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ABSTRACT
Bladder cancer (BC) is the second most common malignancy of the genitourinary
system, characterized by the highest recurrence rate of all cancers. Treatment options
are limited; thus a thorough understanding of the underlying molecular mechanisms
is needed to guide the discovery of novel therapeutic targets. Profilins are actin
binding proteins with attributed pleiotropic functions to cytoskeletal remodeling, cell
adhesion, motility, even transcriptional regulation, not fully characterized yet. Earlier
studies from our laboratory revealed that decreased tissue levels of Profilin-1 (PFN1)
are correlated with BC progression to muscle invasive disease. Herein, we describe
a comprehensive analysis of PFN1 silencing via shRNA, in vitro (by employing T24M
cells) and in vivo [(with T24M xenografts in non-obese diabetic severe combined
immunodeficient mice (NOD/SCID) mice]. A combination of phenotypic and molecular
assays, including migration, proliferation, adhesion assays, flow cytometry and
total mRNA sequencing, as well as immunohistochemistry for investigation of selected
findings in human specimens were applied. A decrease in BC cell adhesion and tumor
growth in vivo following PFN downregulation are observed, likely associated with
the concomitant downregulation of Fibronectin receptor, Endothelin-1, and Actin
polymerization. A decrease in the levels of multiple key members of the non-canonical
Wnt/Ca2+ signaling pathway is also detected following PFN1 suppression, providing
the groundwork for future studies, addressing the specific role of PFN1 in Ca2+
signaling, particularly in the muscle invasive disease.

strategies are limited [3, 4] and radical cystectomy is
the standard therapeutic option for MIBC [3]. A better
understanding of the molecular events associated with BC
invasion can lead to the discovery of potential drug targets
and this goal is thus of high clinical relevance.
Profilin-1 (PFN1) is a member of the Profilin
protein family, including members of 10-15kDa that
bind to actin monomers (G-actin) [5]. Although PFN1’s

INTRODUCTION
Bladder cancer (BC) constitutes the second most
frequent cause of mortality among genitourinary cancers,
accounting for approximately 429.000 cases and 165.000
deaths annually worldwide [1]. It is classified into nonmuscle invasive (NMIBC; stages pTa, pT1) and muscle
invasive BC (MIBC; stages pT2+) [1, 2]. Treatment
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function as an inducer of actin polymerization has not
been fully elucidated [6], systematic studies indicated that
PFN1 promotes actin polymerization through Adenosine
diphosphate (ADP) to Adenosine triphosphate (ATP)
exchange and ATP-actin localization at the leading edge
of actin filaments [7, 8]. PFN1 also presents an intrinsic
ability to bind Phosphatidylinositol (4,5)-bisphosphate
(PIP2), Phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
molecules [9, 10] and other proline rich proteins [11]. As
such, PFN1 has been considered to be involved in both
cytoskeleton remodelling and the adhesion capacity of the
cells [7]. PFNI has been implicated in cancer, including
pancreatic [12], gastric [13] and breast [9, 14–16] cancers,
with frequently contradicting results; supporting in cases
that PFN1 induces tumor establishment or in others,
suppressing progression and metastasis [17].
Observations from our lab indicated that PFN1
tissue levels are inversely correlated with BC progression
[18]. In brief, tissue microarray analyses revealed a
statistically significant decrease of PFN1 expression in
the epithelial cells of the invasive BC tumors (pT2+),
compared to the non-invasive tumors of the high-risk
(pT1G3) group [18]. This pattern strongly correlated with
poor prognosis and decreased overall survival [18]. In
vitro blocking studies for PFN1 demonstrated decreased
migration ability of the invasive BC T24 cells [18]. In this
study, we targeted to further characterize the underlying
network of molecular interactions of PFN1 in relation to
BC invasion. Towards that end, we performed in vitro and
in vivo silencing experiments in combination to a series of
phenotypic and molecular analyses using the metastatic
T24M cells. Our results collectively suggest that PFN1
promotes cell migration and adhesion, and these events are
likely mediated through interactions involving integrins
but also a predicted induction of the non-canonical Wnt/
Ca2+ signaling pathway.

previous observations in human tissue specimens, when
comparing non-invasive (T1G3) and invasive T2+ cancer
[18]. In the present study, analysis all tumor stages was
performed (Supplementary Table S1). In particular, 9 pTa,
8 pT1 and 7 pT2+ and 15 normal adjacent tissue sections
(from human specimens obtained following surgery)
were stained for PFN1 (Figure 1C and 1D). Interestingly,
cytosolic, as well as nuclear PFN1 localization was
observed. Quantification of the IHC intensity revealed a
reduction of PFN1 expression as cancer stage progresses.
Statistical analysis of the optical density (OD) values
supported a significant difference between PFN1
expression levels in normal (adjacent) and cancer urothelial
cells regardless of the tumor stage (p<0.0001) [Figure
1C and 1D (i)], as well as between the non-invasive pTa,
pT1 and the invasive pT2+ stages (p=0.007). However, no
significant difference was observed in-between the NMIBC
(pTa and pT1) stages (p=0.35).

Suppression of endogenous PFN1 results
in decreased tumor growth in NOD/SCID
xenografts
To investigate the impact of PFN1 downregulation,
PFN1 expression was suppressed in T24M cells using
shRNA lentivirus and respective xenografts were
generated (will be referred as T24MshPFN1). The
protein expression levels of PFN1 in T24MshPFN1 cells
and in those containing the control non-targeting vector
(T24MshSCR) were estimated by western blot at 4.3±6.0%
and 97.0±18.3%, respectively in comparison to the PFN1
levels in the untransduced T24M cells (set as 100%)
[Supplementary Figure 1A (i-ii)]. PFN1 downregulation in
T24MshPFN1 cells was statistically significant compared
to T24MshSCR (p=0.001, Student’s t-test) and T24M cells
(p=0.001, Student’s t-test). Similarly, PFN1 transcript levels
were estimated at 18±16% and 65±12% for T24MshPFN1
and T24MshSCR cells, respectively (Supplementary
Figure 1B). PFN1 mRNA downregulation was statistically
significant, compared to T24MshSCR (p=0.04, Student’s
t-test) and T24M cells (p=0.008, Student’s t-test).
We further established T24M (n=13), T24MshPFN1
(n=19) and T24MshSCR (n=16) xenografts and monitored
them for 60 days. Tumor growth was significantly inhibited
in T24MshPFN1 xenografts in comparison to the controls,
tumor diameter of 3.3±1.7mm compared to 6.3±1.1 mm
(p<0.01, Student’s t-test) in T24MshSCR and 6.7±1.4 mm
(p<0.001, Student’s t-test) in T24M tumor bearing mice
[Figure 2A and 2B (i-ii)]. Immunohistochemical analysis
at T24MshPFN1 tumor sections confirmed the absence
of PFN1 protein expression even 60 days after the cell
injection (Figure 2C).
To monitor metastases, we employed Xenogen
live imaging analysis in xenografts established with cells
transduced by the Luciferase virus and the shPFN1 virus
(luc-T24MshPFN1) or the shSCR virus (luc-T24MshSCR)

RESULTS
Development of a PFN1-relevant BC xenograft
model
Investigation of PFN1 expression in three BC
cell lines showed that its protein levels did not differ
signifficantly between the T24 (invasive), T24M
(metastatic) and RT4 (non-invasive) cells (data not shown).
As such, to monitor PFN1 expression throughout cancer
invasion and progression, we generated NOD/SCID
xenografts, utilizing the T24M metastatic cell line. PFN1
expression was monitored for 60 days. As shown (Figure
1A and 1B), PFN1 levels decreased with tumor progression
(quantified optical absorbance of 155.5±25.0 au at 30 days
compared to 102.5±7.4 au at 60 days, p<0.0001 Student’s
t-test). The average tumor size concomitantly increased
from 6.9±0.2 mm3 (Day 30) to 8.0±2.2 mm3 (Days 60).
This PFN1 expression pattern is in agreement with our
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(Supplementary Text 1). Since co-transduction of T24M cells
with two viruses may affect their transduction efficiency, the
employment of un-transduced or transduced with a single
virus T24M cells as control, could be misleading. Therefore,
we utilized luc-T24MshSCR cells as the only control
condition. The results obtained revealed metastasis in lung
in T24MshSCR xenografts only (1/4 animals examined).
However, no indication of metastasis was detected in the
T24MshPFN1 xenografts (n=4) (Figure 2E).

As in some cases, PFN1 has been suggested to
impact on angiogenesis [19], we investigated whether
the observed decrease in tumor growth or metastasis
correlates with a decrease in angiogenesis following PFN1
suppression. Towards that end, immunohistochemical
analysis for Platelet endothelial cell adhesion molecule
(PECAM-1 also known as CD31) was performed. As
shown (Figure 2D -iii) the number of vessels did not differ
significantly between T24MshPFN1 and T24MshSCR

Figure 1: A. Representative images from immunohistochemical analysis of PFN1 expression in paraffin-embedded sections derived from

T24M tumors in two different time points: 30 days and 60 days after s.c. injection in NOD/SCID mice. (i-ii) Representative images of
tumor sections stained for PFN1 at 30 days after s.c. injection. Red arrows indicate PFN1 staining. (iii-iv) Representative images of tumor
sections stained for PFN1 at 60 days after s.c. injection. Magnification: 20x. B. Relative quantification scores revealing a decrease in PFN1
expression in larger tumors. Values are means ± SD for sections obtained from 4 mice and stained in dublicates (***p< 0.001, Student’s
t-test). C. Representative images of human tissue sections following PFN1 IHC and respective quantification of the PFN1 expression
(Image J software). (i-ii) Representative expression of PFN1 in normal adjacent epithelium (n=15), (iii-iv) PFN1 expression in BC tissue
from patients with NMIBC, of (iii) pTa stage (n=9) and (iv) pT1 stage (n=8). In pT1 specimens, nuclear staining is also present. (v-vi)
Low levels of expression of PFN1 are observed in MIBC cases (pT2+, n=7). D. Relative quantification scores revealing a decrease in PFN1
expression as tumor progresses. Values are means ±SD. Detailed measurments per case (n=15 slides for normal urothelium, 9 slides for Ta,
8 for T1 and 7 slides for T2+) are provided in Supplementary Table S1 (**p< 0.01, ***p< 0.001, Student’s t-test).
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[116±39 counted vessels for T24MshPFN1; versus 82±19
counted vessels for T24MshSCR; (p=0.28, Student’s
t-test) Figure 2D (iii)] suggesting that the observed impact
is unlikely to involve reduced vessel formation.

T24MshPFN1 cells also exhibited statistically
significant impaired adhesive properties, when plated on
fibronectin for 10 minutes (absorbance at 64%; p=0.008
Student’s t-test) and 20 mins (66%; p=0.003 Student’s
t-test), when compared with the T24MshSCR cells
(absorbance set as 100%) [Figure 3B (i-ii)]. No significant
effect on cell adhesion at 30 minutes (absorbance at 91%
for T24MshPFN1 cells in comparison to controls; p=0.52)
[Figure 3B (i-ii)].

PFN1 suppression impairs adhesion and motility
of T24M cells
We further investigated the role of PFN1 in
migration and adhesion of T24M cells. PFN1 suppression
in T24M cells resulted in decreased motility (59±8
migratory cells), compared with T24MshSCR (142±27
migratory cells; p<0.001, Student’s t-test) when cells were
left to migrate toward conditioned media (CM) derived
from T24M cells (Figure 3A). There was no statistically
significant difference in the migration ability of T24M
(191±7) compared to T24MshSCR (142±27) cells
(p=0.7, Student’s t-test). This observation was consistent
throughout all the in vitro experiments. Therefore, we
will present the T24MshSCR cells as the only control
condition and each comparison described below will refer
to the T24MshPFN1 versus T24MshSCR cells.

PFN1 suppression does not affect the
proliferation, colony formation and apoptotic
properties of T24M cells
As shown in the Figure 3C, no significant difference
was observed in the proliferation rate of T24MshPFN1
cells after 5 days in culture [Day 0 (0.18±0.04 au, 595
nm), Day 3 (0.52±0.14 au) and Day 5, (0.56±0.13 au],
compared with T24MshSCR cells (Day 0 (0.17±0.03au),
p=0.88, Student’s t-test; Day 3 (0.51±0.11 au), p=0.93,
Student’s t-test; Day 5 (0.57±0.13 au), p=0.93, Student’s
t-test). Likewise, no significant alteration in the average

Figure 2: Tumor growth and metastasis analyses in T24M, T24MshSCR and T24MshPFN1 tumor bearing NOD/SCID
mice. A. (i) Tumor volume was significantly smaller in T24MshPFN1 (n=13) compared with T24M (n=16) or T24MshSCR (n=19) tumor

bearing animals (**p< 0.01, Student’s t-test). B. Tumor diameters (i) and images (ii) from T24M, T24MshSCR and T24MshPFN1 tumors,
60 days after cell injection in NOD/SCID mice (**p< 0.01, Student’s t-test). C. Immunohistochemical analysis of PFN1 expression in
T24M, T24MshSCR and T24MshPFN1 tumor sections. The red arrow indicates the PFN1 staining. Magnifications: 20x, 40x. D. Number
of tumor vessels, as indicated by CD31 staining, was compared between (i) T24MshPFN1 (n=3) and (ii) T24MshSCR (n=3) tumor bearing
animals. Respective statistical analysis (iii) did not show any significant difference. E. i) In vivo bioluminescence imaging of T24MshSCR
LUC (n=4) and T24MshPFN1 LUC (n=4) bearing NOD/SCID mice, after intraperitoneal administration of the substrate of luciferase.
Organs were collected: (ii) 60 days and (iii) 82 days after s.c. injections of T24MshSCR LUC and T24MshPFN1 LUC cells. The coloured
column indicates the intensity of bioluminescence from lower (purple/blue) to highest (red) intensity.
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number of colonies by T24MshPFN1 (143±93) compared
to T24MshSCR cells [(136±89), p=0.54, Student’s
t-test] [(Figure 3D (i-ii)] was observed. In addition,
downregulation of PFN1 in T24M cells, exhibited no
significant effect in apoptosis, as indicated by Annexin
V- fluorescein isothiocyanate staining (FITC) staining
[Median Fluorescence Intensity (MFI of 95±5], compared
to MFI of 83±11 in T24MshSCR cells (p=0.36, Student’s
t-test) (Figure 3E).

PFN1 in T24MshPFN1 cells resulted reduced phalloidin
uptake (MFI=50±67), compared to the T24MshSCR cells
(MFI=81±23) (Figure 4A).
Following the decreased adhesion properties to
fibronectin in the T24MshPFN1 cells, the expression
of integrin- and fibronectin-associated receptors was
further investigated. For this purpose, T24MshPFN1 and
T24MshSCR cells were examined for the expression of Very
Late antigen-5 (VLA-5 antigen) Integrin alpha5/beta1 (CD29/
CD49e), selectin P/CD62P and CD44 by Fluorescence-based
flow cytometry (FACS) analysis (Figure 4B). The CD49e
and CD29 antigens were both identified downregulated in
T24MshPFN1 compared to T24MshSCR cells (Figure 4B),
(MFI for CD49e at 82±7 in T24MshSCR compared to 75±5
in T24MshPFN1 cells). Similarly, CD29 was found decreased
in T24MshPFN1 (MFI=39±14), compared to T24MshSCR

PFN1 promotes actin polymerization and alters
the expression of cell surface molecules
We further investigated the effect of PFN1
downregulation in the actin polymerization by phalloidinFITC staining (Figure 4A). Decreased expression of

Figure 3: A. Downregulation of PFN1 results in decreased motility of T24M cells. (i) Bar graph showing the number of migrating
T24MshSCR and T24MshPFN1 cells toward CM derived from T24M cells. Values are means ± SD for two independent experiments (**p<
0.01, ***p< 0.001, Student’s t-test). (ii) Representative images of migrated T24MshSCR and T24MshPFN1 cells. Magnification: 20x. B.
Downregulation of PFN1 results in reduction of adhesion capacity of T24M cells to fibronectin. (i) Bar graph presenting the average optical
absorbance at 595 nm of adherent T24MshSCR and T24MshPFN1 cells to fibronectin for 10, 20 and 30 minutes. Values are means ± SD
for three independent experiments (**p< 0.01, Student’s t-test). (ii) Representative images of adherent T24MshSCR and T24MshPFN1
cells after staining with crystal violet. Magnification: 5x. C. Diagram presenting T24MshPFN1 and T24MshSCR cell proliferation rate at
three time points (Day 0, Day 3, and Day 5). The optical absorbance given was measured at 595 nm. D. (i) Bar graph presenting the mean
number of colonies formed by T24MshSCR and T24MshPFN1 cells. (ii) Representative optical images of T24MshSCR and T24MshPFN1
colonies. Magnification: 10x. E. Bar graph and representative flow cytometry plots of median fluorescence intensity (MFI) of Annexin-VFITC staining in T24MshPFN1 cells and T24MshSCR. Values are means ± SD for three independent experiments.
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cells (MFI=51±23). Furthermore, CD44 (MFI=54±16) as
well as CD62P (MFI=65±27), exhibited lower expression
levels in T24MshPFN1 compared to the T24MshSCR cells
(MFI=72±23 and MFI=77±6, respectively).

(FGF-1:OD/mm2=0.08±0.0004 au and PLG:OD/
mm2=0.02±0.009 au) compared to the T24MshSCR
secretome (FGF-1:OD/mm2=0.42±0.09 au) and [PLG:OD/
mm2=0.04±0.006 au), [0.18-fold (p=0.02, Student’s t-test)
and 0.33-fold (p=0.03, Student’s t-test), respectively].
Activin A (ACVN1), which is also associated with
cancer cell migration and invasion exhibited a 0.24-fold
decrease (OD/mm2=0.008±0.003 au) in T24MshPFN1
vs T24MshSCR secretome (OD/mm2=0.03±0.001 au;
p=0.009, Student’s t-test).
In contrast, the anti-tumor cytokine, Granulocytemacrophage colony-stimulating factor (GM-CSF) was
found at increased levels in the T24MshPFN1 secretome
[2.4-fold (p<0.01, Student’s t-test)], vs T24MshSCR cells.
Similarly, Chemokine (C-C Motif) Ligand 2 CCL2 or
Monocyte Chemoattractant Protein-1 (MCP-1), a known
tumor suppressor, was secreted at higher levels [12.4-fold
(p<0.007, Student’s t-test)] in the T24MshPFN1 secretome
(OD/mm2=0.58±0.02 au) compared to the secretome of
T24MshSCR cells (OD/mm2=0.05±0.007 au). Thymidine
phosphorylase (TYMP), a key molecule in thymidine
cancer therapeutics, was also detected at increased levels
[1.56-fold, (p<0.01, Student’s t-test)] in T24MshPFN1
secretome (OD/mm2=0.09±0.005 au), compared with
T24MshSCR (OD/mm2=0.06±0.005). Other tumor
suppressors, such as Dipeptidyl peptidase 4 (DPPIV),
Pigment epithelium-derived factor (PEDF) and SerpinB5
were also upregulated in the secretome of T24shPFN1
cells, (30.3, 13.6 and 9.7-fold, respectively).

Proteome array analysis suggests alteration
in the expression levels of tumor-associated
secreted factors following PFN1 suppression
Proteome array analysis of the secretome of
T24MshPFN1 and T24MshSCR cells was performed to
investigate the expression of known tumor-associated
secreted factors following PFN1 downregulation (Figure
5; Supplementary Figure S2). Endothelin-1 (EDN-1),
which enhances cell growth [20], was identified at lower
levels (0.38-fold) at the secretome of T24MshPFN1
[Optical Density (OD/mm2 of 2.3±0.2 arbitrary units
(au)], compared to T24MshSCR cells (OD/mm2=5.9±0.7;
p=0.009, Student’s t-test). Additionally, Angiopoietin 1
(ANGPT1) and Angiopoietin 2 (ANGPT2) that regulate
migration, adhesion, angiogenesis and tumor growth
were observed at decreased levels by 0.46-fold (p=0.04,
Student’s t-test) and 0.43-fold (p=0.004, Student’s
t-test) in T24MshPFN1 (ANGPT1:OD/mm2=0.45±0.01
au; ANGPT2:OD/mm2=0.06±0.004 au) compared to
T24MshSCR cells (ANGPT1:OD/mm2=0.96±0.07
au; ANGPT2:OD/mm2=0.14±0.04 au). Fibroblast
growth factor-1 (FGF-1) and Plasminogen (PLG), both
tumorigenic factors, were also decreased in T24MshPFN1

Figure 4: Downregulation of PFN1 results in alterations in actin polymerization and cell surface antigen expression.

A. Representative FACS flow cytometry plot indicating the decreased phalloidin-FITC uptake from T24MshPFN1 cells compared with
T24MshSCR cells. B. Representative flow cytometry FACS plots for (i) CD44, (ii) CD62P, (iii) CD49e, (iv) CD49d, (v) CD90 and (vi)
CD29 expression in T24MshSCR and T24MshPFN1 cells. IgG1/IgG2: Isotype control.
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Analysis of differentially expressed genes in
T24MshPFN1 cells confirms changes in secreted
factors

up-regulated and 142 down-regulated) and two microRNA sequences (Supplementary Table S2).
The results were in agreement with those of the
secretome/proteome analysis (Supplementary Table
S3): ANGPT2 was down-regulated at the mRNA level,
showing a 0.65-fold in the T24MshPFN1 vs T24MshSCR
cells (Figure 6). ANGPT1 levels did not pass the 1.5 fold
change threshold, nevertheless were slightly decreased
(by 0.80). Interestingly, Tyrosine-protein kinase receptor
Tie-1 (Tie1), a transmembrane tyrosine-protein kinase
that modulates the activity of ANGPT receptors (TEK/
TIE2) activity [21] exhibited decreased mRNA levels in
T24MshPFN1 (0.60-fold) vs T24MshSCR cells. Moreover,
fibroblast-growth factor-1 (FGF1) was downregulated
(0.68-fold) in T24MshPFN1 cells, confirming the
proteomic results. This also coincided with the decreased
mRNA levels of FGF-binding protein-1 (0.60-fold) in
T24MshPFN1 versus control, a carrier protein that binds
FGFs from the extracellular matrix storage and enhance
FGF signaling during angiogenesis and tumor growth
[22]. Similarly, Plasminogen was also down-regulated in
T24MshPFN1 (0.36-fold) vs T24MshSCR cells. Along
these lines, Granulocyte-macrophage colony-stimulating
factor-2 (CSF2), as well as its receptor (CSF2RA), were
both identified upregulated, in T24MshPFN1 (2.15 and

In order to get further insight in the molecular
changes that lead to tumor inhibition and in parallel
confirm some of the observed proteomic changes, total
RNA sequencing of the T24MshPFN1, T24MshSCR
and T24M cells was performed. 1.403 differentially
expressed genes (fold change >1.5; 1.084 up-regulated
and 319 down-regulated) between T24MshPFN1 and
T24MshSCR cells were reported. Subsequent comparison
was performed between T24MshSCR and T24M cells to
investigate any similarities related to lentivirus integration.
In total, 21 genes reflecting virus specific-induced changes
(fold change>1.5) were identified and excluded from
the 1.403 differentially expressed genes. Thus, 1.382
differentially regulated genes were further assessed [1077
up-regulated and 305 down-regulated in T24MshPFN1
vs T24MshSCR]. Out of these, 1.045 exhibited the same
regulation trend in both of the following comparisons: (i)
T24MshPFN1 versus T24MshSCR and (ii) T24MshPFN1
cells versus T24M. These corresponded to 798 genes being
up-regulated and 257 down-regulated in T24MshPFN1 vs
controls, out of which 652 were protein coding genes (510

Figure 5: Secretome analysis of T24MshSCR and T24MshPFN1 cells using antibody proteome arrays. A. Bar graphs and
representative spot images presenting the differences at the secretome level of the secreted factors: (i) Granulocyte-macrophage colonystimulating factor (CSF2) (ii) Endothelin 1, (iii) FGF acidic, (iv) Activin A and (v) Angiopoietin 1 and 2. Each experiment was performed
in duplicates.
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3.10-fold, respectively) vs T24MshSCR cells. Similarly,
CCL2 and TYMPL were also upregulated in T24MshPFN1
vs T24MshSCR cells (CCL2: 2.6-fold; TYMP: 2.1-fold).
Although Activin A was not significantly differentially
expressed at the mRNA level, Activin receptor type1C was down-regulated in T24MshPFN1 (0.53-fold)
vs T24MshSCR cells. Collectively, mRNA sequencing
confirmed the down-regulation of known tumor inducers
and up-regulation of tumor suppressors, also supported by
the secretome analysis, following PFN1 suppression.

regulated in T24MshPFN1 (0.64-fold) vs T24MshSCR
cells. In addition, E-Cadherin (CDH1) a tumor suppressor,
involved also in cell adhesion, motility and proliferation
[27] was identified in higher levels in T24MshPFN1 (3.22fold) vs T24MshSCR cells. Many differentially expressed
mRNAs were found to be involved in inflammatory
processes, including chemokines (7%), molecules related
to NF-κB signalling (3%) and interferon-gamma signaling
(1%) (Supplementary Figure S3). As examples, the
C-X-C chemokine receptor type 4 (CXCR4) receptor for
the C-X-C motif chemokine 12 (CXCL12) or stromal cellderived factor 1 (SDF-1) that enhances Mitogen-activated
protein kinase (MAPK1/MAPK3) activation [28] was
downregulated in T24MshPFN1 cells (0.59-fold). Among
the highly up-regulated trancripts in T24MshPFN1 cells
(5.18-fold) was Tumor necrosis factor ligand superfamily
member-15 (TNFSF15), an angiogenesis inhibitor that
suppress tumor growth [29]. Similarly, Tripartite motif
containing 31 (TRIM31), reported to suppress colonyforming units (CFU) formation of cancer cells in vitro [30],
was highly upregulated in T24MshPFN1 cells (5.36-fold).
Interestingly, the majority of the identified molecules
are involved in Ca2+-driven process (12%) (Supplementary
Figure S3), with some additional molecules to be related
to G-protein signalling (2%), or to exhibit GTPase
(2%) or GTPase regulator (2%) activities. Around 3%
of the molecules were classified as phospholipases,
protein kinase related proteins and regulators of those.
Characteristic examples, include, genes corresponding
to
phosphatidylinositol-specific
phospholipase-C
enzymes, such as PLCb4 and PLCb2 (0.19 and 0.51fold, respectively) most highly down-regulated upon
suppression of PFN1; in addition, the Ras-related Rab-3B
and Rab-36 proteins were both downregulated (0.55 and
0.61-fold, respectively) in T24MshPFN1 cells.

Functional annotation and pathway analysis
predict downregulation of tumor inducing and
Wnt/Ca2+ pathway following PFN1 suppression
A functional annotation based on Gene Ontology
(GO) and pathway analysis was conducted for the
differentially expressed mRNAs to investigate their
segregation into biological processes (Supplementary
Figure S3). Many of the downregulated genes
corresponded to proteins involved in cell-cell interactions
and cell-extracellular matrix communication [23]. As
such, Teneurin-2 has been characterized as a ligand for G
protein-coupled receptors promoting adhesion [23]. Here,
Teneurin-2 was downregulated in T24M shPFN1 (0.28fold) vs T24MshSCR cells. Desmocollin-3, a component
of desmosome junctions, mediating cell adhesion [24]
was down-regulated in T24MshPFN1 (0.65-fold) vs
T24MshSCR cells. SH3 and PX domain-containing protein
2A, an adapter protein involved in extracellular matrix
degradation and invasiveness of cancer cells via induction
of EMT [25] was down-regulated in T24MshPFN1
(0.49-fold) vs T24MshSCR cells. Junctional adhesion
Molecule-C (JAM-3) involved in cell adhesion and
associated with tumor growth [26] was identified down-

Figure 6: A. Heatmap plot generated from RNA sequencing data for T24M, T24MshSCR and T24MshPFN1 cells, analysed in dublicates.

B. Bar graphs presenting the levels of expression of (i) Activin receptor type-1C (ACVR1), (ii) Fibroblast growth factor-binding protein 1
(FGFBP1), (iii) Tie1 or Tyrosine-protein kinase receptor Tie-1 (ligand of Angiopoietin 1 or Angiopoietin 2), (iv) Angiopoietin 2 (ANGPT2)
(v) 1-phosphatidylinositol 4, 5-bisphosphate phosphodiesterase beta 4 (PLCb4), (vi) Granulocyte-macrophage colony-stimulating factor
(CSF2) and (vii) Granulocyte-macrophage colony-stimulating factor receptor (CSF2RA) in T24MshPFN1 and T24MshSCR cells.
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Table 1: Canonical pathways that involve PFN1 and corresponding mapped altered protein coding transcripts,
following suppression of PFN1
Ingenuity Canonical
Pathways

p-value

Ratio

Molecules

Axonal Guidance
Signaling

0.020893

5,16E-02

NFATC4(↑), EPHB6(↑), PLCb2(↓), ADAM8(↑), SRGAP3(↑),
GNAO1(↑), PLCb4(↓), SDC2 (↑), EPHA3 (↑), SEMA3B(↑),
WNT5B(↓), SEMA6A(↑), PIK3CG(↑), CXCR4(↓), WAS(↑),
PFN1(↓), ADAMTS5 (↑), SEMA3C(↑), UNC5B(↑),
MMP10(↑), SHH(↑), ADAMTS7(↑)

PCP pathway

0.048978

8,06E-02

RSPO3(↑), PFN1(↓), SDC2(↑), WNT5B(↓), ROR2(↑)

Regulation of Actin-based
Motility by Rho

0.149624

5,75E-02

RhoA Signaling

0.54325

3,33E-02

WAS(↑), PFN1(↓), MYLK(↑) RHOU(↑), RND2(↑)
LPAR6(↑), PFN1(↓), MYLK(↑), LPAR3(↓)

The direction of differential expression (↑ or ↓) when comparing T24MshPFN1 vs T24MscPFN1 is shown.
To further investigate the above findings, in silico
pathway analysis was conducted. For this purpose, the
652 encoded proteins derived from the 1.045 differentially
expressed genes were used as input. After exclusion of
redundant entries or those that could not be mapped in
the IPA underlying pathways, 645 features segregated
into: 280 pathways- with four directly involving PFN1
(Table 1) and 44 identified as statistically significant
(p<0.05, Fischer’s Exact Test) (Supplementary Table S2).
This analysis confirmed the functional annotation results,
predicting significant changes in: Interferon (p=0.004;
activated; z=2.236), Chemokine (p=0.006; inhibited;
z=-0.378), G-Protein Coupled Receptor (p=0.008),
Phospholipase (p=0.008) and NF-κB (p=0.02, activated;
z=2.111) signaling pathways. Additionally, Axonal
Guidance Signaling (p=0.02) and the non-canonical planar
cell polarity pathway (PCP) (p=0.04), directly mapping
PFN1 were predicted to be significantly changed following
PFN suppression (Table 1).
Interestingly, the non-canonical Wnt/Ca2+ pathway
was predicted to be inhibited/inactivated (z score=-1.00)
(Figure 7). Interestingly, with all expressed genes found at
decreased levels in in T24MshPFN1 cells versus controls
(PLCb4, 0.19 fold change; PLCb2, 0.51 fold change;
Wnt5b; 0.46-fold change and Calcium/calmodulindependent protein kinase type IV (CAMKIV), 0.65-fold
change). As shown in Figure 7, inhibition of the Wnt/
Ca2+ pathway is predicted to lead to decreased CREB1
and NFkB levels and suppress gene expression mediated
via these trascription factors. These data suggest an
implication of PFN1 to Wnt/Ca2+ pathway integrating the
integrin-cytoskeleton axis and PFN1 interaction with PIP2.

regulation based on the functional annotation/pathway
analysis results; b) the differential expression/ excretion
based on the secretome/proteome analysis and the gene
expression data and c) availability of the antibodies;
immunohistochemical analysis of bladder cancer tissue
sections was further performed for Wnt5b, PLCb4,
cAMP response element-binding protein1 (CREB1) and
ANGPT1. The selection of these factors was made to
increase reliability of the aforementioned observed in vitro
and in vivo changes and pathway analysis predictions.
Sections from NMIBC (pT1) and MIBC (pT2+) cases
were used. All factors were found to be expressed in the
BC tissue specimens (Figure 8A and 8B). Interestingly,
quantification of the staining intensity suggested that
similar to PFN1 (Figure 1D), the levels of all proteins
showed at least a slight decrease in pT2+ versus pT1 BC.
This change reached statistical significance in the case of
Wnt5b (p=0.03) and ANGPT1 (p=0.02) in the small set
of tested samples.
Correlation of each factor to the Profilin-1 levels per
individual sample did not reach statistical significance for
Wnt5b, PLCb4, ANGPT1 with the exception of CREB1
which suprisingly showed a strong inverse correlation
(p=0.005; ρ=-0.943, Spearman’s Rho) to the PFN1 levels
in the pT2+ samples.

DISCUSSION
Urothelial tumors arise and evolve through divergent
phenotypic pathways [31]. As a result, the response to
the already limited treatment schemes is not always
achieved [31]. A need for a thorough understanding of
the underlying molecular processes is prevailing [32]. We
recently identified PFN1 as a tissue biomarker inversely
correlated with BC invasion [18]. Previous studies
reported that PFN1 has significant role in the promotion
of developmental events via Wnt signaling [33], as well

Decrease of Wnt5b, PLC4b and CREB1 in
MIBC human tissue
Considering the following criteria: a) involvement
of a protein in altered pathways following PFN1 downwww.impactjournals.com/oncotarget
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as the induction of neuronal cell migration [34]. However,
in carcinogenesis, contradictory observations have been
reported [12, 13], as PFN1 suppressed tumorigenicity
in pancreatic cancer [12, 13], while promoted gastric
cancer progression [13]. Studies in breast cancer [9,
14–16], occasionally suggested PFN1 promoting tumor
establishment or suppressing metastasis [17]. Collectively,
accumulating evidence, support a highly context specific
role of PFN1 in carcinogenesis [35] with its molecular
interactions not yet been adequately characterized.
In our previous study in vitro blocking experiments
in T24 cells by the use of neutralizing antibodies resulted
in impaired cell migration and actin polymerization [18].
Along the same lines, herein, we show that
suppression of PFN1 inhibits T24M cell migration and
adhesion in vitro and tumor establishment in vivo. IHC
analyses showed a similar PFN1 expression pattern in
human BC and mouse xenograft tissues, with PFN1 levels
decreasing with tumor progression. This is in agreement

with a study in breast cancer [17], supporting an emerging
role of PFN1 in the early tumorigenesis. Our studies further
suggested that suppression of PFN1 in T24M cells results
in impaired migration and adhesion properties, likely by
blocking actin polymerization [35, 36] and suppressing
(at least) the VLA-5 antigen, a receptor for fibronectin
[37]. Endothelin-1, which has been shown to induce VLA5 expression [20], was found at decreased secreted levels
upon PFN1 suppression. Endothelin-1 has been reported
previously to enhance BC metastasis in the lung in mouse
BC xenografts [38]. In parallel, cell adhesion to fibronectin
may have also been impaired via alterations in the CD44
signaling as suggested by the decreased levels of selectin P/
CD62P and CD44 following PFN1 suppression. Thus, we
hypothesize that PFN1 suppression has a negative impact
on a cascade of events involving ligand binding to integrins,
integrin clustering and recruitment of actin filaments, which
collectively may contribute to the observed phenotype of
impaired adhesion and migration.

Figure 7: Predicted impact on the non-canonical Wnt/Ca2+ signaling following PFN1 suppression. Molecules detected
at altered levels in T24MshPFN1- versus T24MshSCR transduced cells are marked. An overall decrease in the activity of the pathway is
predicted. The pathway was generated by Ingenuity pathway Analysis software (IPA) and further adjusted to depict schematically the main
modules that were introduced in this study.
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Figure 8: A. Representative images of human tissue sections following IHC for PLCB4 (i-ii; n=5 for T1; n=5 for T2+), Wnt5b (iii-iv; n=6

for T1 and n=6 for T2+), CREB1 (v-vi; n=6 for T1; n=6 for T2+) and ANGPT1 (vii-viii; n=5 for T1 and n=6 for T2+). B. Quantification
results (Image J software). Values are means ±S.D. Detailed measurments are included in the Supplementary Table S1 (*p< 0.05, Student’s
t-test).
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Tumor migration may be further suppressed by
increased secretion of known tumor suppressor factors
following PFN1 suppression. Based on our data, these
may include PEDF, earlier reported to inhibit cancer
metastasis by down-regulating fibronectin [39]; increased
levels of DPPIV and E-cadherin earlier correlated
with growth inhibition and apoptosis in melanoma and
ovarian cells [40, 41]. GM- CSF (CSF2) and its receptor,
that were found at increased levels in the secretome
and transcriptome following PFN1 downregulation,
is implicated in inducing granulocytes and monocytes
and defensive immune response [42]. Along these lines,
a vaccine that displayed mouse CSF2 on the surface of
BC stem cells induces an anti-tumor immune response to
metastatic BC [42]. In addition, combination of GM-CSF
vaccination with radiotherapy in patients with metastatic
solid tumors in a recent clinical trial, resulted in increased
treatment response, by presumably enhancing the dendritic
cell cross-talk, and overcoming the immunosuppressive
effect of radiation [43]. The above observation is in line
with another recent publication in colon cancer, where
higher tissue levels of GM-CSF at the tumor cells was
correlated with lower cancer stage and prolonged survival
[44]. Although the exact mechanism associated with
these observed changes remains unknown, based on the
presented data, we may safely assume an involvement of
the non-canonical Wnt/Ca2+ signalling. PFN1 is known to
bind to PIP2 and is a key regulator of the balance between
cytoskeletal integrity and PIP2 availability for Ca2+/PKC
signaling [10]. In our study, significant alterations in the
expression of phosholipase-C molecules were observed
and inactivation/inhibition of Wnt/Ca2+ pathway following
PFN1 suppression was predicted. Along these lines,
alteration of CREB1 and NFkB expression, may explain,
in part, the observed differential expression of several
genes. At the same time, mRNA changes may also be
attributed to transcriptional indirect activity of PFN1
through its interactions with MYPOP transcription factor
[45]. These hypotheses warrant further investigation. Even
more interestingly, based on our preliminary experiments
on a small set of human specimens, a decreased expression
trend in all Wnt5b, PLC4b and CREB1 in MIBC (pT2+)
in comparison to NMIBC (pT1) is suggested. This result
is in line with a recent report on CREB1 levels in BC
[46]. Even though correlations of PLC4b and Wnt5b
to the PFN1 levels per specimen could not be made at
significant levels, this preliminary observation supporting
similar expression patterns for all three proteins in human
tissue, is in line to the presented in vitro model predictions.
The CREB1 inverse correlation to PFN1 levels per
MIBC specimen was unexpected; nevertheless, it may
be reflective of activation of alternative mechanisms
surpassing the protective effect of PFN1 downregulation
in advanced disease. The same may be occurring in the
case of angiogenesis where despite the observed decrease
in ANGPT1 levels in MIBC in comparison to NMIBC,
www.impactjournals.com/oncotarget

the tumour is apparently at an increased aggressive state.
With no doubt, in depth investigation and extensive
experimentation are required to understand the underlying
biology of these preliminary observations at the human
tissue.Collectively, the present study suggests a role of
PFN1 in a well-orchestrated series of events involving
cell surface receptors and secreted factors, including
CD29, CD49e, and Endothelin-1 (via its interactions
with both integrins and PFN1 via which it stabilizes PIP2
phosholipids [47]. Through the latter, an impact on Wnt/
Ca2+ signaling is suggested with specifically, a decrease in
the levels of key members of the pathway (Wnt5b, PLC4b)
following PFN1 suppression. Apparently many gaps exist
and questions remain unanswered, including delineating
the cause(s) and specific role of several of the observed
proteomic changes at the secretome. In addition, our study
was conducted with one type of BC xenograft model and
validation of the main findings was performed based on
cross-omics data agreement. Additional experiments
involving further BC models, and importantly, analysis
of a larger number of human specimens are required to
establish applicability of these observations in human
disease. Main important questions that we would prioritize
include the investigation of a potentially “linker” role of
Endothelin-1 in the Integrin - cytoskeletal axis, the links
of PFN1 to the anti-tumor cytokine GM-CSF and also
a detailed investigation of the correlations of PFN1 to
members of the Wnt5/Ca2+ signaling pathway (starting by
Wnt5b and CREB1) in relation to disease phenotypes.

MATERIALS AND METHODS
Ethics statement
The study was designed and performed according to
the principles of the Declaration of Helsinki and fullfilling
all the requisities of the laws on the protection of patients
collaborating in Medical Research. All procedures
for the care and treatment of animals were performed
according to the institutional guidelines and according
to the recommendations of the Federation of European
Laboratory Animal Science Associations (FELASA)
and approved by the Institutional Animal Care and Use
Committee.

Cell culture and conditioned media collection
T24M cells [48] were cultured in DMEM (GibcoBRL, Paisley, Scotland, UK) and supplemented with
10% fetal bovine serum (FBS) (Gibco-BRL) at 37°C
in 5% CO2, as previously described [18, 48]. For the
collection of the conditioned media (CM), 1.33x103/cm2
cells were cultured in Phenol red-free reduced serum
(2%FBS) media (Ltd., Paisley, Scotland) for 24 hours. CM
were subsequently collected and centrifuged at 1000 rcf
for 10min at 4 °C to remove dead cells and debris.
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Additional materials and methods regarding the Lentiviral
construction are available as supplementary information
(Supplementary Text 1).

ensure equal loading. The membranes were subsequently
incubated with an anti-rabbit HRP-conjugated secondary
antibody (GE Healthcare, United Kingdom) at a dilution
1:10.000 or an anti-mouse HRP-conjugated secondary
antibody (Santa Cruz Biotechnology Inc.) at a dilution
1:2.000 and developed using the ECL (Perkin-Elmer,
MA, USA) detection system. Films were scanned (GS800, BioRad scanner) and analyzed using Quantity One
software (BioRad Laboratories Inc., CA, USA).

Reverse transcriptase (RT) and real time PCR
Total RNA was extracted from cells using the
RNeasy Mini Kit (Qiagen Crawley, U.K., http://www1.
qiagen.com/). RT–PCR cDNA was synthesized using 1 mg
total RNA, M-MLV reverse transcriptase kit (Promega,
Madison, WI, USA) and Oligo (dT) primer (Invitrogen,
Grand Island, NY, USA) according to the manufacturer’s
protocol. Quantitative PCR was performed using SYBR
Green dye and TaqMan gene expression assays on an
Applied Biosystems StepOne Real Time–PCR system
(Applied Biosystems, Foster City, CA, USA). Real time
PCR was performed using gene-specific primers for PFN1
(Forward: 5′-G C C G G G T G G A A C G C C T A C A
T-3’ and Reverse: 5′-C CC A G AC G G A G G G C G C
G A G T C C -3′) that were mixed with the SYBR Green
PCR master mix according to the manufacturer’s protocol
(Applied Biosystems). Human GAPDH (Forward: 5'-G C
A A A T T C C A T G G C A C C G T-3′, Reverse: 5'-T
C G C C C C A C T T G A T T T T G G-3′) was used as
internal positive control. The reaction was performed in
an ABI Prism 7000 apparatus (Applied Biosystems) and
the analysis was conducted using the ABI Prism 7700
SDS software (Applied Biosystems). Data were analyzed
by the relative quantification (ΔΔCt) method as described
previously [49]. Τhe 2-ΔΔCt formula was used to determine
fold expression differences. Each assay was performed in
duplicates and data represent the mean ± SD of at least
two independent experiments.

MTS proliferation assay
T24MshPFN1 or T24MshSCR cells were plated at a
density of 103 cells per well in 96-well plates and cultured
for 5 days in the presence of DMEM (10% FBS). Media
were changed daily, and two different time points (Day
3 and 5) were selected to monitor the proliferation rate.
At each time point, CellTiter 96 AQueous One Solution
(MTS) (Promega Ltd) was added according to the
manufacturer’s instructions. The absorbance was recorded
at 490 nm with the use of an ELISA plate reader (ELX
800; Biotek Instruments Inc., Winooski, VT). The increase
in proliferation was calculated as follows: [(ODdayXODday0)/(ODday0)]. Three independent experiments
were performed, each including five replicates, and the
mean ±SD of each experiment was calculated. Statistical
analysis was performed using Student's t test.

Flow cytometry analysis
T24MshPFN1 and T24MshSCR cells were
examined for the expression of CD49e, CD44, CD90,
CD29 and CD62P antigens by flow cytometry (Becton
Dickinson, San Jose, CA, USA). The appropriate isotype
controls were used (Dako, Agilent Technologies) as
described previously [48, 49]. F-actin polymerization
was tested by FITC-Phalloidin uptake. In brief, after the
transduction, cells were incubated with Phalloidin-FITC
(Sigma Aldrich Co., St. Louis USA) according to the
manufacturer's instructions. Cells were analysed using
a Beckman Coulter Cytomics FC 500 flow cytometer
(Beckman CoulterLtd, Palo Alto, CA, USA). Apoptosis
was determined by Annexin V–FITC staining (BD
Biosciences) in T24MshPFN1 or T24MshSCR cells
according to the manufacturer’s instructions. 7AAD
(Sigma Aldrich Co., St. Louis USA) was used for livedead cell discrimination.

Protein extraction and western blot analyses
For protein extraction, cells were collected
following trypsinization and cell pellets were re-suspended
in isoelectric focusing sample buffer containing 7M Urea
(ApliChem Inc., Missouri, USA), 2M Thiurea (Fluka,
Sigma Aldrich Co., St. Louis USA), 4% w/v CHAPS
(ApliChem Inc., Missouri, USA), 1% w/v DTE, (Sigma
Aldrich Co., St. Louis USA) and 2% v/v IPG ampholytes
(BioRad Laboratories Inc., CA, USA), followed by bath
sonication for 15 minutes [18]. The suspension was
centrifuged at 16.000 rcf for 20 min and the supernatants
were collected. 3.6% v/v protease inhibitors (Roche)
were added to the extracts. Protein concentration was
estimated by the use of Bradford reagent (BioRad
Laboratories Inc., CA, USA). For western blot analysis,
total protein extracts were separated by 15% SDS-PAGE,
transferred to Hybond-ECL NC membranes (Amersham
Biosciences, Sweden) and probed with the rabbit antiPFN1 monoclonal antibody at a dilution 1:100 (Santa
Cruz Biotechnology, Texas, USA), a mouse monoclonal
β-actin antibody at a dilution of 1:2.000 (Santa Cruz
Biotechnology, Texas, USA) was used as a control to
www.impactjournals.com/oncotarget

Transwell migration assay
Transwell migration assays were performed
as previously described [18, 50]. Briefly, 4×104 cells
T24MshPFN1, T24M or T24MshSCR cells were cultured
for 24h in DMEM (2% FBS) and then transferred to a
5μm pore size insert of a transwell plate (Corning-Costar,
Cambridge, MA), where they were allowed to migrate
for 6h toward CM derived from T24M cells or DMEM
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(2% FBS) as negative control. As positive control,
recombinant PFN1 protein (Abcam plc, Cambridge, MA,
USA) (1μg/ml) was added in DMEM (2% FBS). Two
independent experiments were performed, each including
two replicates, and the mean of each experiment was
calculated. Statistical analysis was performed using
Student's t test.

4.4.1 (BioRad Laboratories Inc., Amersham, England).
Two replicates per sample were analyzed. Results for
the different growth factors assayed are expressed as
means±SD and statistical analysis was performed using
Student’s t test.

In vitro colony formation (CFU) assay

NOD-SCID mice were purchased from the Jackson
Laboratory (JAX Mice & Services Bar Harbor, ME USA)
and housed and maintained at the Animal Facility of the
BRFAA. For tumor formation, 3.3×106 T24MshPFN1
cells (n=13), T24MshSCR (n=19) or T24M untransduced
cells (n=16) were administered subcutaneously (s.c.) into
the tail base of 6 to 8-week old male NOD/SCID mice
of 22-24gr weight. Tumor size was measured by caliper
weekly for at least 3 months or until the presence of a
tumor diameter >17mm, tumor ulceration or bleeding,
when in those cases mice were sacrificed earlier. For
examining tumor growth and/or detecting metastasis
by bioluminescence imaging, mice were injected with
luc-T24MshPFN1 and luc-T24MshSCR cells. Mice
were initially injected with luciferin (1 mg/ml, Promega
Corporation). Mice were then anesthetized using Κetamine
HCl, xylazine, NaCl, 0.9% (GE Heathcare, UK). The
in vivo bioluminescense monitoring was performed in a
Xenogen IVIS Lumina II System (Advanced Molecular
Vision, Inc.). Animals were sacrificed and lung, spleen,
kidneys and liver were collected for monitoring metastasis.

Animal experiments

Ten thousand T24MshPFN1 or T24MshSCR cells
were cultured in DMEM (10% FBS), containing 5 mg/ml
of Matrigel (BD, New Jersey, USA). Cells were cultured
on coverslips in 24-well plates in the matrigel-containing
media and subsequently placed in a 5% CO2 incubator
at 37°C for 1hour. DMEM (10% FBS) was then added
on the top of the gel. Cells were left to grow in a 3D
culture for 12 days and the media were changed every 2
days. The CFU formation was monitored weekly. Three
independent experiments were performed, each including
two replicates, and the mean±SD of each experiment
was calculated. Statistical analysis was performed using
Student's t test.

Adhesion assay
Ten thousand T24MshPFN1 or T24MshSCR cells
were plated in a 96-well vessel treated with fibronectin
(10μg/ml) (Sigma-Aldrich). Cells were incubated in
DMEM (10% FBS) at 37°C in 5% CO2 for 10, 20 and
30 minutes, respectively. The non-adherent cells were
removed by washing with PBS (Lonza Group Ltd.). The
adherent cells were then fixed using 4% paraformaldehyde
(Sigma-Aldrich) and stained with crystal violet (Sigma
Aldrich Co.). Adhesion was quantified by measuring the
absorbance at 595 nm. Images from the stained nuclei
were taken using a Leica DMLS2 Microscope (Leica
Microsystems IR GmbH). Three replicates were used
per condition. Statistical analysis was performed using
Student's t test.

Immunohistochemistry in murine tumor
specimens
Tissues from mouse tumors or organs were fixed
in 10% formalin (Sigma-Aldrich) and 5μm thick paraffin
sections were prepared, as previously described [18].
Tissue sections were dewaxed in xylene (Carlo-Erba
Reagents, Milano, Italy) and then rehydrated in graded
alcohol (Sigma-Aldrich). Endogenous peroxidase activity
was blocked with 0.3% (v/v) hydrogen peroxide (SigmaAldrich) in methanol (AppliChem GmbH, Darmstadt,
Germany). Non-specific binding was blocked using 10%
(v/v) fetal bovine serum (Gibco-BRL) in PBS. Sections
were subsequently incubated with rabbit anti-Profilin1
monoclonal antibody (Enzo, Life Sciences, NY, USA), or
appropriate isotype controls. The reaction was developed
with biotinylated goat anti-rabbit secondary antibody
(DakoCytomation Ltd, Cambridgeshire, UK), followed by
ABC-complex-HRP (DakoCytomation) and DAB (Vector
Laboratories, Burlingame, CA, USA) reagents. Finally,
the sections were counterstained in Gill’s hematoxylin
(Sigma-Aldrich). To evaluate the staining for PFN1
expression in murine tissue, an image analysis approach
was implemented by Image J software 1.38× software
(http://rsb.info.nih.gov/ij/). For CD31 stainings a rabbit
anti-CD31 polyclonal antibody (Abcam, ab28364) was

Proteome profiler array of conditioned media
(CM)
For the preparation of the CM, 1×106 T24MshPFN1
or T24MshSCR cells were cultured until 80% confluent,
and the media were replaced with DMEM containing 0.5%
(v/v) FBS to prevent protein aggregation. The cells were
cultured for a further 24 hours and the CM was collected
and concentrated approximately 10-fold using ultra
filtration units with a 3-kDa cut-off (Millipore Ltd. Ltd.),
and analyzed for specific proteins using proteome profiler
arrays for angiogenesis growth factors (Catalog #ARY007,
R&D Systems Inc., Minneapolis, USA) according to the
manufacturer’s instructions. Quantitation of the detected
spots was performed using the Quantity One Software
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used in dilution of 1:250. Quantitation of signal was
assessed by Image J software 1.38× software (http://rsb.
info.nih.gov/ij/).

each section. All raw data-measurements per sample are
provided in Supplementary Table S1.
The statistical analysis was based on two-tailed
Student’s T-test of unequal variance. Values of p<0.05
were considered as statistically significant. Correlation
analysis of the tissue staining measurements at the
human BC patients level was performed using Spearman
rank correlation coefficient. Correlation was marked
as significant for p<0.05. The correlation analysis was
performed with SPSS software v.22 (SPSS Inc, USA).

Immunohistochemistry in human BC specimens
Tissues specimens from a total number of 24
patients [21-male, 3-female] with BC were used for
IHC following approval of the study by the local Ethics
Committee (Laikon Hospital: ES76). Tumor staging was
classified according to TNM/UICC (2009) classification
as follows: 9 pTa cases [mean age: 63±12], 8 pT1 cases
[mean age: 70±9] and 7 T2+ cases [mean age: 64±7]
(Supplementary Table S1). In situ carcinoma co-existed in
6 cases, concomitantly to 4 pT2+ and 2 pT1 bladder cancer
cases (Supplementary Table S1). Immunohistochemical
staining for PFN1 was performed as previously described
[51]. In brief, endogenous peroxidase activity was
quenched with 0.3% hydrogen peroxide in Tris-buffered
saline (TBS). After rinsing with TBS, normal horse serum
was applied to block non-specific antibody binding.
Subsequently, sections were incubated overnight at 4°C
with rabbit anti-Profilin1 monoclonal antibody (Enzo,
Life Sciences, NY, USA), in 1:500 dilution or appropriate
isotype controls. A three-step procedure (Avidin-BiotinPeroxidase, Vector Laboratories, Burlingame, CA, USA)
was used for visualization, with diaminobenzidine as
a chromogen according to the kit instructions. Finally,
sections were counterstained with hematoxylin and
mounted. A quantitative approach was then followed
to confirm pathologists’ observations using the Image J
software (http://rsb.info.nih.gov/ij/) [52]. In brief, tissue
sections were scanned under the microscope using X20
magnification. Depending on tissue size, different number
of images (5-10) were acquired per section. Ten-50 fields
of identical area dimensions per image were selected for
mesurement analysis. Optical density was normalized over
the unstained tissue substrate and mean intensity values
were estimated, as previously described [51]. Mean values
of intensity were calculated per image and subsequently
for each section. All raw data-measurements per sample
are provided in Supplementary Table S1. Similarly,
for PLCb4 staining a rabbit anti-PLCb4 monoclonal
antibody (SANTA CRUZ BIOTECHNOLOGY, INC sc166131) was used in 1:50 dilution, for Wnt5b (Abnova
H00081029-B01P) in 1:50 dilution, for CREB1 (CSBPA005947HA01HU) in 1:50 dilution and for ACVR1C
(CSB-PA854112ESR1HU) in dilution 1:100. As a
secondary antibody the Envision FLEX/HRP DAKO
K8023 (part of kit) was employed. As previously, the
tissue sections were scanned under the microscope using
X40 magnification. Optical density was normalized over
the unstained tissue and mean intensity values were
estimated, as previously described [51]. Mean values of
intensity were calculated per image and subsequently for
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Total mRNA sequencing
Total RNA was isolated from T24MshPFN1,
T24MshSCR or T24M cells using the RNeasy kit
(Qiagen, Valencia, CA, USA), as described previously and
according to the manufacturer’s protocol. Concentration
and purity of RNA were assessed using the NanoDrop ND
1000 spectrophotometer (Nanodrop products, Wilmington,
DE, USA) at 260 nm. In total 6 samples were analyzed
including T24MshPFN1, T24MshSCR or T24M cells
(in two biological replicates each). The preparation of
libraries and the sequencing of the mRNA along with the
analysis of the raw data were performed by GenomeScan
B.V Company. The RNA concentration was assessed using
the Life Technologies Qubit (Thermo Fischer Scientific,
Waltham, MA USA). Further evaluation of the quality and
integrity of isolated RNA was conducted using Agilent
Bioanalyzer (Agilent Technologies Inc., Santa Clara,
USA). Subsequently, samples were processed by Illumina®
mRNA-Seq Sample Prep Kit (Illumina, Inc, San Diego,
USA) according to Illumina protocol. Briefly, mRNA
isolation was performed using oligo-dT magnetic beads
(Illumina, Inc) followed by the mRNA fragmentation and
cDNA synthesis. For the latter, the quality and yield was
measured with Lab-on-a-Chip analysis and confirmed the
expected size of the product in the range between 200500 bp. Clustering and DNA sequencing was performed
using Illumina cBot (Illumina, Inc) and HiSeq2500
(Illumina, Inc), in line with manufacturer’s instructions
at the concentration of 16pM of DNA. Image analysis,
base calling and quality check was conducted with the
Illumina data analysis pipeline RTAv1.18.64 (Illumina,
Inc) and Bclfastqv1.8.4 (Illumina, Inc). Data obtained
from the HiSeq2500 in fastq format was used as source
for the downstream data analysis. Alignment of fastq reads
was performed using TopHat version 2.0.12 [53] (Johns
Hopkins University) against the assembled human genome
GRCh37.p13 with the corresponding Ensembl release 75
annotation [54] (http://grch37.ensembl.org/index.html).
The alignment run with default parameters but allowing
for a genome multihit search and transcriptome build
and mapping. Alignment quality metrics were collected
using Qualimap version 2.0.1 [55] (Max Planck Institute
For Infection Biology and Bioinformatics Department).
Quantification of feature alignments was performed
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using HTSeq-counts from HTSeq framework version
0.6.1p1 [56] (Genome Biology Unit, EMBL Heidelberg).
Default parameters were used for a non-stranded RNAseq library using the intersection non empty algorithm to
count reads that fall into annotated gene locus. Finally, the
normalization of the count data and statistical analysis for
the differential expression was performed with DESeq2
package version 1.6.3 [57] for R statistical computing
software [15].

We would like to thank Professor Luigi Naldini
(San Raffaele Telethon Institute for Gene Therapy, Milan,
Italy) for the generous donation of the pCCLsin.PPT.
hPGK.GFP plasmids. We would like to thank Ms Vasiliki
Hatzigeorgiou (Cell and Gene Therapy Laboratory,
BRFFA) for generating the luc-lentiviral vector. Moreover,
we would like to thank Dr Panagiotis Politis (Histology,
Basic Research, BRFAA) for the donation of CD31
antibody and Mr Szymon Filip (Proteomics Laboratory,
Biotechnology, BRFAA) for assisting in the correlation
analysis.

Functional annotation and in silico analysis
In silico pathway analysis was performed in
order to predict significantly altered pathways upon
downregulation of PFN1. The differentially expressed
transcripts were assigned to their corresponding proteins
and functionally annotated using Gene Ontology
annotations retrieved from Uniprot-GOA annotations [58]
and/ or NeXtProt database [59]. They were also mapped to
pathways using QIAGEN’s Ingenuity® Pathway Analysis
software (IPA®, QIAGEN Redwood City, www.qiagen.
com/ingenuity). Statistical analysis was conducted by
using right-tailed Fisher’s exact test and pathways with a
p value below 0.05 were considered as significant.
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Abbreviations
ACVN1: Activin A; ADP: Adenosine diphosphate;
ANGPT1: Angiopoietin 1; ANGPT2: Angiopoietin
2; ATP: Adenosine triphosphate; au: arbitrary units;
BC: Bladder Cancer; CAMKIV: Calcium/calmodulindependent protein kinase type IV; CCL2: Chemokine (C-C
Motif) Ligand 2; CD31: cluster of differentiation 31; CFU:
colony-forming unit; CREB: cAMP response elementbinding protein; CXCR4: C-X-C chemokine receptor
type 4; CXCL12: C-X-C motif chemokine 12; DPPIV:
Dipeptidyl peptidase 4; EDN-1: Endothelin-1; FACS:
fluorescence-based flow cytometry; FGF-1: Fibroblast
growth factor-1; FITC: fluorescein isothiocyanate; GMCSF: Granulocyte-macrophage colony-stimulating factor;
IHC: Immunohistochemistry; MFI: Median Fluorescence
Intensity; NFkB: nuclear factor 'kappa-light-chainenhancer' of activated B-cells; NOD/SCID: non-obese
diabetic severe combined immunodeficient mouse;
OD: Optical Density; PECAM-1: Platelet endothelial
cell adhesion molecule; PEDF: Pigment epitheliumderived factor; PFN1: Profilin-1; PLG: Plasminogen;
PLCb2: 1-phosphatidylinositol 4, 5-bisphosphate
phosphodiesterase beta 2; PLCb4: 1-phosphatidylinositol
4, 5-bisphosphate phosphodiesterase beta 4; PIP2:
Phosphatidylinositol
4,5-bisphosphate;
PIP3:
Phosphatidylinositol (3,4,5)-trisphosphate; TNFSF15:
Tumor necrosis factor ligand superfamily member-15;
TRIM31: Tripartite motif containing 31; TYMP:
Thymidine phosphorylase; VLA-5 antigen: very late
antigen-5 or Integrin alpha5, beta1 (CD29/CD49e).
www.impactjournals.com/oncotarget

REFERENCES
1. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin
DM. Estimates of worldwide burden of cancer in 2008:
GLOBOCAN 2008. International journal of cancer. 2010;
127:2893-2917.
2. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C,
Rebelo M, Parkin DM, Forman D, Bray F. Cancer incidence
and mortality worldwide: sources, methods and major
patterns in GLOBOCAN 2012. International journal of
cancer. 2015; 136:E359-386.
3. Witjes JA, Comperat E, Cowan NC, De Santis M, Gakis
G, Lebret T, Ribal MJ, Van der Heijden AG, Sherif A,
European Association of U. EAU guidelines on muscleinvasive and metastatic bladder cancer: summary of the
2013 guidelines. European urology. 2014; 65:778-792.
4. Nielsen ME, Smith AB, Meyer AM, Kuo TM, Tyree S,
Kim WY, Milowsky MI, Pruthi RS, Millikan RC. Trends in
stage-specific incidence rates for urothelial carcinoma of the
bladder in the United States: 1988 to 2006. Cancer. 2014;
120:86-95.
5. Malm B, Larsson H, Lindberg U. The profilin--actin
complex: further characterization of profilin and studies on
the stability of the complex. Journal of muscle research and
cell motility. 1983; 4:569-588.
6. Li Y, Grenklo S, Higgins T, Karlsson R. The profilin:actin
complex localizes to sites of dynamic actin polymerization

70765

Oncotarget

at the leading edge of migrating cells and pathogen-induced
actin tails. Eur J Cell Biol. 2008; 87:893-904.

Stimulus-dependent phosphorylation of profilin-1 in
angiogenesis. Nature cell biology. 2012; 14:1046-1056.

7. Witke W. The role of profilin complexes in cell motility
and other cellular processes. Trends in cell biology. 2004;
14:461-469.

20. Chen CC, Chen LL, Hsu YT, Liu KJ, Fan CS, Huang TS.
The endothelin-integrin axis is involved in macrophageinduced breast cancer cell chemotactic interactions with
endothelial cells. The Journal of biological chemistry. 2014;
289:10029-10044.

8. Yarmola EG, Dranishnikov DA, Bubb MR. Effect of
profilin on actin critical concentration: a theoretical
analysis. Biophysical journal. 2008; 95:5544-5573.

21. Hansen TM, Singh H, Tahir TA, Brindle NP. Effects of
angiopoietins-1 and -2 on the receptor tyrosine kinase Tie2
are differentially regulated at the endothelial cell surface.
Cellular signalling. 2010; 22:527-532.

9. Bae YH, Ding Z, Das T, Wells A, Gertler F, Roy P. Profilin1
regulates PI(3,4) P2 and lamellipodin accumulation at the
leading edge thus influencing motility of MDA-MB-231
cells. Proceedings of the National Academy of Sciences of
the United States of America. 2010; 107:21547-21552.
10. Courtemanche N, Pollard TD. Interaction of profilin with
the barbed end of actin filaments. Biochemistry. 2013;
52:6456-6466.

22. Tassi E, Al-Attar A, Aigner A, Swift MR, McDonnell K,
Karavanov A, Wellstein A. Enhancement of fibroblast
growth factor (FGF) activity by an FGF-binding
protein. The Journal of biological chemistry. 2001;
276:40247-40253.

11. Gau D, Ding Z, Baty C, Roy P. Fluorescence Resonance
Energy Transfer (FRET)-based Detection of Profilin-VASP
Interaction. Cellular and molecular bioengineering. 2011;
4:1-8.

23. Boucard AA, Maxeiner S, Sudhof TC. Latrophilins function
as heterophilic cell-adhesion molecules by binding to
teneurins: regulation by alternative splicing. The Journal of
biological chemistry. 2014; 289:387-402.

12. Yao W, Ji S, Qin Y, Yang J, Xu J, Zhang B, Xu W, Liu J,
Shi S, Liu L, Liu C, Long J, Ni Q, Li M, Yu X. Profilin-1
suppresses tumorigenicity in pancreatic cancer through
regulation of the SIRT3-HIF1alpha axis. Molecular cancer.
2014; 13:187.

24. Whittock NV, Hunt DM, Rickman L, Malhi S, Vogazianou
AP, Dawson LF, Eady RA, Buxton RS, McGrath JA.
Genomic organization and amplification of the human
desmosomal cadherin genes DSC1 and DSC3, encoding
desmocollin types 1 and 3. Biochemical and biophysical
research communications. 2000; 276:454-460.

13. Cheng YJ, Zhu ZX, Zhou JS, Hu ZQ, Zhang JP, Cai QP,
Wang LH. Silencing profilin-1 inhibits gastric cancer
progression via integrin beta1/focal adhesion kinase
pathway modulation. World journal of gastroenterology.
2015; 21:2323-2335.

25. Mizuguchi Y, Isse K, Specht S, Lunz JG, 3rd, Corbitt N,
Takizawa T, Demetris AJ. Small proline rich protein 2a
in benign and malignant liver disease. Hepatology. 2014;
59:1130-1143.

14. Bae YH, Ding Z, Zou L, Wells A, Gertler F, Roy P. Loss of
profilin-1 expression enhances breast cancer cell motility by
Ena/VASP proteins. Journal of cellular physiology. 2009;
219:354-364.

26. Hao S, Yang Y, Liu Y, Yang S, Wang G, Xiao J, Liu H.
JAM-C promotes lymphangiogenesis and nodal metastasis
in non-small cell lung cancer. Tumour biology. 2014;
35:5675-5687.

15. Pecar Fonovic U, Kos J. Cathepsin X Cleaves Profilin 1
C-Terminal Tyr139 and Influences Clathrin-Mediated
Endocytosis. PloS one. 2015; 10:e0137217.

27. Bryan RT. Cell adhesion and urothelial bladder
cancer: the role of cadherin switching and related
phenomena. Philosophical transactions of the Royal
Society of London Series B, Biological sciences. 2015;
370:20140042.

16. Rizwani W, Fasim A, Sharma D, Reddy DJ, Bin Omar
NA, Singh SS. S137 phosphorylation of profilin 1 is an
important signaling event in breast cancer progression. PloS
one. 2014; 9:e103868.

28. Ying X, Jing L, Ma S, Li Q, Luo X, Pan Z, Feng Y, Feng P.
GSK3beta mediates pancreatic cancer cell invasion in vitro
via the CXCR4/MMP-2 Pathway. Cancer cell international.
2015; 15:70.

17. Ding Z, Joy M, Bhargava R, Gunsaulus M, Lakshman N,
Miron-Mendoza M, Petroll M, Condeelis J, Wells A, Roy P.
Profilin-1 downregulation has contrasting effects on early
vs late steps of breast cancer metastasis. Oncogene. 2014;
33:2065-2074.

29. Zhai Y, Ni J, Jiang GW, Lu J, Xing L, Lincoln C, Carter
KC, Janat F, Kozak D, Xu S, Rojas L, Aggarwal BB, Ruben
S, Li LY, Gentz R, Yu GL. VEGI, a novel cytokine of the
tumor necrosis factor family, is an angiogenesis inhibitor
that suppresses the growth of colon carcinomas in vivo.
FASEB journal. 1999; 13:181-189.

18. Zoidakis J, Makridakis M, Zerefos PG, Bitsika V, Esteban
S, Frantzi M, Stravodimos K, Anagnou NP, Roubelakis MG,
Sanchez-Carbayo M, Vlahou A. Profilin 1 is a potential
biomarker for bladder cancer aggressiveness. Molecular &
cellular proteomics. 2012; 11:M111 009449.

30. Sugiura T, Miyamoto K. Characterization of TRIM31,
upregulated in gastric adenocarcinoma, as a novel
RBCC protein. Journal of cellular biochemistry. 2008;
105:1081-1091.

19. Fan Y, Arif A, Gong Y, Jia J, Eswarappa SM, Willard
B, Horowitz A, Graham LM, Penn MS, Fox PL.

www.impactjournals.com/oncotarget

70766

Oncotarget

31. Knowles MA, Hurst CD. Molecular biology of bladder
cancer: new insights into pathogenesis and clinical diversity.
Nature reviews Cancer. 2015; 15:25-41.

tumours: a proof-of-principle trial. The Lancet Oncology.
2015; 16:795-803.
44. Nebiker CA, Han J, Eppenberger-Castori S, Iezzi G, Hirt
C, Amicarella F, Cremonesi E, Huber X, Padovan E,
Angrisani B, Droeser RA, Rosso R, Bolli M, et al. GM-CSF
Production by Tumor Cells Is Associated with Improved
Survival in Colorectal Cancer. Clinical cancer research.
2014; 20:3094-3106.

32. Frantzi M, Latosinska A, Fluhe L, Hupe MC, Critselis
E, Kramer MW, Merseburger AS, Mischak H, Vlahou
A. Developing proteomic biomarkers for bladder cancer:
towards clinical application. Nature reviews Urology. 2015;
12:317-330.
33. Sato A, Khadka DK, Liu W, Bharti R, Runnels LW, Dawid
IB, Habas R. Profilin is an effector for Daam1 in noncanonical Wnt signaling and is required for vertebrate
gastrulation. Development. 2006; 133:4219-4231.

45. Lederer M, Jockusch BM, Rothkegel M. Profilin regulates
the activity of p42POP, a novel Myb-related transcription
factor. Journal of cell science. 2005; 118:331-341.
46. Li CF, Wu WJ, Wu WR, Liao YJ, Chen LR, Huang CN,
Li CC, Li WM, Huang HY, Chen YL, Liang SS, Chow
NH, Shiue YL. The cAMP responsive element binding
protein 1 transactivates epithelial membrane protein 2, a
potential tumor suppressor in the urinary bladder urothelial
carcinoma. Oncotarget. 2015; 6:9220-9239. doi: 10.18632/
oncotarget.3312.

34. Kullmann JA, Wickertsheim I, Minnerup L, Costell M,
Friauf E, Rust MB. Profilin1 activity in cerebellar granule
neurons is required for radial migration in vivo. Cell
adhesion & migration. 2015; 9:247-253.
35. Ding Z, Bae YH, Roy P. Molecular insights on contextspecific role of profilin-1 in cell migration. Cell adhesion &
migration. 2012; 6:442-449.

47. Michaelsen K, Murk K, Zagrebelsky M, Dreznjak A,
Jockusch BM, Rothkegel M, Korte M. Fine-tuning of
neuronal architecture requires two profilin isoforms.
Proceedings of the National Academy of Sciences of the
United States of America. 2010; 107:15780-15785.

36. Brakebusch C, Fassler R. The integrin-actin connection, an
eternal love affair. The EMBO journal. 2003; 22:2324-2333.
37. Hynes RO. Integrins: bidirectional, allosteric signaling
machines. Cell. 2002; 110:673-687.

48. Makridakis M, Roubelakis MG, Bitsika V, Dimuccio
V, Samiotaki M, Kossida S, Panayotou G, Coleman J,
Candiano G, Anagnou NP, Vlahou A. Analysis of secreted
proteins for the study of bladder cancer cell aggressiveness.
Journal of proteome research. 2010; 9:3243-3259.

38. Said N, Smith S, Sanchez-Carbayo M, Theodorescu D.
Tumor endothelin-1 enhances metastatic colonization of
the lung in mouse xenograft models of bladder cancer. The
Journal of clinical investigation. 2011; 121:132-147.
39. Hong H, Zhou T, Fang S, Jia M, Xu Z, Dai Z, Li C, Li S,
Li L, Zhang T, Qi W, Bardeesi AS, Yang Z, Cai W, Yang X,
Gao G. Pigment epithelium-derived factor (PEDF) inhibits
breast cancer metastasis by down-regulating fibronectin.
Breast Cancer Res Treat. 2014; 148:61-72.

49. Roubelakis MG, Pappa KI, Bitsika V, Zagoura D, Vlahou
A, Papadaki HA, Antsaklis A, Anagnou NP. Molecular
and proteomic characterization of human mesenchymal
stem cells derived from amniotic fluid: comparison to
bone marrow mesenchymal stem cells. Stem cells and
development. 2007; 16:931-952.

40. Hsu MY, Meier FE, Nesbit M, Hsu JY, Van Belle P, Elder
DE, Herlyn M. E-cadherin expression in melanoma cells
restores keratinocyte-mediated growth control and downregulates expression of invasion-related adhesion receptors.
Am J Pathol. 2000; 156:1515-1525.

50. Roubelakis MG, Trohatou O, Roubelakis A, Mili E,
Kalaitzopoulos I, Papazoglou G, Pappa KI, Anagnou NP.
Platelet-rich plasma (PRP) promotes fetal mesenchymal
stem/stromal cell migration and wound healing process.
Stem Cell Rev. 2014; 10:417-428.

41. Pethiyagoda CL, Welch DR, Fleming TP. Dipeptidyl
peptidase IV (DPPIV) inhibits cellular invasion of
melanoma cells. Clinical & experimental metastasis. 2000;
18:391-400.

51. Frantzi M, Zoidakis J, Papadopoulos T, Zurbig P,
Katafigiotis I, Stravodimos K, Lazaris A, Giannopoulou
I, Ploumidis A, Mischak H, Mullen W, Vlahou A. IMAC
fractionation in combination with LC-MS reveals H2B and
NIF-1 peptides as potential bladder cancer biomarkers.
Journal of proteome research. 2013; 12:3969-3979.

42. Burke JM, Lamm DL, Meng MV, Nemunaitis JJ,
Stephenson JJ, Arseneau JC, Aimi J, Lerner S, Yeung AW,
Kazarian T, Maslyar DJ, McKiernan JM. A first in human
phase 1 study of CG0070, a GM-CSF expressing oncolytic
adenovirus, for the treatment of nonmuscle invasive bladder
cancer. The Journal of urology. 2012; 188:2391-2397.

52. Ruifrok AC, Johnston DA. Quantification of histochemical
staining by color deconvolution. Analytical and quantitative
cytology and histology / the International Academy of
Cytology [and] American Society of Cytology. 2001;
23:291-299.

43. Golden EB, Chhabra A, Chachoua A, Adams S, Donach
M, Fenton-Kerimian M, Friedman K, Ponzo F, Babb JS,
Goldberg J, Demaria S, Formenti SC. Local radiotherapy
and granulocyte-macrophage colony-stimulating factor to
generate abscopal responses in patients with metastatic solid

www.impactjournals.com/oncotarget

53. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R,
Salzberg SL. TopHat2: accurate alignment of transcriptomes

70767

Oncotarget

in the presence of insertions, deletions and gene fusions.
Genome biology. 2013; 14:R36.

57. Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2.
Genome biology. 2014; 15:550.

54. Cunningham F, Amode MR, Barrell D, Beal K, Billis K,
Brent S, Carvalho-Silva D, Clapham P, Coates G, Fitzgerald
S, Gil L, Giron CG, Gordon L, et al. Ensembl 2015. Nucleic
acids research. 2015; 43:D662-669.

58. Dimmer EC, Huntley RP, Alam-Faruque Y, Sawford T,
O'Donovan C, Martin MJ, Bely B, Browne P, Mun Chan
W, Eberhardt R, Gardner M, Laiho K, Legge D, et al. The
UniProt-GO Annotation database in 2011. Nucleic acids
research. 2012; 40:D565-570.

55. Garcia-Alcalde F, Okonechnikov K, Carbonell J, Cruz
LM, Gotz S, Tarazona S, Dopazo J, Meyer TF, Conesa A.
Qualimap: evaluating next-generation sequencing alignment
data. Bioinformatics. 2012; 28:2678-2679.

59. Gaudet P, Michel PA, Zahn-Zabal M, Cusin I, Duek PD,
Evalet O, Gateau A, Gleizes A, Pereira M, Teixeira D,
Zhang Y, Lane L, Bairoch A. The neXtProt knowledgebase
on human proteins: current status. Nucleic acids research.
2015; 43:D764-770.

56. Anders S, Pyl PT, Huber W. HTSeq--a Python framework to
work with high-throughput sequencing data. Bioinformatics.
2015; 31:166-169.

www.impactjournals.com/oncotarget

70768

Oncotarget

