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Pancreatic ductal adenocarcinoma (PDAC) remains a deadly malignancy with no efficient therapy available up-to-date. Glycolysis is the
main provider of energetic substrates to sustain cancer dissemination of PDAC. Accordingly, altering the glycolytic pathway is foreseen
as a sound approach to trigger pancreatic cancer regression. Here, we show for the first time that high transforming growth factor
beta-induced (TGFBI) expression in PDAC patients is associated with a poor outcome. We demonstrate that, although usually secreted
by stromal cells, PDAC cells synthesize and secrete TGFBI in quantity correlated with their migratory capacity. Mechanistically, we
show that TGFBI activates focal adhesion kinase signaling pathway through its binding to integrin αVβ5, leading to a significant
enhancement of glycolysis and to the acquisition of an invasive phenotype. Finally, we show that TGFBI silencing significantly inhibits
PDAC tumor development in a chick chorioallantoic membrane assay model. Our study highlights TGFBI as an oncogenic extracellular
matrix interacting protein that bears the potential to serve as a target for new anti-PDAC therapeutic strategies.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the deadli-
est pathologies worldwide, with a 5-year overall survival limited
to 8%,1 and is projected to become the second leading cause of
cancer-related death by 2030.2 PDAC remains silent for long
periods of time before inducing clinical symptoms, which are
usually unspecific. As a consequence, it is diagnosed at a late

stage, when metastatic dissemination has often occurred.3

Despite great advances in clinical oncology, there are still no
sensitive biomarkers for early diagnosis as well as no validated
molecular targets for therapies.4 Therapeutic options remain
very limited and are based on classical cytotoxic compounds,
often poorly tolerated and with modest outcome benefits. Thus,
there is an urgent need to identify, to validate and to clinically
test new molecular therapeutic targets. At cellular and molecular
levels, PDAC is characterized by hypovascularization,5 complex
landscape of genomic mutations,6 altered metabolism7 and
exuberant stromal reaction (desmoplasia).8 The latter consists in
the deposition of extracellular matrix (ECM) components
around cancer cells. ECM is a strong regulator of tumor growth
and dissemination. It is composed of specialized secreted pro-
teins and proteoglycans that provide support to the resident
cells. Modification in ECM composition and/or cell–matrix
interaction has a relevant impact on several processes, including
cell survival, proliferation, differentiation, migration, cancer cell
invasion and resistance to therapies.9,10 In this scenario, integrin
family members are the major cellular receptors for ECM pro-
teins that play essential role in all the steps of cell migration.11

Integrin–ECM protein interactions occur mainly through the
binding at Arg-Gly-Asp (RGD) motif. TGFBI (transforming
growth factor beta-induced) is a secreted 68 kDa protein com-
posed of an RGD motif in its C-terminal region. Secreted
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TGFBI, through integrin binding and interaction with ECM
proteins, can promote the acquisition of a more invasive pheno-
type in several contexts.12,13 In colorectal cancer, TGFBI over-
expression was found to be responsible of cell extravasation and
metastases dissemination.14 On the other hand, studies have
suggested opposite functions of TGFBI as a tumor suppressor.15

This dual role of TGFBI in cancer may reflect the versatile
behavior of its main modulator TGFβI.16 Using a proteomic
approach on resected PDAC tissues, we have previously identi-
fied TGFBI as a potential biomarker for targeted therapy.17 In
our study, TGFBI was expressed in PDAC lesions at a higher
level than in nonneoplastic pancreas counterparts while it was
barely detectable in healthy tissues. The role of TGFBI in PDAC
is yet to be explored. In the present study, we demonstrate for the
first time a pro-tumorigenic function for TGFBI produced by
PDAC cancer cells. Through the binding to integrin αvβ5, TGFBI
initiates focal adhesion kinase (FAK)-dependent signaling cascade
that culminates into the upregulation of the transcription factor
HIF-1α. Suppression of TGFBI expression impaired migratory
and invasive abilities of PDAC cells. These effects were associated
with a decrease of their glycolytic ability. In PDAC, impairment of
this metabolic pathway is considered as a therapeutic approach
with significant potential.18 To our knowledge, this is the first time
that TGFBI is described as a potential orchestrator of PDAC
metabolism. In addition, TGFBI subcellular localization renders the
protein easily accessible to specific monoclonal antibody targeting,
opening opportunities for development of new treatments.

Material and Methods
Patient material
The use of human material for our study has been approved by
the ethical committee of the University Hospital of Liege
(#2016/270). Formalin-fixed paraffin-embedded PDAC samples
were obtained from the institutional Biobank of the University
Hospital of Liege, Belgium. According to Belgian law, informed
consent was obtained using the opting-out procedure. Clinical
characteristics of individual patients involved in the current
study are outlined in Supporting Information Table S1.

Cell culture and reagents
All cells were recently purchased or authenticated by STR profil-
ing performed by DSMZ institute (Braunschweig, Germany).
Human PDAC cells HPAF-II (CRL-1997) were purchased from
ATCC. BxPC-3 (CRL-1687) cells were a generous gift from Prof.
Bikfalvi (Inserm U1029, Bordeaux, France). PANC-1 cells (CRL-

1469) were a kind gift from Prof. Muller and Burtea (NMR Labo-
ratory, University of Mons, Belgium). MiaPaCa-2 cells (ATCC
CRL-1420) were a generous gift from Prof. De Wever
(Laboratory of Experimental Cancer Research, University of
Gent, Belgium). BxPC-3 cells were cultured in RPMI1640
medium supplemented with glucose (2.5 g/l), sodium pyruvate
(1 mM) and Fetal Bovine Serum (FBS, 10%). PANC-1 cells were
maintained in DMEM supplemented with FBS (10%),
L-glutamine (2 mM) and nonessential amino acids. HPAF-II cells
were cultured in MEM supplemented with FBS (10%),
L-glutamine (2 mM), sodium pyruvate (1 mM) and nonessential
amino acids. Miapaca-2 cells were cultured in DMEM sup-
plemented with FBS (10%), L-glutamine (4 mM) and sodium
pyruvate (1 mM). Cells were cultured in a 37!C incubator sup-
plied with 5% CO2. To assess the effect of exogenous TGFBI on
AKT activation, 24 hr after seeding, PANC-1 cells (3.5 × 105)
were starved in serum-free medium for 16 hr and then treated
using 15 μg of recombinant human TGFBI protein (rhTGFBI,
Targetome, Liège, Belgium). Cells were monthly checked for
mycoplasma contamination and used between passage 1 and
10. All reagents were purchased from Sigma-Aldrich (Bornem,
Belgium) unless mentioned otherwise. Antibodies were pur-
chased from Targetome (Liège, Belgium): TGFBI (clone BY-4);
Santa Cruz Laboratories (Santa Cruz, CA): HSC70 (sc-7298);
BD Transduction Laboratories (Franklin Lakes, NJ): E-cadherin
(#610181), integrin αv (CD51; #67141), FAK (#610088), HIF-1α
(#610958); Sigma Life Sciences (Bornem, Belgium): vimentin
(V6389); Cell Signaling (Danvers, MA): MEK2 (#9125), AKT
(#9272), phospho-AKT (#4060), AMPK (#2795), phospho-
AMPK (#2535), GLUT1 (#12939); Dako (Glostrup, Denmark):
KI67 (M7240); and Merck-Millipore (Darmstadt, Germany):
integrin αVβ5 (clone P1F6, MAB1961), integrin αvβ3 (MAB1976),
phospho-FAK (MAB1144).

Immunohistochemistry
Tissue samples were sliced from paraffin blocks of PDAC (4 μm
sections). Blocking of unspecific peroxidase activity was con-
ducted for 30 min in H2O2 (3%) and methanol (90%). Sections
were first subjected to antigen retrieval in citrate buffer (10 mM,
pH 6, 95!C, 45 min) and then blocked in antibody diluent
(Ventana Medical Systems, AZ). Tissues were immunostained
using TGFBI antibody (dilution 1:500), overnight at 4!C. Sections
were then washed in PBS and incubated for 30 min with second-
ary antibody solution (Nichirei Biosciences, Tokyo, Japan). The
signal was revealed using 3,30-diaminobenzidine tetrachlorhydrate

What’s new?
While pancreatic ductal adenocarcinoma (PDAC) continues to have exceedingly low 5-year survival rates, there is hope that the
discovery of reliable biomarkers and therapeutic targets can improve early diagnosis and treatment outcomes. To that end, the
authors of this study identify the extracellular matrix protein transforming growth factor beta-induced (TGFBI) as a promising
PDAC target. In PDAC patients, high TGFBI expression was associated with poor outcome. In PDAC cells, tumor aggressiveness
was associated with greater TGFBI synthesis and secretion. Mechanistic analyses show that TGFBI activates FAK signaling via
integrin αVβ5 binding, enhancing glycolysis and invasiveness in PDAC cells.
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in H2O2 (5%). The tissues were counterstained with hematoxylin.
Independent pathologist (EB) assessed immunohistochemis-
try (IHC) scoring. IHC were evaluated for the intensity of the
staining using the following scale: 0 = no staining, 1 = weak,
2 = moderate and 3 = strong. The tissues were further evalu-
ated for the extent of positivity using the scale: 1 = 0–33%,
2 = 33–66%, 3 = 66–100%. The values obtained by each of
the two scales were multiplied to yield a composite value
called IHC score.

Small interfering RNA transfection
Cells were transfected using small interfering RNA (siRNA,
40 nM) against TGFBI (On-Target Plus Human siTGFBI,
L-019370-00-0005; Dharmacon) or irrelevant siRNA (On-
Target Plus Non-targeting Pool, D-001810-10-05) using cal-
cium phosphate as described previously.19 Experiments were
conducted 48 hr after transfection.

Short hairpin RNA transfection
Lentiviral vectors were generated as previously described,20

and used to modify PANC-1 cells using irrelevant or TGFBI
[CCGGCCACATCTTGAAGTCAGCTATCTCGAGTAGCTG
ACTTAAGATGTGGTTTTTG] short hairpin RNA.

Lentiviral vectors generation and transduction
pLenti6-IRES-Luciferase plasmid was generated by cloning
IRES (Internal Ribosome Entry Site) and Firefly luciferase
sequences into a lentiviral plasmid using pLenti6/V5 Direc-
tional TOPO Cloning Kit (Invitrogen, Carlsbad, CA) in order
to allow the expression of luciferase gene under the CMV pro-
moter. The 2,052 bp of the Homo sapiens TGFBI cDNA
(NM_000358.2) were synthetized (Genscript) and then cloned
into pLenti6-IRES-Luciferase (EcoRV-NheI) to obtain the
pLenti6-TGFBI-IRES-Luciferase plasmid for dual TGFBI and
luciferase expression. Briefly, Lenti-X 293T cells (Clontech,
Mountain View, CA) were co-transfected with a pSPAX2 and
a VSV-G encoding vector. Viral supernatants were collected
48, 72 and 96 hr post transfection, filtrated (0.2 μm) and
concentrated by ultracentrifugation. The lentiviral vectors were
titrated with qPCR Lentivirus Titration Kit (ABM, LV900,
Richmond, BC) and used to transduce MiaPaCa-2 cell line.

Migration assays
PANC-1 (2 × 105) and HPAF-II (2.5 × 105) cells were
suspended in serum-free DMEM medium supplemented with
BSA (0.1%) and penicillin/streptomycin (1%). Cells were
seeded into the upper part of a Transwell filter (diameter
6.5 mm, pore size 8 μm). The lower compartment was filled
with DMEM (PANC-1) and EMEM (HPAF-II) containing
BSA (1%), penicillin/streptomycin (1%). Inserts were placed
into a 37!C incubator supplied with CO2 (5%). Twenty-four
hours later, migrating cells were fixed and stained with Diff-
Quick kit (Medion Diagnostics, Düdingen, Switzerland).

Invasion assays
PANC-1 cells (1.5 × 105) were prepared as above and seeded into
the upper part of a Transwell filter (diameter 6.5 mm, pore size
8 μm) precoated with Matrigel (BD Biosciences). The lower com-
partment was filled as described above. Twenty-four hours later,
invading cells were fixed and stained with Diff-Quick kit.

Migration and invasion quantification
Three representative pictures per each insert were taken and
cells were counted using ImageJ.21 Data were expressed as rela-
tive migration/invasion ability compared to control cells. Three
biological replicates with two wells per condition were analyzed.

Cell proliferation
Assessment of cell proliferation was performed as previously
described.22 Briefly, 3 × 104 PANC-1 cells were seeded in
complete medium 48 hr after transfection. DNA content was
determined using Hoechst incorporation that is an indirect
measure of cell number. Results shown are representative of
three biological replicates.

Western blot
Total proteins were extracted in sodium dodecyl sulfate (SDS)
(SDS, 1%) supplemented with protease and phosphatase inhib-
itors. Protein quantification was assessed using BCA Protein
Assay (Thermo Scientific, Merelbeke, Belgium) according to
the supplied protocol. Proteins (20 μg) were supplemented
with Laemmli buffer and resolved on polyacrylamide (10%)
denaturing gel then transferred onto nitrocellulose membranes
and incubated overnight with primary antibody. Membranes
were washed three times in TBS-tween then probed with
corresponding secondary antibody conjugated to horseradish
peroxidase for 1 hr at room temperature (RT). The immuno-
blots were revealed using chemiluminescent substrate (ECL,
Thermo Scientific, Rockford, IL). Representative Western blots
of three independent biological replicates are shown.

Adhesion assay
A low adherent 96 well-plate was coated with 20 μg/ml of puri-
fied human fibronectin (Calbiochem), laminin (Invitrogen),
vitronectin (Chemicon) and a mix of the three compounds,
overnight at 4!C. The remaining protein binding sites were
blocked with TRIS-BSA (1%) for 30 min at RT. Meanwhile
transiently transfected PANC-1 cells were trypsinized and
resuspended in DMEM without serum supplemented with Insu-
lin Transferrin Selenium (dilution: 1:100, Gibco) and BSA
(0.1%). Cells (4 × 104) were seeded and let attaching for 1 hr.
After a PBS wash, adherent cells were stained with crystal violet
and quantified at 560 nm. Results represent the mean " stan-
dard deviation of three biological experiments.

Dot blot assay
For the evaluation of ECM and TGFBI interactions, purified
human recombinant fibronectin, laminin, vitronectin and a mix
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Figure 1. Legend on next page.
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of three proteins were spotted onto a nitrocellulose membrane
and dried under vacuum. ECM components were spotted at a
concentration range varying from 0 to 40 μg/ml. The membrane
was then blocked using TBS-Tween-BSA (5%) solution for
45 min and incubated overnight with rhTGFBI (5 μg/ml). After
being washed three times in TBS-Tween solution, the mem-
brane was incubated with TGFBI monoclonal antibody (dilu-
tion: 1:1000) for 2 hr at RT. Following washes in TBS-tween
membrane was probed with anti-mouse secondary antibody
1 hr at RT. The binding of TGFBI to cell membrane proteins
was evaluated by spotting increasing concentration of PANC-1
membrane-enriched proteins onto nitrocellulose membrane.
After blocking as previously described, membrane was incu-
bated with rhTGFBI (3 μg/ml) overnight at 4!C. Membrane was
then probed with anti-TGFBI antibody. TGFBI and integrin
interactions were evaluated by spotting on nitrocellulose mem-
brane rhTGFBI in a concentration range varying from 2.5 to
20 μg/ml. After blocking, the membrane was incubated with
PANC-1 membrane-enriched proteins (3 μg) overnight at 4!C.
Membrane was incubated with antibodies directed against
integrins αv, αvβ3, or αvβ5 for 2 hr at RT. After the incubation
with the corresponding secondary HRP-conjugated antibodies,
membranes were revealed using ECL.

Immunofluorescence
PANC-1, HPAF-II, BxPC-3 and MiaPaCa-2 cells (5 × 104) were
seeded on glass coverslips in 24-well plates. Forty-eight hours
after transient transfection cells were fixed/permeabilized with
ice-cold methanol/acetone. After blocking (2% PBS-BSA for
30 min), slides were incubated overnight at 4!C with anti-HIF-
1α, anti-TGFBI or anti-αvβ5 antibody diluted 1:50 in PBS-BSA
(2%). After washing in PBS, slides were incubated with
corresponding IgG-conjugated secondary antibodies (Life Tech-
nologies, dilution 1:1000) for 1 hr at RT. Nuclei were stained
using DAPI. Coverslips were mounted on glass slides and
observed using confocal microscope (Nikon A1R).

Extracellular flux analysis
Experiments were conducted in a Seahorse XFp extracellular flux
analyzer (Agilent, Santa Clara, CA). Glycolysis stress test was per-
formed on BxPC-3, MiaPaCa-2, PANC-1 and HPAF-II (1.5 × 104

cells/well) as previously described.22 The readout of the assay was
extracellular acidification rate (ECAR, mpH/min). All results were
normalized according the Hoechst incorporation. Representative
graphs of three independent experiments are shown.

Glucose uptake analysis
Experiments were conducted as described above (extracellular
flux analysis). During the assay one single injection of glucose
(25 mM) was performed and ECAR values were acquired for
80 min.

Nuclear magnetic resonance-based targeted metabolomics
of cell medium
Targeted metabolomic analyses were conducted 48 hr after trans-
fection. A volume of 300 μl of collected conditioned culture
media were supplemented with 350 μl of deuterated phosphate
buffer (pH 7.4), 50 μl of a 35 mM solution of maleic acid and
2 μl of TMSP. The solution was distributed into 5-mm tubes for
NMR measurement. 1H NMR spectra were acquired using a 1D
NOESY sequence with presaturation and 32 transients and
4 dummy scans. The NMR spectra were recorded at 298 K on a
spectrometer (Bruker) operating at 500.13 MHz for proton and
equipped with a TCI cryoprobe (Bruker). Deuterium oxide
(99.96%) and trimethylsilyl-3-propionic acid-d4 were purchased
from Eurisotop (St-Aubin, France). Deuterated solvent was used
as the internal lock. The data have been processed with Bruker
TOSPIN 3.2 (Bruker) software with standard parameter set. Phase
and baseline correction were performed manually over the entire
range of the spectra and the δ scale was calibrated to 0 ppm using
the internal standard trimethylsilyl-3-propionic acid-d4.

Lactate, glutamine and glucose concentrations were
obtained by integrations of the lactate signal at 1.34 ppm,
2.45 ppm and 3.25 ppm, respectively, using maleic acid as
internal standard (normalized to 2). The integral values were
then corrected according to the number of cells.

Chorioallantoic membrane model
Tumor development on chorioallantoic membrane (CAM)
was previously described.23 On Embryonic Day 11, 100 μl of a
suspension of 2 × 106 of BxPC-3 cells in culture medium
mixed with Matrigel were deposited in the center of a plastic
ring on the CAM. Tumors were collected on Embryonic Day
18. The tumors were fixed in paraformaldehyde (4%, 30 min)
for histology analysis.

Statistical analysis
Kaplan-Meier survival curves were established based on The
Cancer Genome Atlas (TCGA)-PAAD data imported using
RTCGA packages.24 Survival curves were compared using the
log-rank test. Multivariate Cox regressions were performed

Figure 1. High TGFBI expression is correlated to poor patient outcome. TGFBI gene expression level in pancreatic cancer (PAAD) patients were
retrieved from TCGA. Patient cohort (n = 183) was divided in tertiles for low, medium and high TGFBI expressing patients. Kaplan-Meier
curves for patient (a) overall survival and (b ) disease-specific survival are shown. Scatterplot were used for unveiling TGFBI expression
difference between (c) patient outcome, (d ) lymph-node infiltration status and (e) tumor histologic grade. Statistical analysis was performed
using Student T-test or Wilcoxon’s test according to group number. (f ) Formalin-fixed paraffin-embedded sections of resected PDAC (n = 80)
were immunostained with anti-TGFBI antibody. Quantitative evaluation of the staining was conducted as described under “Material and
Methods” section. Kaplan-Meier curve was constructed to assess disease specific survival according to TGFBI abundance. ( g ) Representative
pictures, taken at 400× magnification, of normal pancreas and PDAC immunostained for TGFBI.
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Figure 2. Legend on next page.
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considering TGFBI as a discontinuous grouping variable (divided
as tertiles) and followed by a log-rank test. All other results
were reported as means with standard deviation. Two-sided
statistical analyses were performed. Unless mentioned other-
wise, group means were compared by unpaired Student’s T-test
or Bonferroni’s pairwise comparison according to the group
number. Welsch’s correction was applied when homoscedastic-
ity was suspected. All experiments were performed as several
independent biological replicates. Statistics were performed
using R v3.4.25

Results
High TGFBI expression negatively correlates with overall
survival in PDAC patients
Tumor TGFBI gene expression levels were analyzed in 183
patients using the information available on TCGA dataset for
pancreatic cancer (PAAD_TCGA). We first performed a sur-
vival analysis in accordance with TGFBI gene expression.
Kaplan-Meier analysis indicated that high TGFBI gene expres-
sion was significantly associated with reduced patients overall
survival (log-rank p = 0.036, Fig. 1a) and with reduced patient
disease-specific survival (log-rank p = 0.025, Fig. 1b). The
median overall survival times were 913 days, 634 days and
486 days for low, medium and high TGFBI expressing patients,
respectively, while disease-specific survival times were 1,502 and
593 for medium and high TGFBI expression level, respectively.
In this case, low TGFBI expressing patients never displayed less
than 50% survivals. Patient cohort was further analyzed to
unveil correlation between TGFBI expression and PDAC out-
come. As shown in Figures 1c–1e, high TGFBI expression was
significantly associated with poor patient outcome, increased
lymph-node infiltration and higher tumor grades. In order to
determine if TGFBI was an independent prognostic marker, we
performed a multivariate Cox survival analysis with available clin-
ical covariates (Supporting Information Table S2). The number of
positive lymph nodes is the only significant factor (p = 0.011) in
the prediction of the overall survival. TGFBI highest tertile
showed a tendency (p = 0.069) in the prediction of the survival.
Due to the high significance of the presence of positive lymph
nodes to describe the survival, and in order to detect others valu-
able independent parameters, we decide to exclude the number of

positive lymph nodes variable from the data before the analysis.
In this condition, TGFBI highest tertile became the only signifi-
cant factor (p = 0.034) with a hazard ratio of 2. These results indi-
cate TGFBI as an independent predictor of survival.

Intrigued by these results, we next sought to verify whether
the same tendency could be observed at protein level. Therefore,
we have performed TGFBI immunostaining on resected PDAC
from a cohort of 80 patients. Accordingly, disease-specific
Kaplan-Meier analysis confirmed a worst outcome for patients
having higher level of TGFBI (log-rank p = 0.022, Fig. 1f) with
median survival times of 559 days versus 1,182 days for high and
low TGFBI expressing patients, respectively. TGFBI is an ECM
protein mainly secreted by fibroblasts.26 Intriguingly, we observed
that, in several lesions, cancer cells were also TGFBI positive
(Fig. 1g, Supporting Information Fig. S1A) while normal pancreas
tissues remained unstained. This observation led us to consult a
gene expression dataset acquired for PDAC cells and accessible
via cBioportal27 which highlighted a heterogeneous expression of
TGFBI within the searched PDAC cells (Supporting Information
Fig. S1B). Using Western blot analysis, we demonstrated that
PDAC cells expressed TGFBI in culture. TGFBI abundance was
high in HPAF-II, BxPC-3 and PANC-1 cells and low in
MiaPaCa-2 cells (Supporting Information Fig. S1C). Structurally
TGFBI contains a N-terminal secretory signal peptide.28 Thus, we
have further verified its secretion by the selected cell lines. In
accordance with previous results, we confirmed that aggressive
PDAC cells secreted TGFBI more abundantly (Supporting Infor-
mation Fig. S1D).

TGFBI depletion reduces migration and invasion of
pancreatic cancer cells through alteration of cell–ECM
interactions
To examine the potential role of TGFBI on PDAC cell pheno-
type, we silenced the expression of this protein using siRNA
technique in PANC-1 and HPAF-II cells. Twenty-four to 72 hr
after transfection, TGFBI levels were determined using Western
blot analysis (Fig. 2a) showing an efficient TGFBI silencing dur-
ing the experimental course. Cells were then assayed for their
proliferative, migratory and invasive capacity. While PANC-1
did not demonstrate any alteration in proliferation upon TGFBI

Figure 2. TGFBI depletion reduces migration and invasion of pancreatic cancer cells through alteration of cell-ECM interaction. (a) Western blot
analysis of PANC-1 and HPAF-II protein extracts 24–72 hr after TGFBI silencing. HSC70 is used as a loading control. (b) Assessment of cell
proliferation through quantification of DNA content. Results are presented as mean with standard deviation (n = 9). (c) Analysis of PANC-1 and
HPAF-II cell migration through Boyden chambers. A representative experiment out of three is shown. Scatterplot indicates the number of
migrating cells/field " standard deviation (n >6). (d ) Measurement of PANC-1 cell invasion through matrigel-coated Boyden chamber. A
representative experiment out of three is shown. The scatterplot indicates the number of invading of cells/field " standard deviation (n = 6).
Both cell migration and invasion experiments were performed 48 hr after siRNA transient transfection. (e) On the left, E-cadherin and Vimentin
mRNA expression fold change 48 hr after TGFBI silencing. Data are presented as a mean " standard error (n = 4). Statistical analysis was
performed by one-sample T-test. On the right, Western blot analysis of TGFBI, E-cadherin, vimentin proteins in PANC-1 cells 48 hr after TGFBI
silencing. HSC70 is used as a loading control. (f ) Adhesion assay of PANC-1 siRNA transfected cells to several ECM components. The absorbance
values (560 nm) of crystal violet are shown as scatterplot. Data represent the mean " standard deviation (n = 9). Statistical analysis was
performed using 2-way ANOVA followed by Bonferroni’s pairwise comparison. ( g ) rhTGFBI-ECM component interaction assay by adapted dot-blot
assay. ECM components were spotted on nitrocellulose membrane further incubated with rhTGFBI. BSA was used as a negative control. TGFBI
adhesion to ECM component was revealed by TGFBI antibody. [Color figure can be viewed at wileyonlinelibrary.com]
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silencing (Fig. 2b), we found a significant inhibition of cell
migration in both PANC-1 and HPAF-II cell lines (Fig. 2c).
Interestingly, TGFBI overexpression in the low expressing cell
line MiaPaCa-2 increased cell migration by 50% (Supporting

Information Fig. S2A). Furthermore, TGFBI-depleted PANC-1
cells exhibited significantly reduced invasive capabilities (Fig. 2d)
suggesting a role for this protein in the acquisition of a migratory
phenotype in PDAC. Migration and invasion are dynamic

Figure 3. TGFBI binds to cell membrane protein integrin αv subunit. (a) In the upper panel, dot-blot analysis detecting TGFBI interaction with
cytosolic and membrane-enriched PANC-1 proteins. BSA was used as a negative control. In the lower panel, Western blot analysis of αv
integrin subunit and MEK2 was used as quality control of membrane and cytosolic extractions, respectively. (b ) Heat-map analysis of integrin
gene expression in 44 pancreatic cancer cell lines. Red arrows point to PANC-1 and HPAF-II cell lines. Green arrows point to integrin β3, β5
and αv subunits. (c) Dot-blot analysis revealing the interactions between TGFBI and αvβ3-, αvβ5-integrin heterodimers or αv integrin subunit.
(d ) Confocal images of αvβ5 integrin and TGFBI in PANC-1 cells. Colocalization map showed significant colocalization between αvβ5 integrin
and TGFBI. Histogram showed the correlation between staining intensities in each channels.
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multistep processes where the initiating event is represented by
the acquisition of spindle-shape morphology and interaction
with ECM components. Cells in fact need to generate contacts
with ECM where they create a permissive environment that can

facilitate dissemination to distal sites.29 In this context, we
wanted to examine if the aforementioned effects on cell motility
followed the outlined multisteps program. Forty-eight hours
after transfection TGFBI-silenced PANC-1 cells evidenced a

Figure 4. TGFBI activates FAK signaling cascade culminating with increased HIF-1α abundance. (a) Western blot analysis of TGFBI, pFAK
(Y397), FAK, pAKT (S473), AKT and HIF-1α protein levels in PANC-1 and HPAF-II total cell extracts 48 hr after siRNA TGFBI transient
transfection. HSC70 is used as a loading control. (b ) Western blot analysis of FAK and AKT phosphorylation kinetic after rhTGFBI exposure.
HSC70 is used as a loading control. Kinetic of phospho to nonphospho FAK (orange) and AKT (green) ratio was shown as a curve. (c)
Immunofluorescence of HIF-1α in fixed and permeabilized PANC-1 and HPAF-II cells 48 hr after siRNA TGFBI transient transfection.
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more epithelial-like morphology in comparison with the
spindle-shaped control cells (Supporting Information Fig. S2B).
Moreover E-cadherin was upregulated at both gene and protein

levels in TGFBI-depleted cells (Fig. 2e). No significant changes
could be observed for vimentin gene expression or protein
abundance. A comparable transition was observed when a more

Figure 5. Legend on next page.
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epithelial cell line (HPAF-II) was silenced for TGFBI
(Supporting Information Fig. S2C). We further assessed the
interactions between TGFBI and components of ECM. In the
same experimental conditions, we verified the ability of PANC-
1 cells to adhere to ECM components (fibronectin, laminin,
vitronectin, or a mix of them). Our results demonstrated that
lack of TGFBI significantly impaired the adhesive properties of
PANC-1 cells toward all the tested ECM proteins (Fig. 2f ). To
further investigate the possibility that TGFBI can directly bind
to ECM proteins, we have performed a custom dot-blot analysis
where ECM components were immobilized onto a nitrocellu-
lose membrane. Membrane was then incubated with rhTGFBI
and revealed using anti-TGFBI antibody. We observed a dose-
dependent interaction between TGFBI and ECM proteins
(Fig. 2g) suggesting that the former could acts as linker protein,
maybe to facilitate cell–matrix interactions.

TGFBI binds to integrin αvβ5, a cell membrane protein, and
activates FAK signaling pathway
Intrigued by the previous results, we moved into the exploration
of the molecular mechanism behind TGFBI actions in PDAC.
Therefore, we have first assessed whether TGFBI would directly
bind to cell-membrane proteins. Membrane-enriched PANC-1
proteins were spotted onto a nitrocellulose membrane that was
further incubated with rhTGFBI and revealed using anti-TGFBI
antibody. The dot-blot analysis clearly showed that TGFBI is
able to bind preferentially proteins localized at cell surface
(Fig. 3a). To identify the potential TGFBI binding partners, we
consulted the STRING web-based tool,30 which highlights
protein–protein interactions. We found that integrin family was
the preferential candidate to interact with TGFBI (Supporting
Information Fig. S2D). Hence, a heat-map, showing integrin
expression among PDAC cell lines, was constructed using gene
expression data from cBioportal (Fig. 3b). We decided to con-
centrate our investigations on integrin-αv because it is ubiqui-
tously expressed among the panel of all tested PDAC cells lines
and studies had previously reported interactions between TGFBI
and integrin αv subunit.31 Using dot-blot technique, we demon-
strated that TGFBI binds to integrin αv subunit and with more
affinity to its heterodimer form αvβ5 (Fig. 3c). To further
confirm the TGFBI-αvβ5 interaction, a colocalization analysis
was performed by confocal microscopy followed by Mander’s

correlation analysis (Fig. 3d). Results indicated that 83% of the
TGFBI staining coincides with the αvβ5 signal and that 89% of
the αvβ5 localization coincides with the TGFBI one. The major-
ity of this colocalization was at the vicinity of the plasma
membrane. Integrins regulate cellular functions, including cell
migration, through their coupling to cytoskeletal and signaling
molecules that are colocalized with them in focal adhesions.
FAK, a nonreceptor tyrosine kinase, is one of the most promi-
nent signaling molecules among these proteins,32 known to be
stimulated by TGFBI in ovarian cancer cells.33 Therefore, we
have tested whether TGFBI silencing impacted on FAK phos-
phorylation in PDAC cell lines. Western blot analysis demon-
strated that in both PANC-1 and HPAF-II cells, TGFBI
silencing impaired FAK phosphorylation at tyrosine Y397
(Fig. 4a). In addition, we have observed a decreased phosphory-
lation of the downstream AKT protein (Fig. 4a). In support of
these results, rhTGFBI treatment of PANC-1 cells demonstrated
its ability to stimulate rapidly the FAK–AKT pathway (Fig. 4b).
In order to show the importance of a TGFBI interaction with
ECM in the activation of this pathway, cells were incubated with
rhTGFBI with or without inhibiting RGD peptide (Supporting
Information Fig. S3A). The RGD peptide reduced or delayed the
activation of FAK and AKT, supporting the involvement of the
TGFBI interaction with the ECM. Interestingly, the basal level
of phosphorylated FAK in several PDAC cell lines correlated
positively with the TGFBI secretion (Supporting Information
Fig. S1C) and negatively with FAK inhibitor sensitivity revealed
by its IC50 (Supporting Information Fig. S1E).

TGFBI modulates HIF-1α abundance and intensifies
glycolysis
Recent reports pointed at FAK phosphorylation as an important
regulator of glucose uptake and consumption.34 In a previous
publication Gan et al., demonstrated that integrin–FAK signal-
ing pathway resulted into the stabilization of hypoxia-inducible
factor alpha (HIF-1α) that in turn favored increased glycolysis.35

In light of our previous results, where TGFBI silencing impaired
FAK phosphorylation and downstream AKT, we sought to
investigate if this could have an impact on HIF-1α. Western blot
analysis demonstrated a decrease of HIF-1α abundance in
PDAC cells subjected to TGFBI silencing (Fig. 4a). Anti-HIF-1α
immunofluorescence further confirmed our results in both

Figure 5. TGFBI enhances glycolysis in pancreatic cancer cell lines. Extracellular acidification rate (ECAR) in (a) PANC-1 and (b ) HPAF-II cells
depleted of TGFBI in response to successive injection of glucose (10 mM), oligomycin (1 μM) and 2-deoxyglucose (2DG, 50 mM). Results were
normalized according to cell number by Hoechst incorporation (arbitrary unit, A.U.). Results represent the mean " standard deviation (n = 3).
Two-way ANOVA followed by Bonferroni’s pairwise comparison was used for statistical evaluations (***p < 0.001). Basal and maximal
glycolytic capacities were determined in the same experimental setting for PANC-1 (c) and HPAF-II (d ). Statistic significance was determined
using Student T-test analysis. (e–f ) ECAR measurements indicating the kinetic of glucose consumption in (e) PANC-1 and (f ) HPAF-II cell lines
upon TGFBI silencing. Measurements were carried out for 80 min after single injection of glucose (25 mM). Results were normalized
according to cell number by Hoechst incorporation (arbitrary unit, A.U.). Results represent the mean " standard deviation (n = 3). Two-way
ANOVA followed by Bonferroni’s pairwise comparison was used for statistical evaluations (*p < 0.05, **p < 0.01, ***p < 0.001). ( g ) Western
blot analysis of pAMPK, AMPK and GLUT1 in PANC-1 and HPAF-II cells silenced for TGFBI. HSC70 is used as a loading control. (h ) NMR
metabolomic analysis of cell culture-conditioned media collected 48 hr after siRNA transfection in PANC-1 cell line. Data were normalized to
the cell number at the moment of media collection. Lactate, glucose and glutamine dosage are reported as relative % of control condition.
Results shown the mean " standard deviation (n >6). Statistical analysis was performed by one-sample T-test.
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PANC-1 and HPAF-II cell lines (Fig. 4c). As supporting infor-
mation, HIF-1α nuclear localization was more frequent in high
secreting TGFBI cell lines (BxPC-3 and HPAF-II) than in low
secreting cell lines (PANC-1 and MiaPaCa-2) (Supporting Infor-
mation Fig. S3B). Considering the role of HIF-1α as a central
regulator of glycolysis, we have hypothesized that PDAC cells
lacking TGFBI could be exposed to modifications of this meta-
bolic way. To test this hypothesis, we measured the ECAR in
PANC-1 and HPAF-II siRNA-transfected cells after successive
addition of glucose, oligomycin and 2-deoxyglucose. The results
demonstrated a significant impairment of ECAR in TGFBI-
depleted cells (Figs. 5a and 5b). Moreover, we observed that both
maximal and basal glycolytic ECAR were significantly reduced
in silenced cells than in control conditions (Figs. 5c and 5d).
Similarly, basal glycolytic ECAR and spare ECAR capacity of
BxPC-3, HPAF-II, PANC-1 and MiaPaCa-2 cell lines were
correlated to the level of secreted TGFBI (Supporting Informa-
tion Fig. S3C). Moreover, TGFBI overexpression in the low
expressing MiaPaCa-2 cell line increased significantly the
kinetic ECAR (Supporting Information Fig. S4A) leading to an
unchanged basal ECAR (Supporting Information Fig. 4b) but
to an enhanced maximal ECAR (Supporting Information
Fig. 4c) and spare capacity (Supporting Information Fig. S4D).
High glycolytic rates are sustained by increased nutrients con-
sumption. Cellular energy homeostasis is fine tuned by nutri-
ent sensors such as AMPK whose phosphorylation occurs in
response to energetic stress. Forty-eight hours after transfection,
we have noticed a higher exhaustion of cell culture medium mar-
ked by increased acidification levels in control condition (data
not shown). This situation favored activation of AMPK as dem-
onstrated through higher accumulation of pAMPK in control
than in TGFBI-depleted PANC-1 and HPAF-II cells (Fig. 5g).
We have further evaluated the kinetic of glucose uptake and its
consumption by ECAR measurements after a single injection of
glucose. As demonstrated in Figure 5e for PANC-1 and Figure 5f
for HPAF-II cells depleted of TGFBI consumed glucose at lower
rate than control cells. In line with this result, we assisted to a
downregulation of GLUT1, the main transporter of glucose,
in PDAC cell lines upon TGFBI silencing (Fig. 5g). We next
proceeded with a metabolomic analysis of cell culture media col-
lected 48 hr after TGFBI siRNA transient transfection. 1H-NMR
quantified spectra revealed a significant decrease of lactate secre-
tion alongside with glucose accumulation in cell media of
TGFBI-silenced PANC-1 by comparison with control cells. A
similar, but not significant, accumulation of glutamine was found
in culture media after TGFBI silencing (Fig. 5h).

TGFBI depletion impairs tumor growth
Our next question was to investigate if loss of TGFBI in PDAC
cells had an effect on tumor growth in vivo.Thus, we implanted
onto the CAM of chicken embryos BxPC-3 cells, a model that
mimics pancreas cancer development,23 and we evaluated tumor
growth in presence or absence of TGFBI. The efficiency of
TGFBI siRNA transfection was evaluated and was sustained

during a 6-day period (Fig. 6a). On Day 7 after cell implanta-
tion, tumors were excised from the CAM and volumes were cal-
culated. TGFBI depletion significantly reduced BxPC-3 tumor
growth as demonstrated in Figures 6b and 6c.Ki67-positive cells
number was moderately reduced by TGFBI suppression
(Figs. 6d and 6e).

Discussion
Cumulative pieces of evidence point at TGFBI as a promoter of
local tumor growth and metastatic progression. More specifi-
cally, TGFBI expression was linked to the acquisition of a more
aggressive phenotype in colon14 and pancreas cancer.36 In
prostate cancer models, TGFBI silencing reduced local tumor
growth and metastatic dissemination to distal organs extending
the survival of tumor-bearing mice.37 A similar behavior was
described also for gastrointestinal cancer38 and glioma.39 How-
ever, the role of TGFBI signaling in solid tumors appears versa-
tile since it can exhibit antitumor activities depending on disease
and stage.15 As we have demonstrated a significant link between
TGFBI abundance and patient low survival, our findings are
supportive of a tumor promoter role for TGFBI in PDAC. Such
correlation was suggested by TGFBI levels measured in patients
sera.38 In line with the prometastatic role envisioned for TGFBI
we showed, in vitro, that it enhanced migration and invasion of
PDAC cells. Although some studies have attempted to explore
the mechanism underlying TGFBI tumor-promoting role in
cancer, up-to-date little is known concerning PDAC (While we
were preparing the revised version of this manuscript, Goehrig
and colleagues reported a pro-tumorigenic function for TGFBI
in PDAC. http://dx.doi.org/10.1136/gutjnl-2018-317570). In the
present study, we found that TGFBI is able to directly interact
with ECM proteins conferring to PDAC cells increased adhesive
properties, essential for the earlier steps of migration. We next
demonstrated that TGFBI is able to bind to integrin proteins.
This role was described in keratinocytes with α3β1 integrin
where it allowed their spreading.12 The existence of a TGFBI–
ECM–integrin axis in PDAC represents a potential opportunity
for development of new therapeutic strategies.40 It is, indeed,
widely recognized that integrin-mediated tumor cell interactions
with the ECM have a crucial role in driving the malignant phe-
notype of solid tumors and in conferring intrinsic chemothera-
peutic resistance.41 This is particularly true for malignancy like
PDAC characterized by prominent hyperplasia of the stromal sur-
rounding tumor cells. It is worth noting that TGFBI is ubiqui-
tously expressed in both epithelial and stromal tumor
compartments where it may contribute to enforce the ECM depo-
sition. Therefore, TGFBI targeting could offer a double approach
to limit PDAC dissemination. The use of a TGFBI knock-out
mice model would allow to ultimately prove this hypothesis.

PDAC are highly dependent on KRAS mutations, occurring
in most of the patients, for several steps of cancer progression
including initiation, metabolic adaptation, maintenance and
dissemination.42–44 In PDAC, the expression of this oncogene is
associated with a reduced efficacy of therapeutic agents45,46 and
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to a metabolic shift toward anabolic metabolism.47 The latter
further contributes to acquired chemoresistance.48 As such,
alteration of this metabolic way is taken into account for

therapeutic purposes. To our knowledge, our data represent the
first evidence of a central role for TGFBI as an orchestrator of
the PDAC glycolysis through modulation of FAK–AKT–HIF-1α

Figure 6. TGFBI depletion impairs tumor growth in CAM model. (a) TGFBI Western blot analysis to assess the efficiency of the transfection for
full duration of experimental setting. HSC70 is used as a loading control. (b ) Representative pictures of excised tumor 7 days post
implantation. Tumor boundaries are shown in white. (c) Tumor volumes were measured using caliper and average volumes are reported as
mean " standard deviation (n = 6 for irrelevant siRNA and n = 8 for TGFBI smartpool). (d ) Quantification of Ki67 positive cells in CAM tumors.
(e) Hematoxylin-Eosin (H&E), TGFBI and Ki67 immunostaining of representative CAM formalin-fixed paraffin-embedded tissues. [Color figure
can be viewed at wileyonlinelibrary.com]
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axis. FAK-mediated glycolysis regulation has been previously
observed in PDAC.34 In our cell models, TGFBI depletion
impaired FAK phosphorylation and downstream AKT leading
to a decreased abundance of HIF-1α protein. Rapid intake of
glucose and augmented levels of GLUT1 were observed in
TGFBI-expressing PDAC cells. A recent study exploring the
metabolic differences between primary PDAC and matched
metastasis demonstrated in the latter a robust overexpression of
several glycolytic genes, mainly GLUT1.49 Interestingly, hexoki-
nase-2 was shown as necessary for invasion in PDAC cell lines,50

underlying the importance of impairing glycolysis in PDAC pro-
gression. Because, TGFBI was initially identified as an accessible
tumor-associated protein,17 our present work pointed out this
ECM tumor-associated protein, barely or not expressed in nor-
mal tissue, as a potential target for PDAC therapy.
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