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Abstract
Purpose Pancreatic ductal adenocarcinoma (PDAC) is the most common and lethal subtype of pancreatic cancer, with a 5-year
survival rate of < 3%. Early tumor dissemination, late diagnosis and insensitivity to conventional treatment are the major reasons
for its high mortality rate. Members of the vascular endothelial growth factor (VEGF) family are overexpressed in PDAC and
play important roles in its malignant progression, suggesting that VEGF-targeted therapies may interrupt the proliferation and
motility of PDAC cells. Here, we evaluated the anti-tumor activity of cediranib, a pan-VEGF receptor inhibitor, on PDAC cells.
Methods Anti-proliferative effects of cediranib were determined using cell proliferation and crystal violet staining assays.
Annexin V/PI staining, radiation therapy, and cell migration and invasion assays were carried out to examine the effects of
cediranib on apoptosis, radio-sensitivity and cell motility, respectively. Quantitative reverse transcription-PCR (qRT-PCR) and
Western blot analyses were applied to elucidate the molecular mechanisms underlying the anti-tumor activity of cediranib.
Results We found that cediranib decreased PDAC cell proliferation and clonogenic survival and induced apoptotic cell death
through inhibition of the anti-apoptotic proteins cIAP1, XIAP, MCL-1 and survivin. Combination with cediranib synergistically
increased the sensitivity of PDAC cells to chemotherapeutic agents such as gemcitabine and paclitaxel, and potentiated the effects
of radiation therapy on PDAC cell growth inhibition and apoptosis induction. Furthermore, we found that treatment with
cediranib impaired PDAC cell migration and invasion via expression reduction of the epithelial-to-mesenchymal transition
(EMT) markers ZEB1, N-cadherin and Snail.
Conclusions Our data indicate that cediranib may exhibit anti-tumor activity in PDAC cells and provide a rationale for further
investigation of the potential of VEGF receptor-targeted therapies for the treatment of PDAC.
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1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common
and lethal subtype of pancreatic cancer. PDAC is the fourth
leading cause of cancer-related death in the United States and
has been predicted to be the second cause of cancer-related
death in the next decade [1, 2]. Despite a decreasing trend in
the mortality rate for most common malignancies during recent
years, the mortality rate of PDAC has been slightly increasing.
Its current 5-year survival rate is < 3%, the lowest among all
human neoplasms [3, 4]. Late diagnosis, early invasion, low
immunogenicity and therapy resistance primarily account for
the poor prognosis of this disease [5, 6].

Despite considerable improvements in therapeutic strate-
gies that have been made, the mortality rate of PDAC still
closely resembles its incidence rate [4]. As yet, surgical
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resection is the only potential curative intervention followed
by adjuvant chemotherapy, but only 15-20% of the patients
may opt for surgery due to asymptomatic early stages of the
disease. Even then, most patients experience disease relapse.
On the other hand, resistance to the chemotherapeutic agents
gemcitabine and paclitaxel, or the first-line FOLFIRINOX
regimen (5-fluorouracil, leucovorin, irinotecan, oxaliplatin),
is increasingly observed in patients with metastatic disease
[7, 8]. Erlotinib, an EGFR small molecule inhibitor, is the only
approved targeted therapy for PDAC, but its clinical benefit is
marginal [9]. Therefore, there is a critical need for the devel-
opment of novel and more efficacious therapeutic modalities
to combat this devastating malignancy.

Angiogenesis, the growth of new blood vessels from pre-
existing vasculature, is an essential step in tumor growth, met-
astatic dissemination and therapy resistance [10]. The vascular
endothelial growth factor (VEGF) family plays a key role in
angiogenesis [11]. This family comprises seven members, i.e.,
VEGFA, VEGFB, VEGFC, VEGFD, VEGFE, VEGFF and
placenta growth factor (PlGF). The corresponding tyrosine
kinase receptors include VEGF receptor type 1 (VEGFR1),
VEGFR2 and VEGFR3 [12]. Tumor-secreted VEGF ligands
bind to VEGF receptors on endothelial, stromal and tumor
cells, indicating that contribution of the VEGF family to hu-
man malignancies exceeds angiogenesis [13, 14]. In line with
this notion, autocrine activation of VEGF receptors has been
found to promote essential aspects of oncogenesis, including
malignant progression, metastatic dissemination and therapy
resistance [15, 16].

Evidence suggests that the VEGF family may contribute to
malignant PDAC progression. VEGFR1 and 2 have been
found to be overexpressed in PDAC and to promote tumor
progression [17, 18]. VEGFR1 has also been found to induce
epithelial-mesenchymal transition (EMT) [19], a process that
enables a polarized epithelial cell to assume a mesenchymal
and invasive phenotype [20]. VEGFR2 has been found to
enhance local invasion of PDAC cells [18, 21], and it has been
reported that the 5-year survival of patients with VEGFR2-
positive tumors was 0% compared to 21% for patients with
VEGFR2-negative tumors [22]. Furthermore, PDAC tissues
have been found to show overexpression of VEGFR3 com-
pared to normal human pancreatic tissues, and to drive
lymphangiogenesis [23, 24]. In addition, VEGFA expression
has been found to serve as an important predictor for liver
metastasis in PDAC patients [25]. Taken together, these ob-
servations emphasize important roles of VEGF receptors in
malignant PDAC progression and suggest that their therapeu-
tic targeting may affect PDAC tumor cell growth, survival and
motility.

Since PDAC is a hypo-vascular malignancy, it may be
assumed that it is not likely to benefit from anti-angiogenic
agents. This concept has, however, been disproven and both
poorly and highly vascularized neoplasms have been found to

respond to anti-angiogenic therapies [8]. Here, we examined
the activity of cediranib, a pan-VEGFR small molecule inhib-
itor, on PDAC cells. We found that cediranib exhibited a
stronger anti-proliferative activity than other VEGFR-
targeted inhibitors, diminished PDAC cell survival and
inhibited PDAC cell migration and invasion. Moreover, we
found that treatment with cediranib increased PDAC radio-
sensitivity and enhanced the anti-proliferative efficacies of
gemcitabine and paclitaxel.

2 Materials and methods

2.1 Antibodies and chemicals

Antibodies were purchased as follows: anti-HER3-
neutralizing monoclonal antibody (clone H3.105.5)
(Millipore); anti-Snail (clone C15D3), anti-XIAP (clone
3B6) and anti-cIAP1 (clone D5G9) (Cell Signaling
Technology); anti-MCL1 (clone Y37) (Abcam); anti-
Survivin (clone FL-142), anti-ZEB1 (clone H-3), anti-N-
cadherin (clone 13A9) and anti-β-actin (Santa Cruz
Biotechnology).

Bay 11-7082 (a NF-κB inhibitor), I-BET151 (a pan-
inhibitor of bromodomain and extra-terminal domain (BET)
proteins; epigenetic readers that regulate gene expression and
are involved in cancer pathogenesis [26]), YM155 (a survivin
inhibitor), navitoclax (an inhibitor of Bcl-xL, Bcl-2 and Bcl-
w), AZD5582 (an inhibitor of XIAP, cIAP1 and cIAP2),
abemaciclib (a CDK4/6 inhibitor), BI2536 (a polo-like kinase
1 inhibitor), buparlisib (a pan-PI3K inhibitor), LDC1267 (a
TAM kinase inhibitor), dacomitinib (a pan-inhibitor of ERBB
receptors), lapatinib (a dual EGFR/HER2 inhibitor) and the
VEGFR small molecule inhibitors cediranib, nindetanib,
pazopanib, regorafenib, sorafenib, tivozanib and vandetanib,
were purchased from Adooq Bioscience (Irvine, CA, USA).
All agents were dissolved in DMSO. The final concentration
of DMSO did not exceed 0.1% [v/v] in all treatments.

Cetuximab (anti-EGFR mAb), bevacizumab (anti-VEGFA
mAb), cisplatin (a DNA-damaging agent), 5-FU (a
thymidylate synthase inhibitor), paclitaxel and docetaxel
(taxane inhibitors of microtubule disassembly), irinotecan (a
topoisomerase inhibitor) and gemcitabine (a nucleoside ana-
logue that inhibits DNA synthesis) were purchased from the
pharmacy of Shariati Hospital (Tehran, Iran). The drugs used
are listed in supplementary Table 1.

2.2 Cell culture

The human PDAC cell lines AsPC-1, PANC-1, PaTu 8902
and MIA PaCa-2 were purchased from the National Cell
Bank of Iran (Tehran, Iran) and were maintained at 37 °C
and 5%CO2 in a humidified incubator and cultured according
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to NCBI recommendations. Cell line authentication was per-
formed by STR profiling and by using the Cell IDTM system
(Promega). The cells were regularly tested for mycoplasma
contamination.

2.3 Cell viability and proliferation assays

Cell viability and proliferation were determined using MTT
and bromodeoxyuridine (BrdU) incorporation assays, respec-
tively. The PDAC cells were seeded in 96-well plates and
treated with the indicated concentrations of the drugs for 48
h. The proportion of viable cells was determined by MTT
assay using standard procedures. For the BrdU assay, the cells
were incubated with 10 μl BrdU (Roche Molecular
Biochemicals) at 37°C for 2 h. Next, the cells were fixed
and DNAwas denatured using 200 μl FixDenat solution pro-
vided with the kit. Following incubation with a peroxidase-
conjugated anti-BrdU antibody at room temperature for 1 h,
the cells were exposed to 100 μl of the substrate tetramethyl-
benzidine (TMB) for 30 min at room temperature. To stop the
peroxidase reaction, 25 μl 1 M H2SO4 was added and the
samples were read at 450 nm in an ELISA reader.

2.4 Crystal violet staining

The cells were seeded in 6-well plates and treated with drugs
for 48 h. Next, they were fixed with ice-cold methanol and
stained with crystal violet (0.5% w/v). Images were acquired
using an inverted microscope.

2.5 Median-effect analysis of drug combinations

To determine the efficacy of combinational approaches, cells
were treated with cediranib and different concentrations of the
chemotherapeutics or targeted inhibitors for 48 h. Survival
was determined by MTT assay (see above) and
SynergyFinder was applied to analyze drug combinations.
The Bliss independence model is widely used to analyze drug
combinations. Through this model the observed combination
response is compared with the predicted combination re-
sponse, based on the assumption that there are no drug-drug
interaction effects and that each contributes to a common re-
sult. Dose-response landscapes were generated and average
synergy scores (delta scores) were calculated. Visualization
of the synergy scores is depicted as a two-dimensional syner-
gy map over the dose matrix. An average synergy score of 0 is
considered additive, < 0 as antagonistic and > 0 as synergistic
[27, 28].

2.6 Clonogenic assay

Cells were seeded in 6-well plates at a density of 1000 cells/
well. After 24 h, the cultures were treated with cediranib for 48

h, after which the media were replaced with drug-free media
in which the cells were maintained for another 10 d. The
resulting colonies were stained with 0.5% crystal violet and
counted using an inverted microscope. Plating efficiency (PE)
and survival fraction (SF) were calculated using the following
formula: PE = number of colonies/cells plated for untreated
controls; SF = number of colonies/number of cells seeded ×
PE [29].

2.7 Radiation assay

Cells were seeded in 6-well plates and γ-irradiated at 2 Gy
using a cobalt (Co 60) source. Next, the cultures were treated
with cediranib for 48 h. Survival fraction and apoptosis were
measured using MTT, crystal violet staining and annexin V
assays.

2.8 Apoptosis assay

Induction of apoptosis was measured using an eBioscience™
Annexin V apoptosis detection Kit (ThermoFisher Scientific)
according to the manufacturer’s instructions. Apoptotic cell
death was evaluated using a Partec PAS III flow cytometer
(Partec GmbH) and Windows™ FloMax® software (Partec).

2.9 Quantitative reverse transcription-PCR

Quantitative reverse transcription-PCR (qRT-PCR) analyses
were performed using a Light Cycler 96 instrument (Roche
Molecular diagnostics). The primer sequences used are listed
in supplementary Table 2. Target gene expression levels were
normalized to β2-microglobulin (B2M) levels in the same
reaction. For calculations the 2–ΔΔCT formula was used, with
ΔΔCT = (CT Target – CT B2M) experimental sample – (CT Target

– CT B2M) control samples, where CT is the cycle threshold.

2.10 Western blot analysis

Cells were lysed for 30 min in RIPA buffer (50 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.5% sodium
deoxycholate and 0.1% SDS), after which equal amounts of
protein were separated by SDS-PAGE, transferred to PVDF
membranes and probed with primary and horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (Sigma). β-
actin was used as loading control and proteins were detected
using a BM chemiluminescence detection kit (Roche
Molecular Biochemicals).

2.11 Cell migration and invasion assays

Transwell cell migration and invasion assays were performed
as described before [30].
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2.12 Statistical analysis

All data were evaluated in triplicate against vehicle-treated
control cells and collected from three independent experi-
ments. Data were graphed and analyzed using GraphPad
Prism Software 8.0.1 using one-way ANOVA and the un-
paired two-tailed Student’s t test. All data are presented as
mean ± standard deviation (SD).

3 Results

3.1 Drug sensitivity of PDAC cell lines

The sensitivity of PDAC cell lines to various chemotherapeu-
tics and lapatinib was determined using a MTT assay. We
found that the AsPC-1, PANC-1 and PaTu 8902 cell lines
were more resistant to cisplatin, gemcitabine and 5-FU, com-
pared to the MIA PaCa-2 cell line (Table 1; Supplementary
Fig. 1).

3.2 Expression of VEGF family members in PDAC cells

To examine any potential association between resistance to cer-
tain chemotherapeutics and the expression of VEGF family
members, a qRT-PCR analysis was carried out. By doing so,
we found that apart from VEGFB and VEGFC, the expression
of the other family members was higher in AsPC-1, PANC-1
and PaTu 8902 cells compared to that inMIA PaCa-2 cells (Fig.
1a). Moreover, we found that a higher expression of VEGFD
was associated with gemcitabine resistance using Pearson’s cor-
relation test (Fig. 1b). The correlation coefficient (r) between
VEGFD expression and gemcitabine concentration was
0.9987 (non-zero slope p = 0.0013).

Although gemcitabine remains a cornerstone of PDAC treat-
ment in all stages of the disease,most patients develop resistance
within weeks of treatment initiation, which results in a poor
survival. Aberrations in a variety of cellular signaling pathways
are known to promote gemcitabine resistance. In order to im-
prove the therapeutic response to gemcitabine it is, therefore,
essential to delineate the underlying resistance mechanisms

[31]. To confirm that the VEGF family drives gemcitabine re-
sistance, we assessed the effects of cediranib on the proliferative
response of gemcitabine-resistant PANC-1 cells to this chemo-
therapeutic agent. We found that combination with cediranib
synergistically increased gemcitabine sensitivity (Fig. 1c-e).

Albumin-bound paclitaxel plus gemcitabine is a standard
treatment option for metastatic PDAC [32]. Moreover, it has
been reported that paclitaxel-induced VEGFA is an important
mechanism of chemoresistance induction [33]. Here, we
found a positive difference between PLGF expression and
higher paclitaxel concentrations and, consistent with this, that
cediranib synergistically enhanced the anti-proliferative ef-
fects of paclitaxel in PANC-1 cells (Fig. 1f-h). We also ob-
served significant correlations between higher VEGFR2 and
VEFGA expression levels and higher concentrations of 5-FU
and docetaxel, respectively (Supplementary Fig. 2).

3.3 Cediranib inhibits PDAC cell viability
and proliferation

To compare the anti-proliferative effects of VEGFR small
molecule inhibitors, including cediranib, nindetanib,
pazopanib, regorafenib, sorafenib, tivozanib and vandetanib,
on PDAC cells a MTT assay was performed. We found that
cediranib exhibited a stronger anti-proliferative activity than
the other anti-angiogenics (Fig. 2a and supplementary
Table 3). The inhibitory effect of cediranib on cell viability
and proliferation was also assessed using crystal violet stain-
ing and BrdU incorporation assays (Fig. 2b, c). Clonogenic
survival represents the renewal potential and long-term re-
sponse of tumor cells to anti-cancer agents [34]. We found
that cediranib reduced the clonogenic growth of PDAC cells
(Fig. 2d). Taken together, these data indicate that cediranib can
significantly decrease the viability, proliferation and clonal
growth of the PDAC cells.

Compared to the other cell lines in the present study,
PANC-1 cells showed an intermediate resistance to cediranib
(Fig. 2c). In an attempt to reveal the underlying mechanisms
and enhance the sensitivity to cediranib, we assessed the
growth capacity of these cells after treatment with cediranib
and different inhibitors, including H3.105.5, Bay 11-7082, I-

Table 1 Sensitivity of PDAC
cells to chemotherapeutics and
lapatinib. Data represent averaged
IC50 values collected from three
independent experiments, each
performed in triplicate

Sensitivity (IC50)
a

Cell Lines Cisplatin

(μg/ml)

Gemcitabine

(ng/ml)

5-FU

(μg/ml)

Docetaxel
(μg/ml)

Irinotecan

(μg/ml)

Lapatinib

(μM)

Paclitaxel

(ng/ml)

AsPC-1 16.02 14854 33.17 7762 32.08 12.070 114
MIA

PaCa-2
2.41 2.41 1.49 5527 21.77 5.831 35.4

PANC-1 14.87 38032 33.11 4739 30.99 8.981 49.93
PaTu 8902 42.21 3170 5.68 30653 32.22 11.890 74.58

a Sensitivity is expressed as IC50 for each cell line, which is the drug concentration that caused a 50% reduction in
proliferation compared to vehicle-treated cells
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BET151, YM155, navitoclax, AZD5582, abemaciclib,
BI2536, buparlisib, LDC1267, dacomitinib, lapatinib,
cetuximab and bevacizumab. We found that BI2536 and
buparlisib exhibited synergistic activities with cediranib on
the inhibition of PANC-1 cell growth (Fig. 2e-h), suggesting
that polo-like kinase 1 (PLK1) and PI3K/AKT blockade may
enhance cediranib sensitivity in PDAC cells. Consistent with
this, it has been reported that the PI3K/AKT pathway is
deregulated in nearly 60% of PDAC patients and plays major
roles in cell proliferation and survival [35]. PLK1, a serine/

threonine protein kinase, is essential for cell division and its
elevated expression has been reported to correlate with tumor
aggressiveness and a poor prognosis [36].

3.4 Cediranib induces PDAC cell apoptosis

We next measured the effects of cediranib on apoptosis induc-
tion. We found that cediranib induced apoptosis in all PDAC
cells tested (Fig. 3a, b). To unravel the mechanisms underlying
cediranib-induced apoptosis, we assessed the effect of the drug

Fig. 1 Expression of VEGF family members in PDAC cells. (a) mRNA
expression levels of the VEGF family members were determined by qRT-
PCR. The data were generated in triplicate and collected from three
independent experiments. The expression levels were normalized to β-
actin in each cell line and then normalized to those in MIA PaCa-2 cells.
Data are shown as mean ± SD. Statistically significant values of *p <
0.05, **p < 0.01 and ***p < 0.001 were determined compared to the
control. (b) Correlation of VEGFD expression and resistance to
gemcitabine. PDAC cell lines with a higher VEGFD expression showed
significantly higher gemcitabine IC50 values. (c) The effects of
gemcitabine-cediranib on the proliferation of PANC-1 cells were investi-
gated byMTTassay and depicted by IC50 shift analysis. The cell cultures
were treated with gemcitabine (0, 0.1, 1, 10, 100, 500, 1000 and 5000
ng/ml) and cediranib (2.5, 5 and 10 μM) for 48 h. (d) 2D synergy map of

gemcitabine-cediranib combination calculated by Bliss method. (e, f) The
effects of the gemcitabine-cediranib combination on cell viability were
assessed using crystal violet staining. The cells were treated with
gemcitabine (5000 ng/ml) and cediranib (2.5 μM) for 48 h, stained with
crystal violet, imaged using an inverted microscope (images acquired at
10x magnification) and quantified using ImageJ software. (g) Association
of PLGF expression and resistance to paclitaxel. A higher PLGF expres-
sion (r = 0.9835, p = 0.0165) positively correlated with paclitaxel resis-
tance. (h) The effects of cediranib on the proliferative response of PANC-
1 cells to paclitaxel was investigated by MTT assay and depicted by IC50

shift analysis. The cell cultures were treated with paclitaxel (0, 0.001,
0.01, 0.05, 0.1, 1, 10 and 100 ng/ml) and cediranib (2.5, 5 and 10 μM)
for 48 h. (i) Synergy map of paclitaxel-cediranib combination in PANC-1
cells
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on known mediators of apoptotic cell death. Survivin, cellular
inhibitor of apoptosis protein 1 (cIAP1), X-linked inhibitor of
apoptosis protein (XIAP) and c-FLIP are well-known members
of the IAP family that prevent apoptosis by inhibition of caspase
activity, whereas the anti-apoptotic proteins MCL-1 and BCL-
xL are known to prevent cytochrome c release from mitochon-
dria [37, 38]. Our data indicate that cediranib decreased both the
mRNA and protein levels of cIAP1, XIAP,MCL-1 and survivin
(Fig. 3c, d), suggesting that cediranib may impede the prolifer-
ation of PDAC cells via apoptosis induction.

3.5 Cediranib impairs PDAC cell motility

Tumor invasion is triggered by break-down of the extracellu-
lar matrix (ECM) by a proteolytic cascade including cathepsin

B, urokinase plasminogen activator (uPA) and matrix metal-
loproteinases (MMPs) [39]. Previous studies have revealed
the relevance of this cascade in PDAC cell migration and
invasion [40–42]. Overexpression of uPA and its receptor
uPAR has been reported to be associated with a shorter post-
operative survival, and increased MMP-2 and -9 levels with
malignant PDAC progression [43, 44]. The lysosomal prote-
ase cathepsin B has been found to be upregulated in PDAC
cells and to play a key role in invasion and malignant progres-
sion [45, 46]. Accordingly, it has been found that blockade of
the VEGF family hinders this ECM-degrading cascade and
diminishes the invasiveness of e.g. glioma and hepatocellular
carcinoma cells [47, 48]. Here, we found that cediranib de-
creased the MMP-2, MMP-9, uPA, uPAR and CSTB (which
encodes cathepsin B) expression levels (Fig. 4b).

Fig. 2 Cediranib inhibits PDAC cell proliferation. (a) Comparisons of
different concentrations (in μM) of the anti-proliferative effects of small
molecule VEGFR inhibitors on PDAC cells were carried out by MTT
assay. (b, c) The effect of cediranib on PDAC cell proliferation and
viability illustrated by (b) crystal violet staining and (c) BrdU incorpora-
tion assay after 48 h treatment. (d) Cediranib inhibits the clonal prolifer-
ation of PDAC cells. (e, f) Inhibition of PLK1 synergistically enhances

sensitivity to cediranib in PANC-1 cells, as shown by IC50 shift and Bliss
synergy analyses. The cell cultures were treated with cediranib (0, 0.1,
0.5, 1, 2.5, 5, 10 and 20 μM) and BI2536 (0.01, 0.02 and 0.05 μM) for 48
h. (g, h) Buparlisib, a pan-PI3K inhibitor, augments PDAC cell sensitivity
to cediranib. The cell cultures were treated with cediranib (0, 0.1, 0.5, 1,
2.5, 5, 10 and 20 μM) and buparlisib (1, 2.5 and 5μM) for 48 h
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EMTcontributes to early metastatic dissemination, a major
hallmark of PDAC, and is known to be modulated by tran-
scription factors such as Snail and ZEB1 [49, 50]. It has been
found that VEGFR1 promotes the migration and invasion of
PDAC cells via EMT induction [19]. We asked whether
cediranib can reverse the EMTed phenotype. We found that
cediranib decreased both the mRNA and protein levels of
ZEB1, N-cadherin and Snail (Fig. 4a, b). Furthermore, we
found that cediranib-mediated reduction in expression of the
EMT markers and attenuation of the cathepsin B/uPA/MMP
proteolytic cascade was associated with inhibition of PDAC
cell migration and invasion (Fig. 4c, d).

3.6 Cediranib potentiates the radio-sensitivity
of PDAC cells

Locally advanced unresectable disease is a common man-
ifestation of PDAC and its management is, therefore,

challenging [51]. Although radiation therapy (RT) is used
to improve local control and to palliate symptoms, the
long-term survival is dismal because PDAC cells are rel-
atively radioresistant [52–54]. RT has been found to in-
duce VEGFA and to drive radio-resistance through acti-
vation of pro-survival pathways and attenuation of apo-
ptosis [55, 56]. Preclinical studies suggest that combining
antiangiogenics with RT may enhance the therapeutic ef-
ficacy of RT by affecting both tumor cells and the tumor
vasculature [55, 57]. Due to the potent anti-tumor activity
of cediranib, we questioned whether it may enhance the
radio-sensitivity of PDAC cells. We found that the com-
bination of cediranib and RT had a synergistic effect on
PDAC cell growth inhibition. Moreover, we found that
this combinational approach significantly increased the
induction of apoptosis compared to each treatment alone
(Fig. 5).

Fig. 3 Cediranib induces apoptosis in PDAC cells. (a, b) Apoptotic cell
death was measured by annexin V staining after 48 h of cediranib
treatment. AnnexinV-positive cells are early apoptotic, whereas PI uptake
indicates necrosis. Cells positive for both stains are late apoptotic. (c)
Effects of cediranib on the expression of anti-apoptotic proteins

determined by Western blot analysis. The blots shown are representative
of three independent experiments with similar outcomes. (d) Cediranib
decreases the mRNA expression levels of the anti-apoptotic genes as
measured by qRT-PCR after 48 h treatment
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4 Discussion

We found that the pan-VEGF inhibitor cediranib exhibits
a strong anti-proliferative activity in PDAC cells and di-
minishes their survival, migration and invasion. In addi-
tion, we found that cediranib increases the radio-
sensitivity of PDAC cells and enhances the anti-
proliferative efficacies of gemcitabine and paclitaxel.

Evidence indicates an important role of the VEGF family in
PDAC tumorigenesis [58, 59]. Approximately 93% and 69%
of PDAC patients exhibit VEGFA and VEGFR2 expression,
which has been found to be associated with a poor prognosis
[22, 25]. A recent study has shown that PDAC patient survival
was correlated with VEGFR1 and VEGFR2 expression and
that patients expressing these receptors exhibited a lower sur-
vival compared to those not expressing them [60].
Overexpression of VEGF family members, such as those
representing the VEGFC/VEGFR3 axis, is believed to pro-
mote PDAC tumor growth and metastatic dissemination
[16]. Moreover, high VEGFR2 expression has been found to

correlate with local invasion and a poor prognosis [22]. These
findings suggest that the VEGF family may serve as an attrac-
tive therapeutic target to halt the motility and proliferation of
the PDAC cells.

The VEGF family has been shown to foster therapy
resistance in different human malignancies [61, 62]. For
instance, VEGFC has been found to drive cisplatin re-
sistance in bladder cancer cells and that its knockdown
reverses the resistant phenotype [63]. In epithelial ovar-
ian cancer cells, higher VEGFR2 expression has been
found to correlate with cisplatin resistance and apatinib,
a VEGFR2 specific inhibitor, has been found to increase
cellular sensitivity to cisplatin [64]. Here, we found that
high VEFGD and PLGF expression levels correlate with
PDAC cell resistance to gemcitabine and paclitaxel and
that cediranib synergistically enhances the proliferative
response of PDAC cells to these drugs. Together, these
findings suggest that VEGF family members may pro-
mote chemoresistance and that its blockade may restore
drug sensitivity in PDAC cells.

Fig. 4 Cediranib impairs PDAC cell motility. (a, b) The expression of
EMT markers was determined by Western blot and qRT-PCR analyses
after treatment with cediranib for 48 h. (c, d) Cediranib hampers cell
migration and invasion. PDAC cells were treated with cediranib for
48 h after which equal numbers of cells were placed in 8-μm porous
culture inserts and allowed to migrate for 48 h. The migrated cells on

the lower surface of the inserts were quantified by crystal violet staining.
For invasion assay, the cells were placed into matrigel-coated inserts and
allowed to invade through the matrigel layer for 48 h. Data shown repre-
sent mean ± SD from three independent experiments, each performed in
triplicate. Statistically significant values of *p < 0.05 and **p < 0.01 were
determined compared to the untreated control group

M. Momeny et al.88



Nearly half of the PDAC patients who undergo surgery and
adjuvant chemotherapy develop liver metastases within two
years [49, 65]. EMT has been found to play critical roles in
tumor invasion and metastasis in PDAC patients [66] and
EMT mediators have been found to be overexpressed in these
patients and to promote early-stage dissemination of tumor
cells [50]. Snail and Slug have, for instance, been found to
be expressed in 78% and 50% of PDAC patients and to drive
malignant progression [67]. Additionally, ZEB1 expression
has been found to correlate with a more aggressive phenotype
and a poor outcome in PDAC patients [68].

Evidence indicates that VEGF family members may drive
EMT [69]. VEGFR1 activation has been found to increase the
expression of the mesenchymal markers vimentin, N-
cadherin, Snail, Twist and Slug [19]. EMT may be induced
by VEGFR2 through up-regulation of vimentin in tubular ep-
ithelial cells, and the VEGFC/VEGFR3 loop may enhance
tumor cell motility via increased Slug expression [70, 71]. In

this context, we asked whether a pan-VEGFR inhibition ap-
proach would reverse the EMTed phenotype and attenuate
PDAC cell motility. We found that cediranib impaired the
migration and invasion of PDAC cells, which was associated
with a decreased expression of the EMT markers ZEB1, N-
cadherin and Snail.

Evasion of apoptosis is one of the hallmarks of PDAC cells
and has been found to contribute to treatment failure [72, 73].
Defects in the apoptotic pathways and deregulation of the anti-
apoptotic proteins survivin, BCL-2, BCL-xL and MCL-1 may
play decisive roles in PDAC resistance to apoptosis [74].
Enhanced expression of XIAP, BCL-xL and survivin has been
found to correlate with a shorter survival and a poor outcome in
PDAC patients, and MCL-1 overexpression has been found to
be linked to disease progression [75–77]. These apoptotic inhib-
itory proteins have been reported to be highly overexpressed in
PDAC cells and to drive therapy resistance [72, 78–81]. It is
believed that simultaneous inhibition of anti-apoptotic proteins

Fig. 5 Cediranib potentiates radio-sensitivity of PDAC cells. (a, b) The
effects of cediranib (2.5 μM) and radiation (2 Gy) on PDAC cell growth
and viability were determined using MTT and crystal violet staining as-
says. (c, d) Cediranib augments the effects of RT on apoptosis induction.

Data were analyzed by one-way ANOVA followed by Tukey’s post hoc
test and are represented as mean ± SD. Statistically significant values of
*p < 0.05, **p <0.01 and ***p < 0.001 were determined compared to
untreated controls
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has more profound effects on PDAC cell death induction than
single targeted approaches [82]. We found that cediranib in-
duced apoptosis in PDAC cells through simultaneous suppres-
sion of the anti-apoptotic proteins cIAP1, XIAP, MCL-1 and
survivin and revealed the molecular mechanism by which
cediranib induces cell death in PDAC cells.

Despite recent advances and improvements that have been
made in RT, the majority of PDAC patients do not achieve
objective responses due to intrinsic or acquired radioresistance
[54]. In this context, it has been reported that VEGFR1 induces
radioresistance in head and neck squamous cell carcinoma
(HNSCC) cells and that the VEGFA/VEGFR2 axis promotes
radioresistance in glioma cells [83, 84]. RT has been found to
induce expression of VEGF ligands, including VEGFA, in dif-
ferent neoplasms [85, 86]. Additionally, RT-induced activation
of the PI3K/AKT pathway has been found to increase VEGFC
expression in non-small cell lung cancer (NSCLC) cells, thereby
promoting cell survival and proliferation [87].

It has been hypothesized that combination of anti-VEGF
inhibitors with RT may yield a better anti-proliferative out-
come than RT alone [88], but the addition of bevacizumab to
a regimen of capecitabine-based chemoradiotherapy followed
by gemcitabine did not result in an improvement in overall
survival in PDAC patients [89]. Combining RT with multi-
kinase inhibitors sorafenib and sunitinib, small molecule in-
hibitors of VEGF and platelet-derived growth factor receptors,
has been suggested to exert strong effects on inhibition of
clonogenic survival and induction of apoptosis in HNSCC
cells [90]. Consistent with this, we found that cediranib aug-
mented the effects of RT on inhibition of PDAC cell growth
and induction of apoptosis. MCL-1 and survivin are among
the critical mediators of radioresistance in PDAC cells [91,
92] and their inhibition by cediranib may be one molecular
explanation for cediranib-mediated potentiation of the anti-
survival effects of RT in PDAC cells in this study.

Cediranib is a pan-VEGFR inhibitor with potent antitumor
activity in lung, colorectal, prostate, ovarian and mammary
gland adenocarcinoma models in vitro and in vivo [93, 94].
This anti-angiogenic agent is currently in clinical trials for a
range of human malignancies, including ovarian cancer (in
combination with the PARP inhibitor olaparib) [95], metasta-
tic or recurrent cervical cancer (in combination with
carboplatin-paclitaxel) [96], prostate cancer (in patients with
progressive disease after docetaxel-based therapy) and renal
cell carcinoma [97, 98]. Among a panel of tyrosine kinase
inhibitors, cediranib was found to be the only small molecule
inhibitor that yielded a partial response in patients with ad-
vanced refractory osteosarcoma [99]. Collectivity, these find-
ings suggest that application of cediranib may represent a
novel and promising VEGFR-targeted therapy with anti-
tumor activity in a broad range of human malignancies.

We conclude that the present study provides mechanistic
insights into the anti-tumor activity of cediranib in PDAC

cells. We found that cediranib showed a stronger anti-growth
activity compared to other small molecule VEGR inhibitors
and potentiated the anti-proliferative efficacies of gemcitabine
and paclitaxel. Moreover, we found that cediranib enhanced
the effects of RT on inhibition of PDAC cell growth and ap-
optosis induction. Cediranib-mediated inhibition of PDAC
cell motility was found to be associated with a reduction in
expression of EMTmarkers. Further in vivo investigations are
warranted to explore the anti-tumor activity of cediranib, in-
cluding the potential of VEGF receptor-targeted therapies, in
this dreadful malignancy.

Acknowledgements This study was financially supported by a grant
from the Hematology/Oncology and Stem Cell Transplantation
Research Center, Shariati Hospital, School of Medicine, Tehran
University of Medical Sciences, Tehran, Iran.

Author’s contributions M.M. designed the research; Z.A., H.Y. A.Z. and
P.G. conducted the research;M.M., J.T., K.A. and A.G. analyzed the data;
M.M. and Z.A. wrote the paper; M.M. and S.H.G. were primarily respon-
sible for the final content. All authors have reviewed and approved the
final manuscript.

Compliance with ethical standards

Conflict of interest There is no conflict of interest.

References

1. C.S. Yabar, J.M. Winter, Pancreatic cancer: A review.
Gastroenterol. Clin. North Am. 45, 429–445 (2016)

2. L. Rahib, B.D. Smith, R. Aizenberg, A.B. Rosenzweig, J.M.
Fleshman, L.M. Matrisian, Projecting cancer incidence and deaths
to 2030: the unexpected burden of thyroid, liver, and pancreas
cancers in the United States. Cancer Res. 74, 2913–2921 (2014)

3. T. Muniraj, P.A. Jamidar, H.R. Aslanian, Pancreatic cancer: a com-
prehensive review and update. Dis. Mon. 11, 368–402 (2013)

4. R.L. Siegel, K.D. Miller, A. Jemal, Cancer statistics, 2018. CA
Cancer J. Clin. 68, 7–30 (2018)

5. M. Chiaravalli, M. Reni, E.M. O'Reilly, Pancreatic ductal adeno-
carcinoma: State-of-the-art 2017 and new therapeutic strategies.
Cancer Treat. Rev. 60, 32–43 (2017)

6. J. Kleeff, M. Korc, M. Apte, C. La Vecchia, C.D. Johnson, A.V.
Biankin, R.E. Neale, M. Tempero, D.A. Tuveson, R.H. Hruban,
Pancreatic cancer. Nat. Rev. Dis. Primers 2, 16022 (2016)

7. D. Singh, G. Upadhyay, R.K. Srivastava, S. Shankar, Recent ad-
vances in pancreatic cancer: biology, treatment, and prevention.
Biochim. Biophys. Acta 1856, 13–27 (2015)

8. K.E. Craven, J. Gore, M. Korc, Overview of pre-clinical and clin-
ical studies targeting angiogenesis in pancreatic ductal adenocarci-
noma. Cancer Lett. 381, 201–210 (2016)

9. G. Goel, W. Sun, Novel approaches in the management of pancre-
atic ductal adenocarcinoma: potential promises for the future. J.
Hematol. Oncol. 8, 44 (2015)

10. N. Nishida, H. Yano, T. Nishida, T. Kamura, M. Kojiro,
Angiogenesis in cancer. Vasc. Health Risk Manag. 2, 213 (2006)

11. B. Al-Husein, M. Abdalla, M. Trepte, D.L. DeRemer, P.R.
Somanath, Antiangiogenic therapy for cancer: an update.
Pharmacotherapy 32, 1095–1111 (2012)

M. Momeny et al.90



12. A. Hoeben, B. Landuyt, M.S. Highley, H. Wildiers, A.T. Van
Oosterom, E.A. De Bruijn, Vascular endothelial growth factor and
angiogenesis. Pharmacol. Rev. 56, 549–580 (2004)

13. H.L. Goel, A.M.Mercurio, VEGF targets the tumour cell. Nat. Rev.
Cancer 13, 871 (2013)

14. J.-L. Su, P.-C. Yang, J.-Y. Shih, C.-Y. Yang, L.-H.Wei, C.-Y. Hsieh,
C.-H. Chou, Y.-M. Jeng, M.-Y. Wang, K.-J. Chang, The VEGF-C/
Flt-4 axis promotes invasion and metastasis of cancer cells. Cancer
Cell 9, 209–223 (2006)

15. R. Aesoy, B.C. Sanchez, J.H. Norum, R. Lewensohn, K.
Viktorsson, B. Linderholm, An autocrine VEGF/VEGFR2 and
p38 signaling loop confers resistance to 4-hydroxytamoxifen in
MCF-7 breast cancer cells. Mol. Cancer Res. 6, 1630–1638 (2008)

16. J.-L. Su, C. Yen, P. Chen, S. Chuang, C. Hong, I. Kuo, H. Chen,M.-
C. Hung, M. Kuo, The role of the VEGF-C/VEGFR-3 axis in can-
cer progression. Br. J. Cancer 96, 541 (2007)

17. Z. Von Marschall, T. Cramer, M. Höcker, R. Burde, T. Plath, M.
Schirner, R. Heidenreich, G. Breier, E.O. Riecken, B.Wiedenmann,
De novo expression of vascular endothelial growth factor in human
pancreatic cancer: Evidence for an autocrine mitogenic loop.
Gastroenterology 119, 1358–1372 (2000)

18. M. Costache, M. Ioana, S. Iordache, D. Ene, C.A. Costache, A.
Săftoiu, VEGF expression in pancreatic cancer and other malignan-
cies: a review of the literature. Rom. J. Intern. Med. 53, 199–208
(2015)

19. A.D. Yang, E.R. Camp, F. Fan, L. Shen, M.J. Gray, W. Liu, R.
Somcio, T.W. Bauer, Y. Wu, D.J. Hicklin, Vascular endothelial
growth factor receptor-1 activation mediates epithelial to mesen-
chymal transition in human pancreatic carcinoma cells. Cancer
Res. 66, 46–51 (2006)

20. J.P. Thiery, Epithelial–mesenchymal transitions in tumour progres-
sion. Nat. Rev. Cancer 2, 442 (2002)

21. Y. Doi, M. Yashiro, N. Yamada, R. Amano, S. Noda, K. Hirakawa,
VEGF-A/VEGFR-2 signaling plays an important role for the mo-
tility of pancreas cancer cells. Ann. Surg. Oncol. 19, 2733–2743
(2012)

22. Y. Doi, M. Yashiro, N. Yamada, R. Amano, G. Ohira, M. Komoto,
S. Noda, S. Kashiwagi, Y. Kato, Y. Fuyuhiro, Significance of
phospho-vascular endothelial growth factor receptor-2 expression
in pancreatic cancer. Cancer Sci. 101, 1529–1535 (2010)

23. R.-F. Tang, S.-X. Wang, L. Peng, S.-X. Wang, M. Zhang, Z.-F. Li,
Z.-M. Zhang, Y. Xiao, F.-R. Zhang, Expression of vascular endo-
thelial growth factors A and C in human pancreatic cancer. World J.
Gastroenterol. 12, 280 (2006)

24. Z. Von Marschall, A. Scholz, S.A. Stacker, M.G. Achen, D.G.
Jackson, F. Alves, M. Schirner, M. Haberey, K.-H. Thierauch, B.
Wiedenmann, Vascular endothelial growth factor-D induces
lymphangiogenesis and lymphatic metastasis in models of ductal
pancreatic cancer. Int. J. Oncol. 27, 669–679 (2005)

25. Y. Seo, H. Baba, T. Fukuda, M. Takashima, K. Sugimachi, High
expression of vascular endothelial growth factor is associated with
liver metastasis and a poor prognosis for patients with ductal pan-
creatic adenocarcinoma. Cancer 88, 2239–2245 (2000)

26. A. Stathis, F. Bertoni, BET proteins as targets for anticancer treat-
ment. Cancer Discov. 8, 24–36 (2018)

27. A. Ianevski, L. He, T. Aittokallio, J. Tang, SynergyFinder: a web
application for analyzing drug combination dose–response matrix
data. Bioinformatics 33, 2413–2415 (2017)

28. Q. Liu, X. Yin, L.R. Languino, D.C. Altieri, Evaluation of drug
combination effect using a Bliss independence dose–response sur-
face model. Stat. Biopharm. Res. 10, 112–122 (2018)

29. M. Momeny, H. Yousefi, H. Eyvani, F. Moghaddaskho, A. Salehi,
F. Esmaeil i , Z. Alishahi, F. Barghi, S. Vaezijoze, S.
Shamsaiegahkani, Blockade of nuclear factor-κB (NF-κB) pathway
inhibits growth and induces apoptosis in chemoresistant ovarian
carcinoma cells. Int. J. Biochem. Cell. Biol. 99, 1–9 (2018)

30. M. Momeny, J.M. Saunus, F. Marturana, A.E.M. Reed, D. Black,
G. Sala, S. Iacobelli, J.D. Holland, D. Yu, L. Da Silva, Heregulin-
HER3-HER2 signaling promotes matrix metalloproteinase-
dependent blood-brain-barrier transendothelial migration of human
breast cancer cell lines. Oncotarget 6, 3932 (2015)

31. M. Amrutkar, I. Gladhaug, Pancreatic cancer chemoresistance to
gemcitabine. Cancers (Basel). 9, 157 (2017)

32. D.D. Von Hoff, D. Goldstein, M.F. Renschler, Albumin-bound pac-
litaxel plus gemcitabine in pancreatic cancer. N. Engl. J. Med. 370,
479 (2014)

33. G. Kim, nab-Paclitaxel for the treatment of pancreatic cancer.
Cancer Manag. Res. 9, 85 (2017)

34. N.A. Franken, H.M. Rodermond, J. Stap, J. Haveman, C. Van Bree,
Clonogenic assay of cells in vitro. Nat. Protoc. 1, 2315 (2006)

35. D. Murthy, K.S. Attri, P.K. Singh, Phosphoinositide 3-kinase sig-
naling pathway in pancreatic ductal adenocarcinoma progression,
pathogenesis, and therapeutics. Front. Physiol. 9, 335 (2018)

36. C. Zhang, X. Sun, Y. Ren, Y. Lou, J. Zhou,M. Liu, D. Li, Validation
of Polo-like kinase 1 as a therapeutic target in pancreatic cancer
cells. Cancer Biol. Ther. 13, 1214–1220 (2012)

37. R.S. Wong, Apoptosis in cancer: from pathogenesis to treatment. J.
Exp. Clin. Cancer Res. 30, 87 (2011)

38. M. Hassan, H. Watari, A. AbuAlmaaty, Y. Ohba, N. Sakuragi,
Apoptosis and molecular targeting therapy in cancer. Biomed.
Res. Int. 2014, 150845 (2014)

39. A.K. Nalla, B. Gorantla, C.S. Gondi, S.S. Lakka, J.S. Rao,
Targeting MMP-9, uPAR, and cathepsin B inhibits invasion, mi-
gration and activates apoptosis in prostate cancer cells. Cancer
Gene Ther. 17, 599 (2010)

40. J.-H. Hwang, S.H. Lee, K.H. Lee, K.Y. Lee, H. Kim, J.K. Ryu, Y.B.
Yoon, Y.-T. Kim, Cathepsin B is a target of Hedgehog signaling in
pancreatic cancer. Cancer Lett. 273, 266–272 (2009)

41. V. Ellenrieder, S.F. Hendler, C. Ruhland, W. Boeck, G. Adler, T.M.
Gress, TGF-β–induced invasiveness of pancreatic cancer cells is
mediated by matrix metalloproteinase-2 and the urokinase plasmin-
ogen activator system. Int. J. Cancer. 93, 204–211 (2001)

42. T.W. Bauer,W. Liu, F. Fan, E.R. Camp, A. Yang, R.J. Somcio, C.D.
Bucana, J. Callahan, G.C. Parry, D.B. Evans, Targeting of uroki-
nase plasminogen activator receptor in human pancreatic carcinoma
cells inhibits c-Met–and insulin-like growth factor-I receptor–
mediated migration and invasion and orthotopic tumor growth in
mice. Cancer Res. 65, 7775–7781 (2005)

43. D. Cantero, H. Friess, J. Deflorin, A. Zimmermann, M. Bründler, E.
Riesle, M. Korc, M. Büchler, Enhanced expression of urokinase
plasminogen activator and its receptor in pancreatic carcinoma.
Br. J. Cancer 75, 388 (1997)

44. M. Bloomston, E.E. Zervos, A.S. Rosemurgy, Matrix metallopro-
teinases and their role in pancreatic cancer: a review of preclinical
studies and clinical trials. Ann. Surg. Oncol. 9, 668–674 (2002)

45. A. Gopinathan, G.M. DeNicola, K.K. Frese, N. Cook, F.A. Karreth,
J.Mayerle, M.M. Lerch, T. Reinheckel, D.A. Tuveson, Cathepsin B
promotes the progression of pancreatic ductal adenocarcinoma in
mice. Gut 61, 877–884 (2012)

46. L. Dumartin, H.J. Whiteman, M.E. Weeks, D. Hariharan, B.
Dmitrovic, C.A. Iacobuzio-Donahue, T.A. Brentnall, M.P.
Bronner, R.M. Feakins, J.F. Timms, AGR2 is a novel surface anti-
gen that promotes the dissemination of pancreatic cancer cells
through regulation of cathepsins B and D. Cancer Res. 71, 7091–
7102 (2011)

47. T. Li, Y. Zhu, L. Han,W. Ren, H. Liu, C. Qin, VEGFR-1 activation-
induced MMP-9-dependent invasion in hepatocellular carcinoma.
Future Oncol. 11, 3143–3157 (2015)

48. M. Momeny, F. Moghaddaskho, N.K. Gortany, H. Yousefi, Z.
Sabourinejad, G. Zarrinrad, S. Mirshahvaladi, H. Eyvani, F.
Barghi, L. Ahmadinia, Blockade of vascular endothelial growth

Anti-tumor activity of cediranib, a pan-vascular endothelial growth factor receptor inhibitor, in... 91



factor receptors by tivozanib has potential anti-tumour effects on
human glioblastoma cells. Sci. Rep. 7, 44075 (2017)

49. N. Gaianigo, D. Melisi, C. Carbone, EMT and treatment resistance
in pancreatic cancer. Cancers (Basel) 9, 122 (2017)

50. P. Zhou, B. Li, F. Liu, M. Zhang, Q. Wang, Y. Liu, Y. Yao, D. Li,
The epithelial to mesenchymal transition (EMT) and cancer stem
cells: implication for treatment resistance in pancreatic cancer. Mol.
Cancer. 16, 52 (2017)

51. E.P. Balaban, P.B. Mangu, A.A. Khorana, M.A. Shah, S.
Mukherjee, C.H. Crane, M.M. Javle, J.R. Eads, P. Allen, A.H.
Ko, Locally advanced, unresectable pancreatic cancer: American
Society of Clinical Oncology clinical practice guideline. J. Clin.
Oncol. 34, 2654–2668 (2016)

52. H.R. Cardenes, E.G. Chiorean, J. DeWitt, M. Schmidt, P. Loehrer,
Locally advanced pancreatic cancer: current therapeutic approach.
The Oncologist 11, 612–623 (2006)

53. F. Wang, P. Kumar, The role of radiotherapy in management of
pancreatic cancer. J. Gastrointest. Oncol. 2, 157 (2011)

54. P. Seshacharyulu, M.J. Baine, J.J. Souchek, M. Menning, S. Kaur,
Y. Yan, M.M. Ouellette, M. Jain, C. Lin, S.K. Batra, Biological
determinants of radioresistance and their remediation in pancreatic
cancer. Biochim. Biophys. Acta Rev. Cancer 1868, 69–92 (2017)

55. P. Wachsberger, R. Burd, A.P. Dicker, Tumor response to ionizing
radiation combined with antiangiogenesis or vascular targeting
agents: exploring mechanisms of interaction. Clin. Cancer Res. 9,
1957–1971 (2003)

56. W. Zhao, L. Li, X. Zhu, L. Chen, X. Mo, K. Nie, Y. Lin, VEGF
functions as a key modulator in the radioresistance formation of
A549 cell lines via regulation of Notch1 expression. Int. J. Clin.
Exp. Pathol. 10, 1627–1634 (2017)

57. R. Mazeron, B. Anderson, S. Supiot, F. Paris, E. Deutsch, Current
state of knowledge regarding the use of antiangiogenic agents with
radiation therapy. Cancer Treat. Rev. 37, 476–486 (2011)

58. V. Longo, O. Brunetti, A. Gnoni, S. Cascinu, G. Gasparini, V.
Lorusso, D. Ribatti, N. Silvestris, Angiogenesis in pancreatic ductal
adenocarcinoma: a controversial issue. Oncotarget 7, 58649 (2016)

59. H. Kurahara, S. Takao, K. Maemura, H. Shinchi, S. Natsugoe, T.
Aikou, Impact of vascular endothelial growth factor-C and-D ex-
pression in human pancreatic cancer: its relationship to lymph node
metastasis. Clin. Cancer Res. 10, 8413–8420 (2004)

60. M.I. Costache, S. Iordache, C.A. Costache, E. Dragos, A. Dragos,
A. Săftoiu, Molecular analysis of vascular endothelial growth factor
(VEGF) receptors in EUS-guided samples obtained from patients
with pancreatic adenocarcinoma. J. Gastrointestin. Liver Dis. 26,
51-57 (2017)

61. N. Ferrara, Vascular endothelial growth factor as a target for anti-
cancer therapy. The Oncologist 9, 2–10 (2004)

62. S. Dias, M. Choy, K. Alitalo, S. Rafii, Vascular endothelial growth
factor (VEGF)–C signaling through FLT-4 (VEGFR-3) mediates
leukemic cell proliferation, survival, and resistance to chemothera-
py. Blood 99, 2179–2184 (2002)

63. H. Zhu, F. Yun, X. Shi, D. Wang, VEGF-C inhibition reverses
resistance of bladder cancer cells to cisplatin via upregulating
maspin. Mol. Med. Rep. 12, 3163–3169 (2015)

64. M. Momeny, Z. Sabourinejad, G. Zarrinrad, F. Moghaddaskho, H.
Eyvani, H. Yousefi, S. Mirshahvaladi, E.M. Poursani, F. Barghi, A.
Poursheikhani, Anti-tumour activity of tivozanib, a pan-inhibitor of
VEGF receptors, in therapy-resistant ovarian carcinoma cells. Sci.
Rep. 7, 45954 (2017)

65. S. Das and S. K Batra, Pancreatic cancer metastasis: are we being
pre-EMTed? Curr. Pharm. Des. 21, 1249-1255 (2015)

66. Q. Wu, L. Miele, F.H. Sarkar, Z. Wang, The role of EMT in pan-
creatic cancer progression. Pancreat Disord Ther. 2, e121 (2012)

67. B. Hotz, M. Arndt, S. Dullat, S. Bhargava, H.-J. Buhr, H.G. Hotz,
Epithelial to mesenchymal transition: expression of the regulators

snail, slug, and twist in pancreatic cancer. Clin. Cancer Res. 13,
4769–4776 (2007)

68. J.M. Ebos, C.R. Lee, W. Cruz-Munoz, G.A. Bjarnason, J.G.
Christensen, R.S. Kerbel, Accelerated metastasis after short-term
treatment with a potent inhibitor of tumor angiogenesis. Cancer
Cell 15, 232–239 (2009)

69. M. Kim, K. Jang, P. Miller, M. Picon-Ruiz, T. Yeasky, D. El-Ashry,
J. Slingerland, VEGFA links self-renewal and metastasis by induc-
ing Sox2 to repress miR-452, driving Slug. Oncogene 36, 5199
(2017)

70. L. Marquez-Exposito, C. Lavoz, R.R. Rodrigues-Diez, S. Rayego-
Mateos, M. Orejudo, E. Cantero-Navarro, A. Ortiz, J. Egido, R.
Selgas, S. Mezzano, Gremlin regulates tubular epithelial to mesen-
chymal transition via VEGFR2: Potential role in renal fibrosis.
Front. Pharmacol. 9, 1195 (2018)

71. Y.-W. Yeh, C.-C. Cheng, S.-T. Yang, C.-F. Tseng, T.-Y. Chang, S.-
Y. Tsai, E. Fu, C.-P. Chiang, L.-C. Liao, P.-W. Tsai, Targeting the
VEGF-C/VEGFR3 axis suppresses Slug-mediated cancer metasta-
sis and stemness via inhibition of KRAS/YAP1 signaling.
Oncotarget 8, 5603 (2017)

72. S. Fulda, Apoptosis pathways and their therapeutic exploitation in
pancreatic cancer. J. Cell. Mol. Med. 13, 1221–1227 (2009)

73. C. Pfeffer, A. Singh, Apoptosis: a target for anticancer therapy. Int.
J. Mol. Sci. 19, 448 (2018)

74. N. Samm, K. Werner, F. Rückert, H.D. Saeger, R. Grützmann, C.
Pilarsky, The role of apoptosis in the pathology of pancreatic can-
cer. Cancers (Basel) 3, 1–16 (2010)

75. H. Friess, Z. Lu, A. Andrén-Sandberg, P. Berberat, A.
Zimmermann, G. Adler, R. Schmid, M.W. Büchler, Moderate ac-
tivation of the apoptosis inhibitor bcl-xL worsens the prognosis in
pancreatic cancer. Ann. Surg. 228, 780 (1998)

76. S. Li, J. Sun, J. Yang, L. Zhang, L. Wang, X. Wang, Z. Guo, XIAP
expression is associated with pancreatic carcinoma outcome. Mol.
Clin. Oncol. 1, 305–308 (2013)

77. Z. Chen, V. Sangwan, S. Banerjee, T. Mackenzie, V. Dudeja, X. Li,
H. Wang, S.M. Vickers, A.K. Saluja, miR-204 mediated loss of
Myeloid cell leukemia-1 results in pancreatic cancer cell death.
Mol. Cancer 12, 105 (2013)

78. N. Samm, K. Werner, F. Rückert, H.D. Saeger, R. Grützmann, C.
Pilarsky, The role of apoptosis in the pathology of pancreatic can-
cer. Cancers (Basel) 3, 1–16 (2010)

79. S.-H.Wei, K. Dong, F. Lin, X.Wang, B. Li, J.-j. Shen, Q. Zhang, R.
Wang, H.-Z. Zhang, Inducing apoptosis and enhancing
chemosensitivity to gemcitabine via RNA interference targeting
Mcl-1 gene in pancreatic carcinoma cell. Cancer Chemother.
Pharmacol. 62, 1055–1064 (2008)

80. Q. Guo, Y. Chen, B. Zhang, M. Kang, Q. Xie, Y. Wu, Potentiation
of the effect of gemcitabine by emodin in pancreatic cancer is as-
sociated with survivin inhibition. Biochem. Pharmacol. 77, 1674–
1683 (2009)

81. J. Bai, J. Sui, A. Demirjian, C.M. Vollmer, W. Marasco, M.P.
Callery, Predominant Bcl-XL knockdown disables antiapoptotic
mechanisms: Tumor necrosis factor–related apoptosis-inducing
ligand–based triple chemotherapy overcomes chemoresistance in
pancreatic cancer cells in vitro. Cancer Res. 65, 2344–2352 (2005)

82. H. Takahashi, M.C. Chen, H. Pham, Y. Matsuo, H. Ishiguro, H.A.
Reber, H. Takeyama, O.J. Hines, G. Eibl, Simultaneous knock-
down of Bcl-xL and Mcl-1 induces apoptosis through Bax activa-
tion in pancreatic cancer cells. Biochim. Biophys. Acta 1833,
2980–2987 (2013)

83. E.J. Van Limbergen, P. Zabrocki, M. Porcu, E. Hauben, J. Cools, S.
Nuyts, FLT1 kinase is a mediator of radioresistance and survival in
head and neck squamous cell carcinoma. Acta Ocologica 53, 637–
645 (2014)

84. P. Knizetova, J. Ehrmann, A. Hlobilkova, I. Vancova, O. Kalita, Z.
Kolar, J. Bartek, Autocrine regulation of glioblastoma cell-cycle

M. Momeny et al.92



progression, viability and radioresistance through the VEGF-
VEGFR2 (KDR) interplay. Cell Cycle 7, 2553–2561 (2008)

85. S. Huang, H. Ma, Effect of radiotherapy on angiogenesis of human
pancreatic cancer transplanted tumor in nude mice. The Chinese-
German Journal of Clinical Oncology 11, 635–637 (2012)

86. K. Yoshida, S. Suzuki, J. Sakata, F. Utsumi, K. Niimi, N.
Yoshikawa, K. Nishino, K. Shibata, F. Kikkawa, H. Kajiyama,
The upregulated expression of vascular endothelial growth factor
in surgically treated patients with recurrent/radioresistant cervical
cancer of the uterus. Oncol. Lett. 16, 515–521 (2018)

87. Y.-H. Chen, S.-L. Pan, J.-C. Wang, S.-H. Kuo, J.C.-H. Cheng, C.-
M. Teng, Radiation-induced VEGF-C expression and endothelial
cell proliferation in lung cancer. Strahlenther. Onkol. 190, 1154–
1162 (2014)

88. H.-W. Hsu, N.R. Wall, C.-T. Hsueh, S. Kim, R.L. Ferris, C.-S.
Chen, S. Mirshahidi, Combination antiangiogenic therapy and ra-
diation in head and neck cancers. Oral Oncol. 50, 19–26 (2014)

89. C.H. Crane, K. Winter, W.F. Regine, H. Safran, T.A. Rich, W.
Curran, R.A. Wolff, C.G. Willett, Phase II study of bevacizumab
with concurrent capecitabine and radiation followed by mainte-
nance gemcitabine and bevacizumab for locally advanced pancre-
atic cancer: Radiation Therapy Oncology Group RTOG 0411. J.
Clin. Oncol. 27, 4096 (2009)

90. A. Affolter, G. Samosny, A.S. Heimes, J. Schneider, W. Weichert,
A. Stenzinger, K. Sommer, A. Jensen, A. Mayer, W. Brenner,
Multikinase inhibitors sorafenib and sunitinib as radiosensitizers
in head and neck cancer cell lines. Head & Neck 39, 623–632
(2017)

91. D. Wei, Q. Zhang, J.S. Schreiber, L.A. Parsels, F.A. Abulwerdi, T.
Kausar, T.S. Lawrence, Y. Sun, Z. Nikolovska-Coleska, M.A.
Morgan, Targeting mcl-1 for radiosensitization of pancreatic can-
cers. Transl. Oncol. 8, 47–54 (2015)

92. K. Kami, R. Doi, M. Koizumi, E. Toyoda, T. Mori, D. Ito, Y.
Kawaguchi , K. Fuj imoto, M. Wada, S.-I . Miyatake,
Downregulation of survivin by siRNA diminishes radioresistance
of pancreatic cancer cells. Surgery 138, 299–305 (2005)

93. S.R.Wedge, J. Kendrew, L.F. Hennequin, P.J. Valentine, S.T. Barry,
S.R. Brave, N.R. Smith, N.H. James, M. Dukes, J.O. Curwen,
AZD2171: a highly potent, orally bioavailable, vascular endothelial
growth factor receptor-2 tyrosine kinase inhibitor for the treatment
of cancer. Cancer Res. 65, 4389–4400 (2005)

94. J. Kendrew, R. Odedra, A. Logié, P.J. Taylor, S. Pearsall, D.J.
Ogilvie, S.R. Wedge, J.M. Jürgensmeier, Anti-tumour and anti-
vascular effects of cediranib (AZD2171) alone and in combination
with other anti-tumour therapies. Cancer Chemother. Pharmacol.
71, 1021–1032 (2013)

95. I. Ruscito,M.L. Gasparri, C.Marchetti, C. DeMedici, C. Bracchi, I.
Palaia, S. Imboden, M.D. Mueller, A. Papadia, L. Muzii, Cediranib
in ovarian cancer: state of the art and future perspectives. Tumor
Biol. 37, 2833–2839 (2016)

96. R.P. Symonds, C. Gourley, S. Davidson, K. Carty, E. McCartney,
D. Rai, S. Banerjee, D. Jackson, R. Lord, M. McCormack,
Cediranib combined with carboplatin and paclitaxel in patients with
metastatic or recurrent cervical cancer (CIRCCa): a randomised,
double-blind, placebo-controlled phase 2 trial. Lancet Oncol. 16,
1515–1524 (2015)

97. W.L. Dahut, R.A. Madan, J.J. Karakunnel, D. Adelberg, J.L.
Gulley, I.B. Turkbey, C.H. Chau, S.D. Spencer, M. Mulquin, J.
Wright, Phase II clinical trial of cediranib in patients with metastatic
castration-resistant prostate cancer. BJU Int. 111, 1269–1280
(2013)

98. S.S. Sridhar, M.J. Mackenzie, S.J. Hotte, S.D. Mukherjee, I.F.
Tannock, N. Murray, C. Kollmannsberger, M.A. Haider, E.X.
Chen, R. Halford, A phase II study of cediranib (AZD 2171) in
treatment naive patients with progressive unresectable recurrent or
metastatic renal cell carcinoma. A trial of the PMH phase 2 consor-
tium. Invest. New Drugs 31, 1008–1015 (2013)

99. L. Xie, T. Ji, W. Guo, Anti-angiogenesis target therapy for advanced
osteosarcoma. Oncol. Rep. 38, 625–636 (2017)

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Anti-tumor activity of cediranib, a pan-vascular endothelial growth factor receptor inhibitor, in... 93


	Anti-tumor...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Antibodies and chemicals
	Cell culture
	Cell viability and proliferation assays
	Crystal violet staining
	Median-effect analysis of drug combinations
	Clonogenic assay
	Radiation assay
	Apoptosis assay
	Quantitative reverse transcription-PCR
	Western blot analysis
	Cell migration and invasion assays
	Statistical analysis

	Results
	Drug sensitivity of PDAC cell lines
	Expression of VEGF family members in PDAC cells
	Cediranib inhibits PDAC cell viability and proliferation
	Cediranib induces PDAC cell apoptosis
	Cediranib impairs PDAC cell motility
	Cediranib potentiates the radio-sensitivity of PDAC cells

	Discussion
	References


