractant. Upper and
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Table I. COUP-TFII-V2 expression in primary samples.

COUP-TFIL_V2 relative quantities, mean

Item n (min; max); median P-value

Sex 0.988
Male 16 1.02 (0.001; 11.2); 0.048
Female 22 14.5 (0.002; 313); 0.039

Age, years 0.895
<70 18 17.7 (0.001; 313); 0.03
>70 20 0.792 (0.002; 11.2); 0.055

T-stage 0.247
1 1 0.002
2 12 27.1 (0.002; 313); 0.059;
3 24 0.415 (0.001; 4.26); 0.028

Nodal status 0.028
NO 8 0.0238 (0.002;0.099); 0.011
N+ 30 11.2 (0.001; 313); 0.06

Differentiation 0.008
Low 6 0.008 (0.001;0.014); 0.008 0.014 vs. medium
Moderate 29 11.6 (0.002; 313); 0.06
High 3 0.016 (0.002; 0.039); 0.006

The reported values are relative mRNA quantities normalized to GAPDH and RPL13A. TF, transcription factor.

lower chambers were separated by an 8 ym pore polycarbonate
membrane, coated with Matrigel® (Biomap snc). After 6 h of
incubation at 37°C with 5% CO,, the Boyden chambers were
disassembled, the cells were removed from the upper side
of the membranes with a cotton bud, the filters stained with
Diff-Quick stain (Biomap snc) according to manufacturer's
protocol and the cells that had transgressed to the lower surface
were counted with a Leica DM4000B Microscope (Leica
Microsystems GmbH).

3D growth and clonogenic assay. A clonogenic assay was
performed as described in (18). In brief, 10* cells were mixed with
DMEM/10% FBS containing 0.3% agarose and were layered over
a solid base of 0.5% agarose in the same medium. After 15 days
of incubation at 37°C, colonies were stained and counted.

Spheroid growth was achieved by seeding 2,500 cells,
resuspended in 100 ul complete cell culture medium supple-
mented with 0.24% MethoCell (Merck KGaA) in each well
of a 96-well round-bottom low-adhesion cell culture plate
(Greiner Bio-One GmbH). Seeded cells were grown under
standard temperature and CO, conditions until the formation
of spheroids (usually 5 days).

Isolation of cell clones. COUP-TFII_V2 and COUP-TFII_V1
PANC-1 cells were obtained by serial dilution of PANC-1
cells transiently transfected with COUP-TFII_V2 or
COUP-TFII_V1 plasmids. Transfections were performed with
FuGENE HD transfection reagent (Promega Corporation)
according to manufacturer's protocol. Serial dilutions were
performed 48 h after transfection; selection of transfected cells
was carried out exposing the transfected cells to 3.2 mg/ml

G418 (Invitrogen; Thermo Fisher Scientific, Inc.). Similarly,
MOCK PANC-1 cells were obtained after transfection with
pcDNA3.1(+) plasmid and PANC-V2NLS were obtained
transfecting the PANC-1 cells with the COUP-TFII_V2NLS
plasmid. The expression of the COUP-TFIIs was verified by
western blot analysis.

Patients. A total of 43 PDAC tissues were obtained after
written informed consent from patients that underwent surgical
resection at the Surgery Unit of Careggi University Hospital
(Firenze, Italy) between February 2013 and December 2018.
The study was approved by Careggi University Hospital
Ethical Committee (Firenze, Italy; no. 0028114). Inclusion
criteria were admission to surgery for PDAC; exclusion criteria
were the absence of consent and the presence of comorbidi-
ties that may influence survival. The diagnosis was performed
after surgery. Of the 43 PDAC samples collected, three were
discarded due to the absence of amplification of the house-
keeping genes and two had no detectable COUP-TFII_V2
expression (Table I). The median follow-up of the study
population was 412.5 days and the median survival time was
644 days; 23 subjects were female and 17 male, with a median
age of 70 years. All patients received gemcitabine as adjuvant
therapy and none received any neo-adjuvant treatments.

RNA extraction and reverse transcription-quantitative
(RT-q)PCR. Total RNA was extracted with TRI-Reagent
(MilliporeSigma) or with RNeasy mini kit (Qiagen).
Subsequently, 100 ng to 1 ug RNA was reverse tran-
scribed with the High-capacity RNA-to-cDNA master mix
(Thermo Fisher Scientific, Inc.), whereas qPCR was performed
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with GoTaq qPCR Master Mix (Promega Corporation) on an
AbiPrism 7000 (Thermo Fisher Scientific, Inc.). Quantification
of relative expression was performed with the 2-*4““ method with
DataAssist software 3.01 (RRID:SCR_014969; Thermo Fisher
Scientific, Inc.) or with LinRegPCR 2020.0 (https://www.
medischebiologie.nl/files/). GAPDH and RPL13A were used
as internal controls and their resulting geometric mean was
used for normalization. The primers are listed in Table SII.

Western blot analysis, COUP-TFII_V2-specific antibody
and proteomics. SDS-Page western blot was performed
as previously described (18,21). Relative quantification of
western blot data was performed with the Gel analysis func-
tion of ImageJ 1.52r inside Icy 2.0.3. Immunoprecipitation
(IP) was performed with ‘Protein A/G PLUS-Agarose
Immunoprecipitation reagent’ (cat. no. sc-2003; Santa Cruz
Biotechnology, Inc.), according to the manufacturer's instruc-
tion. Nuclear extraction was performed with the ‘Nuclear
extraction kit’ (cat. no. 2900; Chemicon International)
according to the manufacturer's instructions. A rabbit poly-
clonal COUP-TFII_V2 antibody was generated by Genecust
Europe using the N-terminal region of V2 as the antigen; its
reactivity and specificity were tested by western blot, immu-
nohistochemistry (IHC) and immunofluorescence (IF); the
COUP-TFII_V2 antibody was used at the following dilutions:
1:50 (WB), 1:25 (IHC) and 1:100 (IF). Antibodies used for WB
were as follows: COUP-TFII_V1 (cat. no. ab41859; 1:500 dilu-
tion; Abcam), COUP-TFII (cat. no ab50487; 1:1,000 Abcam),
[-catenin (cat. no. sc-7963; 1:1,000; Santa Cruz Biotechnology,
Inc.); ERK (cat. no. sc-94; 1:100; Santa Cruz Biotechnology,
Inc.); phosphorylated (P)-ERK (cat. no. sc-7383; 1:200; Santa
Cruz Biotechnology, Inc.); AKT (cat. no. 9272; 1:1,000; Cell
Signaling Technology, Inc.); P-AKT (cat.no. 9271; 1:1,000; Cell
Signaling Technology, Inc.); AMPK (cat. no. 2603; 1:1,000;
Cell Signaling Technology, Inc.); P-AMPK (cat. no. 4188;
1:1,000; Cell Signaling Technology, Inc.); forkhead box
(FOX)O3a (cat. no. ab47409; 1:1,000; Abcam); P-FOX0O3a
(cat. no. ab47285; 1:1,000; Abcam); P-GSK3 (cat. no. 8566;
1:1,000; Cell Signaling Technology, Inc.); GSK3 (cat. no. 5676;
1:1,000; Cell Signaling Technology, Inc.); vimentin
(cat. no. M0725; 1:1,000; DAKO); GAPDH (cat. no. G8759;
1:10,000; MilliporeSigma); BRGI (cat. no. ab70558; 1:1,000;
Abcam); Histone H3 (cat. no. Ab10799, 1:1,000, Abcam);
HSP70 (cat. no. sc-24; 1:1,000; Santa Cruz Biotechnology,
Inc.); FAK (cat. no. sc-558; 1:200; Santa Cruz Biotechnology,
Inc.); Vinculin (cat. no. V9131; 1:1,000; MilliporeSigma);
P21 (cat. no. ab7960; 1:200; Abcam); pP21 (cat. no. ab47300;
1:500; Abcam); RhoA (cat. no. sc-418; 1:100; Santa Cruz
Biotechnology, Inc.); Ubiquitin (cat. no. SPA-203; 1:1,000;
Stressgene Corp.); p-tubulin (cat. no. T5201, 1:500, Sigma).
Proteomics experiments and Differential in Gel Expression
(DIGE) were performed as previously described (22).
Specifically, total protein was extracted from subconfluent
PANC-1 clones (MOCK, COUP-TFII_V1 and COUP-TFII_
V2). From each clone, three protein extracts were combined.
Fifty micrograms of cyanine 3 (Cy3)- or Cy5-labeled proteins
were electrofocused on Dry Strip gel pH 3-10 nl immobiline
strips (Cytiva) together with 50 ug of a Cy2-labeled pool of
proteins coming from the three clones. Differentially expressed
proteins were then identified by mass spectrometry (22).

Gene ontology (GO) and Reactome pathway analysis were
performed with the Cytoscape (RRID:SCR_003032) ClueGO
plugin (RRID:SCR_005748) (23). The ontology database was
updated to the version published in August 2019.

IHC, IF and collagen staining. IHC and IF with antibodies
to COUP-TFII_V1 (cat. no. AB41859; RRID:AB_742211) and
cytokeratin (CK)19 (cat. no. AB15463; RRID:AB_2281021;
both from Abcam) were performed as previously
described (18,24). The custom-made primary antibody for
COUP-TFII_V2 was used at 1:25 dilution in PBS containing
2% BSA (MilliporeSigma) and 0.01% Triton X-100 (Sigma).
IHC for a-smooth muscle actin was performed with the
monoclonal clone A4 (DAKO; Agilent Technologies, Inc.)
diluted 1:100 in PBS with 2% BSA and 0.01% Triton X-100
following the previously described protocol; the sections were
incubated with an M.O.M. kit (Vector Laboratories, Inc.)
prior to incubation with the primary antibody. For -catenin
IF the same antibody used in western blot was used diluted
1:50; SMAD2/3P IF was performed with a 1:100 dilution
of a rabbit polyclonal antibody (cat. no. ab272332; Abcam);
actin filaments were decorated with Alexa Fluor 633 phal-
loidin (Molecular Probes cat. no. A22284); cell nuclei were
stained with DAPI (cat. no. 10236276001; Roche). Collagen
was stained with standard Sirius Red staining. Sirius Red was
quantified with ImageJ 1.52r under Icy 2.0.3 on images with
RGB color settings; the selection of stained areas was achieved
with the function ‘Color threshold’.

Expression in primary tissues. COUP-TFII_V2 expression
in primary PDAC tissues was determined by RT-qPCR
of RNA extracted from 4-5 30 ym-tick formalin-fixed and
sucrose-protected tumor cryo-sections; the expression of
COUP-TFII_V2 was confirmed by IHC on selected samples.
For THC, the custom anti-COUP-TFII_V2 rabbit polyclonal
antibody was used diluted 1:25 in PBS with 2% BSA and
0.01% Triton X-100; incubation with the antibody was
performed overnight (O/N) at 4°C in a humified chamber. Prior
to primary antibody incubation, sections were preblocked with
2.5% NGS for 1 h at room temperature (ImmPRESS® HRP
Horse Anti-Rabbit IgG Polymer Detection Kit, Peroxidase,
RRID:AB_2336529; Vectorlabs). Citrate buffer (pH 6.0) was
used for antigen retrieval (100°C for 10 min) before primary
antibody incubation and pre-blocking of tissue sections; an
anti-rabbit HRP polymer contained in the above-mentioned
kit was used as the secondary antibody; sections were incu-
bated with the polymer for 30 min at room temperature in
a humified chamber. Semiquantitative scoring of PDAC
was performed on 22 samples by two expert pathologists.
Points were given according to the intensity of the staining
(no staining, O points; low, 1 point; moderate, 2 points; and
strong, 3 points); and the percentage of cells expressing the
nuclear receptor (<10%, 1 point; =10% and <50%, 2 points;
=50 and <80%, 3 points; =80%, 4 points). The final score
was multiplicative and PADC expression was considered
low when the final score was <6. Cohen's kappa coefficient
of concordance (25) between IHC semi-quantitative analysis
and qPCR was calculated in R with the library ‘ved’. Results
of the concordance analysis between the qPCR score and THC
score are provided in Fig. S1.
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In vivo experiment. Athymic nude male mice (Fox1™™; age,
6 weeks; body weight, 22 g) were purchased from Harlan and
kept under sterile conditions under a 12-h light/dark cycle
with chow and water provided ad libitum. PANC-1 clones
(MOCK, PANC-V1 and PANC-V2) were harvested, suspended
at a concentration of 10° cells/50 ul PBS and injected into
the tail of the pancreas; during the surgical procedure, the
mice were anesthetized with an intraperitoneal injection of
ketamine/xylazine (100 and 10 mg/kg, respectively). A total
of 15 animals were used, 5 in each experimental group. After
surgery, the animals were checked daily. At two weeks after
the surgery, the mice were euthanized by cervical dislocation;
death was verified by the absence of heartbeat and respiration.
Thereafter, the pancreas and adjacent organs were collected
for histology evaluation. The tumor score was based on a
variation of the score reported in (26); final score was additive;
the score point allocation system is provided in Table SIII. All
experiments were performed following the guidance for the
use of laboratory animals and were approved by the appointed
authority under Italian law (Ministry of Health; Rome, Italy;
no. 853/2015-PR) (27). None of the mice was found dead and
no animal reached the humane endpoints of the experiment,
which were weight loss >20%, no movement for >24 h, ulcer-
ation at the site of the surgical procedure with organ exposure
and breathing difficulties (e.g. apnea).

Oligo annealing. Labeled nucleotide corresponding to the
COUP-TFII binding site in the sodium-hydrogen exchanger
(NHE) pump promoter were synthesized by MilliporeSigma
and purified by HPLC (oligo sequences are provided in
Table SIV). Oligos were resuspended at 1 mg/ml in molecular
biology-grade water. For the annealing, 30 ng of each set of
oligos per gel shift reaction were diluted in annealing buffer
(100 mM Tris HCI pH 8.0, 100 mM EDTA pH 8.0, 20 mM
NaCl, 5 mM MgCl,) and denatured at 95°C for 3 min in a
thermomixer (Eppendorf), then allowed to slowly cool to RT.
Annealed oligos were stored at -20°C.

Gel shift. Gel shift experiments were performed according
to the protocol described in (22) with a Cy3-labeled oligo-
nucleotide corresponding to the COUP-TFII binding site in
the NHE promoter (28). Total proteins were extracted from
PANC-1 cells 48 h after transfection with a control plasmid,
COUP-TFII_V1 or COUP-TFII_V2. For the binding reac-
tion, 50 ug of proteins were incubated for 1 h at 4°C in a
binding reaction with Cy3-labeled oligos (Table SIV) (no
differences in binding to labeled oligos were detected among
incubation times ranging from 1 h to O/N, data not shown).
For gel shift, total protein extracts were pre-incubated O/N
at 4°C with 0.1 mg/ml of the same COUP-TFII_VI mouse
monoclonal antibody used for IF, western blot and THC; the
following day, the labeled oligonucleotide was added to the
reaction mix for 1 h at 4°C. The product mixtures were then
run on 5% non-denaturing Tris-borate EDTA (TBE, 45 mM
Tris-borate buffer with 1 mM EDTA)-polyacrylamide gel and
run with TBE buffer for 10 h at 4°C.

NHE reporter and Gli transcription factor activity assay.
NHE reporter and Gli activity were evaluated with the Dual
Luciferase Assay system (Promega Corporation). Briefly,

cells were transfected with NHE reporter plasmid or with Gli
reporter, together with a minimal promoter Renilla reporter
plasmid (Promega Corporation) (at a 1:100 ratio with respect
to the target plasmids). The transfections were carried out in
suspension with FuGENE HD (Promega Corporation) and
10,000 cells/well were plated in 96 wells plates. Readout was
performed with a Glomax 96 microplate luminometer Dual
injector system (Promega Corporation) 48 h after transfection.

Statistical analysis. Each experiment was performed in
triplicates unless otherwise stated. Statistical analysis was
performed with R 4.1 (www.r-project.org; RRID:SCR_001905)
and Jamovi 2.0 (www.jamovi.org; RRID:SCR_016142).
Differences in experimental results were evaluated by
Student's t-test or the Mann-Whitney U test (Wilcoxon
Rank-sum test), abbreviated as “Wilcoxon” when reported in
the figures, for parametric and non-parametric data, respec-
tively. When comparing multiple groups, ANOVA followed by
Tukey's highly-significant differences post-hoc test was used
for parametric data, while the Kruskal-Wallis test followed by
the Conover-Iman test was used for pairwise comparisons of
non-parametric data (29). Normality of data distribution was
assessed with the Shapiro-Wilk normality test. Hierarchical
clustering was performed using R with the ‘pheatmap’
library. Survival and Cox analyses for this study cohort were
performed with the ‘survival’, ‘survminer’ and ‘ggforest’
libraries. Cohen's concordance was calculated with the ‘ved’
library in R. Values are expressed as the mean + standard
deviation unless otherwise stated. P<0.05 was considered to
indicate statistical significance. Principal component analysis
(PCA) was performed with ‘prcomp’ under R 4.1. The graph-
ical representations of the experimental results were generated
with the ‘ggpubr’ and ‘ggplot2’ R libraries and final images
were mounted with Scribus 1.5.4 (https://www.scribus.net) or
Inkscape 1.0 (https:/www.inkscape.org).

Results

COUP-TFII_V2 is highly expressed in PDAC and affects
patient survival. As a previously published study by our group
indicated that human PDAC cells express COUP-TFII_V1 (18),
the present study sought to demonstrate the expression of
COUP-TFII_V2 in human PDAC cells. As presented in
Fig. 1A, COUP-TFII_V2 mRNA was detectable in all tested
PDAC cell lines (from the well-differentiated and K-RAS
wild-type BxPC3 to the poorly differentiated PANC-1). The
expression was lower in PANC-1 and higher in Su.86.86 cells.
Gene clustering suggested that COUP-TFII_V1 and COUP-
TFII_V2 share expression patterns similar to Kruppel-like
factor (KLF)4, KLF6 and NANOG (Fig. 1B), while the
PCA-biplot indicated a correlation of COUP-TFII_V1 and V2
with SNAIL1; furthermore, PCA suggested that the recep-
tors are a characterizing factor of the metastatic cell line
Su.86.86 (Fig. S2A). These data suggest that both isoforms
are associated with stemness and metastatic potential. Of note,
COUP-TFII_V2 expression was not limited to the nucleus
but spanned to the cytosol (Figs. 1C and S2B-D), whereas V1
was strictly nuclear-specific (Fig. S2E) (5,18). Furthermore,
COUP-TFII_V2 localization exhibited cell-to-cell variation,
having a stronger cytoplasmic expression in certain cells
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Figure 1. COUP-TFII_V2 expression. (A) Reverse transcription-quantitative PCR analysis of COUP-TFII_V2 in cancer cell lines. The results suggested
that COUP-TFII_V2 mRNA expression was not associated with cell differentiation. Expression data refer to the BxPC3 cell line. (B) Complete hierarchical
clustering with Euclidean distance of a panel of genes in PDAC cell lines. (C) Immunofluorescence analysis of native COUP-TFII_V2 in PANC-1 (upper
panel) and MiaPaca2 (lower panel) cells performed with a custom-made polyclonal antibody (first panel in each group). The receptor is localized in the
nucleus and cytosol. White arrows indicate cells with limited nuclear expression; dotted arrows indicate cells with a predominant nuclear expression (scale
bar, 10 ym). (D) Representative immunohistochemistry image of COUP-TFII_V2 in primary PDAC (magnification, x100). Sections were counterstained with
Gill's hematoxylin no III. Brown staining is considered to indicate positivity. (E) COUP-TFII_V2 expression is significantly increased in the presence of lymph
node metastasis with no difference for T stage. Gray-filled circles mark the position of outliers. (F) Cluster analysis of genes in N+ and N- PDAC patients. TF,
transcription factor; PDAC, pancreatic ductal adenocarcinoma; N, nodal status; T, tumor stage.

(Figs. 1C and S2B). In primary tumors, COUP-TFII_V2
was expressed in the cancer cells (Figs. 1D and S3A-H) and
its mRNA expression was predictive of advanced disease
(Table I). Specifically, COUP-TFII_V2 expression was
significantly higher in patients with lymph node metastasis
(Figs. 1E and S3I), suggesting that this nuclear receptor may
be associated with tumor spreading. No specific associations
with age, sex or other clinicopathological characteristics
were observed (Table I). When confronting the average gene

expression between NO and N+ patients, the hierarchical clus-
tering indicated a close association of COUP-TFII_V2 with
N-cadherin and C-X-C motif chemokine ligand (CXCL)12,
while COUP-TFII_V1 was linked to (-catenin and KLF4
(Fig. 1F). Considering each PDAC patient separately, V1 was
associated with the expression of CXCR4 and KLF4, whereas
V2 was associated with CXCL12 and N-cadherin (Fig. 2A);
similar results were obtained with a correlation analysis of
gene expression (Fig. S4). Kaplan-Meier survival analysis



INTERNATIONAL JOURNAL OF ONCOLOGY 60: 55, 2022 7

| [ | N statis

Ta
N-
b I N
3 Differentiation
) ;‘I’g Moderate
Low
— 2 fooh
12 s
8
8
1 I I""
a7
21
18
3
I 2
e %
25
)
[ 4
3
2
i
85 E. % ] € s g 3 ] g g
8 2 = 2 = <]
z5 . E i) g E %
=
8 3 g
B Strata =+~ V2 High == V2 low
1.00
=
Z o7
2
E. 0.50
[
E 0.25
w
0.00
0 250 500 750 1000
Time (days)
Number at risk: n (%)
E V2 Hoh 17 (100) 12(71) 6(35) 0(0) 0(0)
@ vz low21 (100) 12 (57) 10 (48) 7(33) 1(8)
0 250 500 750 1000
Time (days)
Number of censoring
1
g
=
8
(= o .
0 250 500 750 1000
Time (days)
C Hazard ratio

Differentiation L=l reference

0.003 ™

# Events: 19; Global p-value (Log-Rank): 0.00046141 . .
AIC: 99.52; Concordance Index: 0.85 0.01 01 1 10 100 1000

Figure 2. COUP-TFII_V2 influences the survival fo PDAC patients. (A) Gene clustering in PDAC primary tumors. (B) Kaplan-Meier survival curves indicating
that patients with high expression of COUP-TFII_V2 (defined as an expression of =0.06 arbitrary units, corresponding to the median COUP-TFII_V2 expression
in N+ patients), had significantly lower overall survival compared to patients with low expression of COUP-TFII_V2 (P=0.043, log-rank test). (C) Cox multivariate
analysis of the influence of risk factors on survival in primary PDAC. TF, transcription factor; PDAC, pancreatic ductal adenocarcinoma; N, nodal status; T, tumor
stage; AIC, Akaike's Information Criterion. “P<0.01; ““P<0.001.



8 POLVANI et al: COUP-TFII ISOFORMS AND PANCREATIC CANCER

A B [ +COUP-TFII_V1 g +COUP-TFII_V2 | Control
1 2 3 4 5 10, 14
— | T o :
-— —COUP-TFII_V1 35 ig 10!
—GAPDH LEE 4 FE
a s | d S
-+ + - - COUP-TFII_V1 3S . _ 3
- - + +# - COUP-TFII_V2 o ol ot il o™ O Vg ma' B o
- - - - + shNR2F2 210 Zz 9 g 1.9 Tz TS 8
4% £ Z2 ¢ S g =z g
© £ & = 2 a Z g %
o = o s
DAPI COUP-TFII_VA1 COUP-TFII_V1
-- 5 ¢
Control +COUP-TFII_V2
D E *
200 1 300+ '|'
3= 1504 1 x *
oD T — *
2t " 3 8 2001 T £ J.
£ 0o = L =
®° 100+ > & .
o © c o
58 g% :
2% 509 2100+ F==-f-=4-|--44--1¢
0+
g ¥ § 5 ¢ ¢ 01 = : . .
©c @ 0§ = S Z o - w ©
e I g g & & g 0 ¥ ®
o F s ¢ 3 g z a 8
w @ o =
= w
= b=

Figure 3. (A) Western blot analysis of PANC-1 cells transiently transfected with a fixed amount of COUP-TFII_V1 plasmid with and without COUP-TFII_V2
co-transfection (lanes 2-3) or COUP-TFII_V2 alone (lane 4) or a plasmid for COUP-TFII shRNA (shNR2F2, lane 5). Co-transfection of COUP-TFII_V2
reduced the expression of COUP-TFII_V1, with an effect similar to that obtained with the shRNA. Cells in lanes 1-4 were co-transfected with shNEG.
(B) COUP-TFII_V1 (left panel) and COUP-TFII_V2 (right panel) expression detected by reverse transcription-quantitative PCR in pancreatic ductal adeno-
carcinoma cells. Cells were transfected with COUP-TFII_V1- or COUP-TFII_V2-expressing plasmids for 72 h prior to RNA extraction. (C) COUP-TFII_V1
immunofluorescence in COUP-TFII_V2-overexpressing cells. In hTERT-HPNE cells, COUP-TFII_V2 expression modified the cellular morphology and
COUP-TFII_VI1 compartmentalization, causing its cytosolic localization (scale bar, 10 ym). (D) Cell viability tests were performed at 48 h (hTERT-HPNE,
PANC-1, MiaPaca2, Su.86.86) or 72 h (PL-45 and CAPAN-2) after COUP-TFII_V2 transfection. Data are normalized to viable cells in pcDNA3.1-transfected
cells. (E) The invasiveness of MiaPaca2, PL-45 and PANC-1 cells was increased after COUP-TFII_V2 overexpression. Data are normalized to invading cells
in controls. Values are expressed as the mean + standard deviation. "P<0.05 vs. control. shRNA, short hairpin RNA; shNR2F2, shRNA targeting NR2F2

(COUP-TFII); shNEG, negative control sShRNA; NR2F2, nuclear receptor 2 family 2; TF, transcription factor.

indicated that patients with high expression of COUP-TFII_V2
had a significantly shorter overall survival (432 vs. 771 days,
P=0.047) (Fig. 2B) and Cox multivariate analysis demon-
strated that patients with low expression of COUP-TFII_V2
or a higher degree of differentiation had a lower hazard ratio
(Fig. 2C), confirming the results of the Cox univariate analysis
(Table SV). The influence of clinical parameters on the
survival in the study population is provided in Fig. S5.

COUP-TFII isoforms reciprocally regulate their expres-
sion and cell localization. To determine the role of
COUP-TFII_V2, PDAC cell lines were transiently trans-
fected with this receptor isoform. In MiaPaca2 and PANC-1,

overexpression of COUP-TFII_V2 reduced the mRNA and
protein levels of COUP-TFII_V1, mimicking the effects
of siRNA silencing (Figs. 3A and B and S6A-E). Of note,
overexpression of COUP-TFII_V1 consistently decreased
V2 expression (Fig. 3B), suggesting a negative feedback loop
between the isoforms. In addition, Co-immunoprecipitation
demonstrated that the variants are associated (Fig. S6F). Indeed,
COUP-TFII_V2 overexpression delocalized COUP-TFII_V1
in the cytosol as demonstrated by IF in hTERT-HPNE
(Fig. 3C). This result was confirmed by co-transfection
experiments in PANC-1 cells with the EGFP-COUP-TFII_V1
and V2 isoforms (Fig. S6G). Furthermore, the interaction of
COUP-TFII_V2 with COUP-TFII_V1 reduced the ability of
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the latter to bind the DNA, as demonstrated by Gel shift and
NHE reporter activity (Fig. S7).

COUP-TFII-V2 confers drug resistance and increases
anchorage-independent growth and cell motility.
COUP-TFII_V2 overexpression had a modest effect on prolif-
eration in PANC-1, MiaPaca2, CAPAN-2 and Su.86.86 cells;
however, transient COUP-TFII_V2 overexpression increased
cell invasion in all tested lines (Fig. 3D and E). Consequently,
the present study further focused on PANC-1 cells that express
less of the COUP-TFII_V2 isoform and PANC-1 clones over-
expressing COUP-TFII_V1 (PANC-V1) or COUP-TFII_V2
(PANC-V1) isoforms or simply resistant to G418 (MOCK)
were generated. In these models, COUP-TFII-V2 overexpres-
sion significantly limited the effect of chemotherapy (Fig. 4A
and B). The IC;, of gemcitabine for PANC-V2 was higher than
that for the control and V1-expressing cells (ICs,: 1,0.130 and
0.036 uM for PANC-V2, MOCK and PANC-V1, respectively).
The higher sensitivity of VI1-expressing cells to gemcitabine
was indirectly confirmed by western blot analysis, as a greater
reduction of COUP-TFII_V1 compared to COUP-TFII_V2
protein levels was observed after gemcitabine treatment
in cells overexpressing COUP-TFII_V1 or V2 isoforms,
respectively (Fig. S8A). In addition, PANC-V2 exhibited
higher proliferation than MOCK or PANC-V1 cells and they
formed more colonies in soft agar, suggesting increased
anchorage-independent growth and tumorigenicity (Fig. 4C
and D). The increased chemoresistance and proliferation of
V2-expressing cells was maintained during the 3D growth
(Figs.4E and S§B and C). Time-lapse experiments with PANC-1
transfected with EGFP-COUP-TFII proteins indicated that
only COUP-TFII_V2 significantly increased cellular motility
(0.37£0.02 vs. 0.2620.017 pm/sec, COUP-TFII_V2 vs. control,
P<0.01) (Fig. 4F). Similar results were obtained when tracking
GFP-positive cells (1/10 of total transfection) in co-transfection
experiments with untagged COUP-TFII_V1, COUP-TFII_V2
or empty plasmid (data not shown). These results were further
confirmed by the wound-healing assay (Figs. 4G and S8D).

Increased COUP-TFII_V2 expression facilitates tumor
growth and spreading in vivo. To evaluate the different contri-
butions of the two COUP-TFII isoforms in tumor progression,
MOCK, PANC-V1 and PANC-V2 cells were implanted in
the pancreas of nude mice (Fig. 5A-D). After 2 weeks, the
tumor engraftment ratio was 4/5, 3/5 and 5/5 for MOCK,
PANC-V1 and PANC-V2 mice, respectively. Of note, 4 out of
5 PANC-V2 xenografts exhibited liver metastasis compared to
just 1 in the PANC-MOCK and none in the PANC-V1 group;
local diffusion to the adjacent tissues, such as the spleen,
was instead present in almost all engrafted animals and the
maximum tumor size observed was 18 mm (data not shown).
Accordingly, the tumor score and tumor weight were signifi-
cantly higher for PANC-V2 tumors (P<0.05 vs. PANC-V1
and MOCK tumor-bearing mice) (Fig. 5B). Immunostaining
for PCNA and activated Caspase 3/7 of the tumors indicated
that proliferation and apoptosis were significantly altered in
PANC-V2-bearing mice (Fig. 5C and D). No clear differences
in stromal reaction (as demonstrated by Sirius Red Collagen
staining and quantification) and stromal infiltration were
detected (Fig. S9).

COUP-TFII_V2influences stemness and senescence.In consid-
eration of the role of COUP-TFII in the stemness and cell fate
determination (29), it was assessed whether COUP-TFII_V2
affects cell stemness. COUP-TFII_V2 specifically increased
the expression of NANOG, Nestin, c-Myc and human telom-
erase reverse transcriptase, genes that are downregulated or
not altered in V1 (Fig. 5E). On the other hand, COUP-TFII_V1
is associated with increased SOX2 and KLF4 and decreased
expression of KLF6, which are associated with a higher tumor
potential in PDAC (30-33). Similar results were obtained in
transiently transfected BxPC3, MiaPaca2, CAPAN-2 and
PANC-1 cells and in cells growing in 3D (Fig. SI0A and B).
These differences were associated with significantly increased
senescence and cell size of COUP-TFII_V1-expressing cells
(Figs. 5F and G and S10C).

Proteome of COUP-TFII-expressing cells. To better charac-
terize the function of COUP-TFII isoforms, an exploratory
proteomic analysis was performed on PANC-V2 and
PANC-V1 against the MOCK background. According to
DIGE proteomics, 175 protein spots were altered in PANC-V1
and 147 in PANC-V2, compared to the MOCK cells. GO
analysis (Figs. 6A and S11, Tables SVI and SVII) suggested
that for COUP-TFII_V2, the GO terms are linked to regulation
of cell metabolism, cytoskeleton and cell cycle/apoptosis. On
the contrary, COUP-TFII_V1-specific GO terms point to small
GTPase, response to stress and stimuli [e.g., TNF, interleukins
(ILs), Hedgehog (HH) and Heatshock protein (HSP)], secretion
of angiogenic factors (such as VEGF), cell-to-cell interactions
and IL signaling (Tables SVIII and SIX). Reactome analysis
confirmed the GO ontologies suggesting that COUP-TFII_V2
is associated with glycolysis, apoptotic cleavage of cellular
proteins and cytoskeleton, whereas COUP-TFII_V1 is associ-
ated with response to stress, formation of cell-to-cell junction,
Rho activity and HH signaling (Tables SVII and SIX).

COUP-TFII_V2 regulates EMT. Proteomic data, alongside the
present in vitro results, suggested that COUP-TFII_V?2 may be
implicated in the regulation of EMT. In agreement with this,
western blot analysis indicated increased vimentin expression
in PANC-V2 cells (Fig. 6B). Furthermore, IF suggested that
COUP-TFII_V2 expression, compared to COUP-TFII_VI,
resulted in well-organized actin intermediate filaments and
decreased expression of the epithelial marker E-cadherin.
Conversely, the mesenchymal markers N-cadherin and
vimentin were decreased in PANC-V1 (Fig. 6C). However,
TGFp and TGFp-receptor I, considered to be associated with
EMT, were not altered in cells overexpressing either of the two
isoforms (Fig. 6D). Unexpectedly, PANC-V1 cells strongly
responded to TGFf and had higher levels of SMAD2/3P,
as suggested by IF (Figs. 6E and S12A and B). Conversely,
MOCK and PANC-V2 exhibited only a modest increase in
vimentin and a slight alteration of cell shape after TGFf treat-
ment (Figs. 6E and S12A). Of note, VEGF-C, MMP9 and the
cell-homing receptor CXCR4 were differentially expressed
between PANC-V1 and PANC-V2 (Fig. 6D). In accordance
with the alteration of the cytoskeleton and EMT, a reduction of
B-catenin in PANC-V2 was observed (Fig. 6B); furthermore,
the IF experiments pointed to a higher nuclear localization of
B-catenin in PANC-V1 cells (Fig. S12C). The reduced protein
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Figure 4. Biological effects of COUP-TFII_V2 expression. (A) MOCK, PANC-V1 and PANC-V2 cells were treated for 48 h with increasing concentrations of
gemcitabine. Data are reported on a log scale and the dose-response curves were fitted with a Sigmoidal Boltzmann equation. (B) Annexin staining performed
on PANC-1 clones treated for 24 h with gemcitabine indicated a significant increase in apoptosis of PANC-V1 and MOCK cells. (C) Colony-formation assay
of PANC-1 clones (scale bar, 5 mm). (D) Conversely to PANC-V1, PANC-V2 cells had a slightly increased proliferation that became significant at 72 h after
plating. (E) PANC-V2 spheroids were bigger and more gemcitabine-resistant than their MOCK counterparts (scale bar, 500 mm). (F) Cell motility (cell
velocity, expressed as ym/sec) of cells transfected with enhanced green fluorescence protein-COUP-TFII_V1 or -COUP-TFII_V2 plasmids; increased motility
of COUP-TFII_V2 cells compared to GFP (control) and COUP-TFII_V1 transfected cells was apparent. Gray-filled circles mark the position of outliers.
(G) Wound-healing assay of PANC-1 clones. Photomicrographs are representative images at 0 and 24 h. Intermediate images are provided in Fig. S8. Wound
margins were outlined in yellow, whereas the straight green lines mark the wound edges used for the distance measurement (scale bar, 400 mm). Values are
expressed as the mean + standard deviation. "P<0.05; “P<0.01; “*P<0.001. ns, no significance; PANC-V1, PANC-1 cell line overexpressing COUP-TFII_V1;
PANC-V2, PANC-1 cell line overexpressing COUP-TFII_V2; MOCK, PANC-1 cell line resistant to G418; TF, transcription factor.
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Figure 5. Regulation of gene expression and in vivo experiments. (A) Representative photomicrographs of livers and xenograft tumors demonstrating the
metastasizing potential of PANC-V2 cells in the liver (scale bar, 1 cm). (B) Tumor weight and tumor score. (C) Representative immunohistochemistry images
for PCNA and activated caspase 3/7 (scale bar, 50 ym). (D) Quantitative analysis of proliferation and apoptosis. (E) Reverse transcription-quantitative PCR
analysis of genes involved in stemness. Values are expressed as the mean + standard deviation of at least 3 biological replicates. (F) Cell size of PANC-V1,
PANC-V2 and MOCK cells. Outliers are indicated by light gray dots. (G) Cellular senescence determined as the percentage of (3-gal positive cells. Values
are expressed as mean = standard deviation. ns, no significance; "P<0.05; “P<0.01; ““P<0.001 (vs. MOCK when not indicated). PANC-V1, PANC-1 cell line
overexpressing COUP-TFII_V1; PANC-V2, PANC-1 cell line overexpressing COUP-TFII_V2; MOCK, PANC-1 cell line resistant to G418; TF, transcription
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Figure 6. Signaling, gene expression and response to stimuli. (A) Network of Gene Ontology terms from ClueGO analysis of PANC-V2 cells compared
to MOCK. A magnified version of this panel is reported as Fig. S15. (B) Representative western blot of PANC-V1, PANC-V2 and MOCK confluent cells.
(C) Immunofluorescence analysis of vimentin and actin intermediate filaments and RT-qPCR for EMT markers N-cadherin, E-cadherin and vimentin.
RT-qPCR data were normalized to the MOCK group. Scale bar, 10 ym. (D) RT-qPCR analysis of genes linked to cell homing and modification of the micro-
environment. (E) Induction of EMT mediated by TGFf in PANC-V1, PANC-V2 and MOCK groups. (F) Representative western blot of vimentin regulation
after treatment with the AMPK inhibitor Compound C. Values are expressed as the mean + standard deviation. "P<0.05; “P<0.01 (vs. MOCK). PANC-V1,
PANC-I cell line overexpressing COUP-TFII_V1; PANC-V2, PANC-1 cell line overexpressing COUP-TFII_V2; MOCK, PANC-1 cell line resistant to G418;
TF, transcription factor; RT-qPCR, reverse transcription-quantitative PCR; EMT, epithelial to mesenchymal transition; E-cad, E-cadherin; vim, vimentin;
p-cat, B-catenin; FOXO 3a forkhead box O3a; GSK3, glycogen synthase kinase 3; FAK, focal adhesion kinase.

levels of B-catenin in PANC-V2 may be explained by the glycogen synthase kinase (GSK)3f; In addition, FOXO3a
decreased phosphorylation of AKT and the ensuing reduction  phosphorylation was also increased in PANC-V1, confirming
of the inhibitory phosphorylation of its downstream target the higher AKT activity in these cells (Figs. 6B and S13A).



INTERNATIONAL JOURNAL OF ONCOLOGY 60: 55, 2022 13

Similar results were obtained following transient transfection
of the MiaPaca2, PL-45 and CAPAN-2 cell lines (Fig. S13B).

COUP-TFII isoforms differentially influence cell metabolism
via AMPK pathway. In accordance with the isoform-dependent
effect on cell metabolism emerged from the proteomic
analysis, a reduction of AMPK phosphorylation was observed
in COUP-TFII_Vl-expressing cells. Using the mitochondrial
potential as a surrogate of the cells' energetic condition, as
reported in Fig. S13C, it was observed that PANC-V2 mitochon-
dria were more depolarized compared to PANC-V1, a result
that agrees with AMPK expression. Different PANC-1 clones
treated with the AMPK inhibitor compound C exhibited an
isoform-dependent increase of vimentin expression and induc-
tion of a mesenchymal-like phenotype (Figs. 6F and S12A),
suggesting that AMPK-mediated EMT depends on the expression
of COUP-TFII isoforms. In agreement with AMPK expression,
Rho A, which is negatively regulated by AMPK, is decreased by
COUP-TFII_V2 and increased by COUP-TFII_V1 (Fig. 6B). Of
note, expression of RhoA is associated with cytoskeleton remo-
deling and inhibition of AMPK (34,35). Furthermore, proteomic
data point to a modification of HH signaling after the expression
of COUP-TFlI receptors. It was previously indicated that HH may
stimulate Rho A GTPase and Gli transcription factor activity is
downregulated by AMPK (36,37). Confirming these data, Gli
activity was increased in PANC-V1 cells (Fig. S13D); in addition,
LiCl (an inhibitor of GSK3f and HH) increased apoptosis in
PANC-V1 but not PANC-V2 cells, suggesting that V2-expressing
cells do not depend on HH for survival (Fig. S13E).

The function of V2 is linked to its cellular localization.
COUP-TFII_V2 localization was observed to be associated with
a modification of cell shape and acquisition of EMT characteris-
tics (Fig.7). After COUP-TFII_V2-EGFPtransfection, MiaPaca2
and PANC-1 EGFP-positive cells exhibited differences in cell
shape linked to the level of nuclear/cytoplasmic expression of
COUP-TFII_V2 (Figs. 7A and B and S14). Accordingly, cells
with mostly cytosolic COUP-TFII_V2 exhibited a pronounced
mesenchymal-like phenotype (e.g., well-organized cytoskel-
eton or cell protrusion), while this was reduced in cells with
nuclear COUP-TFII_V2, suggesting that its nuclear exclusion
may potentiate EMT. To validate the hypothesis that nuclear
COUP-TFII_V2 limits EMT, COUP-TFII_V2 was modified by
adding an NLS to obtain the COUP-TFII_V2NLS. As indicated
in Figs. 7C-F and S14, COUP-TFII_V2NLS reduced cell prolif-
eration, cell invasion, motility and drug resistance, compared
to wild-type COUP-TFII_V2-transfected cells. Of note, unlike
COUP-TFII_V2, COUP-TFII_V2NLS failed to reduce the
expression of COUP-TFII_V1.

Discussion

PDAC is associated with the accumulation of mutations,
epigenetic modifications and alterations of cellular pathways.
Although K-RAS is the most frequently altered gene, several
studies have indicated that nuclear receptors are widely impli-
cated in cancer development. Nuclear receptors may regulate
processes ranging from metastatization to the modulation
of the tumor microenvironment (38) with significant effects
on tumor progression. COUP-TFII is a nuclear receptor that

may act as tumor suppressor or oncogene, depending on
the cellular context (15,16). A previous study by our group
demonstrated that COUP-TFII, in the context of PDAC,
acts as an oncogene (18). In the last decade, a DBD-lacking
isoform of COUP-TFII was described, but its mechanisms of
action have remained elusive and were not previously evalu-
ated in cancer (10,20). The present study indicated that both
COUP-TFII isoforms are predictive of PDAC development
but the results point to different actions of the receptors,
suggesting a complex regulation. The present results indicated
that COUP-TFII_V2 was expressed in primary pancreatic
cancers and in cell lines and comparatively high expression
was associated with an increased risk of death and development
of metastasis. In addition, COUP-TFII_V2 expression was
associated with increased tumor growth and spreading in nude
mice. According to the association between COUP-TFII_V2
and advanced tumor stages, the hierarchical clustering in cell
lines and patients links the receptor to EMT. Acquisition of a
mesenchymal-like phenotype has a central role in the dissemi-
nation process of cancer cells and EMT-regulated mechanisms
function as prognostic predictors in patients with PDAC (39).
COUP-TFII_V2-induced EMT is probably mediated by the
AKT and GSK3 axis, which may be consequential to PPARy
transcriptional control (40), and it is associated with alterations
of B-catenin, E-cadherin-to-N-cadherin switch and with the
modulation of HH pathways. Of note, it appears that, to exert
its effect on cadherin expression, V2 requires the presence
of mutated K-RAS, as suggested by the opposite regulation
of cadherins in K-RAS wild-type BxPC3 cells compared to
CAPAN-2 cells, that are K-RAS mutated. Phosphorylation by
AKT has inhibitory effects on FOX0O3a and GSK3p (41,42),and
accordingly, the reduced phosphorylation of FOXO3a in V2
cells may explain the increased proliferation and the increase
in the mRNA of the FOXO3a-downstream target c-myc. GSK3
belongs to the APC complex that degrades [-catenin (43) and
when GSK3p is phosphorylated, the proteasome degradation of
[B-catenin is reduced (44). Accordingly, $-catenin is decreased
in V2-expressing cells, whereas in PANC-V1 cells that exhibit
higher phosphorylation of AKT, [-catenin expression is
increased. AMPK is a major sensor of the cellular metabolic
condition and it may reverse or induce EMT (45). In PANC-V1
cells that exhibit signs of decreased EMT compared to MOCK
and PANC-V2 cells, PP AMPKTyr172 was decreased; however,
inhibition of AMPK induced an increase in vimentin and it
changed the cells' morphology. These results suggest a putative
inhibitory role of AMPK on EMT, a hypothesis that is also
supported by the higher expression of Rho A in PANC-V1 cells.
Increased expression of Rho A is associated with relaxation of
the contractile fibers and with the switch of cell motility from
a mesenchymal to an ameboid-like movement (34,35). In this
context, it may be speculated that cancer cells may switch the
movement behavior quite rapidly in response to extracellular
stimuli regulating the COUP-TFII_V2 or V1 expression or
their cellular location. Furthermore, the reduced phosphory-
lation of AMPK, coupled with Rho A expression and higher
mitochondrial polarization, suggest that V1-expressing cells
may produce ATP more efficiently than V2. Of note, the
higher V2 mitochondrial stress may lead to a higher apop-
tosis rate but it may also be associated with the production
of reactive oxygen species that favors the K-RAS-mediated
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Figure 7. Nuclear localization of COUP-TFII_V2. (A and B) Immunofluorescence images for f-actin in PANC-1 and MiaPaca2 cells transfected with
(A) COUP-TFII_V2-EGFP or (B) COUP-TFII_V1-EGFP. Arrows point to cells with either more nuclear or more cytoplasmic COUP-TII_V2 and of different
phenotypes, more visible in MiaPaca2 cells. Cells expressing COUP-TFII_V1-EGFP are usually flat (scale bar, 10 gm). (C) Response of PANC-V2NLS to
gemcitabine indicates an IC50 similar to that of MOCK cells (upper panel). The lower panel is a representative annexin plot of PANC-V2NLS cells treated
with gemcitabine as presented in Fig. 4B. (D) COUP-TFII_V2NLS had no significant effect on cell proliferation. (E) Chemo-invasion of PANC-1 cells
transfected with COUP-TFII_V2 or COUP-TFII_V2NLS, indicating that nuclear V2 reduces the chemoinvasiveness of PDAC cells (original magnification,
x100). (F) Reverse transcription-quantitative PCR was used to assess gene expression in PANC-1 transfected with COUP-TFII_V2 or COUP-TFII_V2NLS for
48 h. Values are expressed as mean + standard deviation. "P<0.05; “"P<0.01 (vs. Control). MOCK, PANC-1 cell line resistant to G418; TF, transcription factor;
PANC-V2NLS, PANC-1 cell line overexpressing a COUP-TFII_V2 with an exogenous nuclear localization signal; EGFP, enhanced green fluorescence protein.
VIM, vimentin; N-cad, N-cadherin; 3-cat, 3-catenin; hTERT, human telomerase reverse transcriptase; ABCG2, ATP binding cassette subfamily G member 2;
COUP-TFII_V2NLS, COUP-TFII_V2 with added nuclear localization sequence.
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tumorigenesis (46). Taken together, mitochondrial polariza-
tion, AMPK and HH activation, which is linked to metabolic
rewiring (47), may suggest that the nuclear receptor may be
linked with the Warburg effect, but further experiments will be
required to confirm this hypothesis. Given that PANC-V1 cells
proliferate at a slower pace but do not exhibit any reduction of
tumor growth in vivo, it may be assumed that COUP-TFII_V1
is responsible for local growth and regulates the tumor
micro-environment, whereas COUP-TFII_V2 facilitates tumor
spreading. Indeed, expression of COUP-TFII_V1 is associated
with increased senescence paralleled by increased secretion
of VEGF-C and alteration of IL and chemokine expressions,
in line with a secretive-senescence phenotype that facilitates
local tumor progression (48). The idea of different roles of
the isoforms is strengthened by the existence of a regulatory
feedback expression and by the COUP-TFII_V2-mediated
regulation of the COUP-TFII_V1 transcriptional activity.
Of note, COUP-TFII_V2 also influences COUP-TFII_V1
nuclear-specific localization. Of note, COUP-TFII_V2, which
is clearly nuclear and cytosolic, exhibits a distinctive pattern
of expression not previously described for any NR2F. How
COUP-TFII_V2 shuttles between the two cell compartments
is currently elusive, but its localization has clear effects on the
cell phenotype. Confining the receptor to the nucleus reduces
its ability to induce EMT and influences its activity on cell
signaling. Indeed, the exclusive nuclear localization of COUP-
TFII_V2 alters both COUP-TFII_V1 transcription and the
consequent expression of stemness genes. It is conceivable that
pancreatic tumor cells may respond to different microenviron-
mental conditions regulating COUP-TFII isoform expression
in order to facilitate tumor progression. In this context, it
may be speculated that the cells during the initial cancer
growth may primarily express COUP-TFII_V1 to create a
permissive microenvironment promoting cell-cell interaction,
neo-angiogenesis (5) and regulation of immune response, then
switching to a higher expression of COUP-TFII_V2, essen-
tially for EMT and tumor spreading. Accordingly, the increase
of MMP-9 mRNA after COUP-TFII_V2 overexpression may
explain the higher invasiveness of tumor cells. Indeed, this
gelatinase, alongside MMP-2, is a major factor in extracellular
matrix degradation and it has been linked to the progression
of PDAC and several other tumor types. In PDAC, MMP-9
is abnormally overexpressed but its association with survival
is limited. Furthermore, in experimental models, promising
results have been obtained with MMP-2 and MMP-9 inhibi-
tors (49,50), indicating that these gelatinases are involved in
PDAC progression. However, in the model of the present study,
no alteration of collagen deposition was observed, as may have
been expected from an increase in MMP-9; this discrepancy
indicates that MMP-9 alone is not sufficient to explain the
increased invasiveness of COUP-TFII_V2-overexpressing
cells, given that systemic downregulation of MMP-9 may
trigger metastasis in PDAC (51). Of note, nuclear receptor
activities are not always mutually exclusive, and a certain
degree of overlapped functions is demonstrated by similar
effects on specific genes. Although a direct binding of
COUP-TFIL_V2 to DNA may be clearly excluded, a plausible
explanation of similar effects is that COUP-TFII_V2 may act
as bait for repressors in the context of specific genes, hence
increasing the activity of COUP-TFII_V1 or facilitate the

action of completely different transcription factors that remain
unidentified (17,29). Of note, the first exon of COUP-TFII_V2
is located upstream of the known COUP-TFII_V1 promoter (9)
and another putative functional promoter exists upstream of the
first exon of COUP-TFII_V2. This gene organization suggests
that COUP-TFII_V2 may not be an isoform of COUP-TFII but
a completely new gene.

The present study has certain limitations. First of all, the
patients were recruited only in one centre, which limited the
population size, and they all underwent adjuvant therapy with
gemcitabine; consequently, no information was provided on
the effect of COUP-TFII_V2 on survival in the presence of new
chemotherapeutic regimens, such as Folfirinox. Furthermore,
the in vitro results were obtained almost exclusively under over-
expression conditions, whereas modulation by drugs, currently
unavailable, may have been more similar to the physiological
conditions; besides, it may have provided more useful infor-
mation for future clinical applications. Furthermore, although
various results of the present study were validated in numerous
cell lines, AsPCl1, which is one of the most aggressive pancre-
atic cancer cell lines, was not used; in the future, it may be
worthwhile to use this cell line both in vitro and in vivo as a
PDAC cancer model to enhance the knowledge on the function
of COUP-TFII_V2. Finally, the regulatory factors causing the
expression of either COUP-TFII_V1 or COUP-TFII_V2 were
not identified, which may be pursued in the future.

In conclusion, the present study was the first to describe
the effect of a novel DBD-lacking variant of COUP-TFII that
was able to directly (by mediating the transcriptional activity)
or indirectly (independently from transcriptional activity) act
on pancreatic cancer cells' plasticity. The present results point
to an efficient interaction between the COUP-TFII isoforms
that confers an advantage in terms of PDAC progression and
dissemination. The recent demonstration that COUP-TFII is
modulated by small molecules (52) suggests that this nuclear
receptor system is druggable and potentially a new therapeutic
target for PDAC.
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