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Summary

Tumor epithelial cells undergo a morphologic shift through the process of EMT with characteristic
loss of cell polarity, conferring invasive and metastatic properties during cancer progression.
Signaling by transforming growth factor-p mediates EMT programming and its phenotypic
reversal to mesenchymal-epithelial transition. The role of EMT in bladder cancer progression to
advanced disease is poorly understood. In this study, we conducted a retrospective analysis of the
EMT landscape and actin cytoskeleton remodeling in a series of human bladder cancer specimens.
Immunoreactivity for E-cadherin, N-cadherin, and vimentin protein expression was performed
toward establishing an EMT signature in human bladder cancer. Serial sections were assessed for
the primary regulator of the actin cytoskeleton remodeling and transforming growth factor-g
signaling effector, cofilin. Our results demonstrate that EMT induction in clinical bladder cancer
specimens is significantly associated with bladder cancer progression to high-grade, invasive
disease. Evaluation of expression and cellular localization of the cytoskeleton regulator cofilin
revealed a significant association between overexpression of nuclear cofilin with bladder cancer
progression. This study is of translational significance in defining the value of EMT signature and
cytoskeletal cofilin as potential tumor markers and targetable platforms for the treatment of
invasive bladder cancer.

*Competing Interest: The authors declare no potential conflict.
**Eunding/Support: Supported by the James F. Hardymon Endowment in Urology Research, University of Kentucky College of
Medicine.

*Dr Natasha Kyprianou is the guarantor of this work and, as such, had full access to all of the data in the study and takes
responsibility for the integrity and accuracy of the data analysis.

"Corresponding author at: Department of Urology, University of Kentucky College of Medicine, MS 283, 800 Rose St, Lexington, KY

40536. nkypr2@email.uky.edu (N. Kyprianou).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hensley et al.

Keywords

Page 2

E-cadherin; N-cadherin; Actin cytoskeleton; Bladder cancer; Phenotypic changes

1. Introduction

It is estimated that 74 000 cases of bladder cancer will be diagnosed in 2016 with nearly 16
000 deaths expected from muscle-invasive disease [1]. At initial presentation, about 75% of
bladder cancer patients have disease that does not invade the muscle (carcinoma in situ, Ta,
and T1), whereas 25% of patients have invasive cancer extending through the muscularis
propria, which is associated with worse prognosis [2,3]. Standard treatment for patients with
muscle-invasive tumors includes surgical removal of the bladder (cystectomy) and/or
concurrent chemotherapy and radiation in patients with regional lymph node metastasis [4].
Systemic chemotherapy for the treatment for patients with metastatic bladder cancer has
resulted in meager clinical benefit with median overall survival of 12 months [5]. Although
the TNM staging of bladder cancer guides both treatment and prognosis, there remains
substantial heterogeneity among similarly staged patients with respect to treatment response
and overall outcomes [4]. Therefore, there is a critical need for identification of biomarkers
to diagnose bladder cancer at an early stage, monitor recurrence, predict therapeutic
response, and ultimately enable the development of more clinically effective treatment
strategies. Emerging biomarkers of disease progression, immunotherapy, and therapy
targeted toward specific aberrant signaling pathways that promote malignancy and
metastasis have demonstrable value [6,7].

The phenotypic process of EMT is a dysregulation of a homeostatic mechanism vital in
tissue differentiation and wound healing [8]. The process of EMT, originally defined as an
indispensable developmental program for implantation, embryogenesis, and organogenesis,
is now recognized as a critical contributor to cancer progression to metastasis. EMT is
characterized by loss of basoapical epithelial polarity, dysregulation and reorganization of
the cytoskeletal network, and differential expression of genes conferring a fibroblast-like
phenotype while increasing tumor cell invasion and metastatic potential [8]. Perturbation in
epithelial cell homeostasis renders EMT a significant venue for epithelial-derived tumors to
escape apoptosis, enhance stem cell-like properties, become invasive, and metastasize
[9,10]. The complementary process, known as MET, has been implicated in metastatic
implant viability [11-13]. The phenomenon of EMT has also been associated with
emergence of chemotherapeutic resistance [11,14].

To preserve cellular shape and polarity, the intracellular domains of cadherins connect to the
actin cytoskeleton through a-catenin and B-catenin. Loss of epithelial cell markers (E-
cadherin, B-catenin) and gain of mesenchymal cell markers (N-cadherin, vimentin) at the
leading edge or invasive front of solid tumors are linked to metastatic progression [15].
Upon metastatic colonization, the new microenvironment facilitates paracrine cytokine
signaling pathways directing malignant epithelial cells toward MET and survival. During
prostate tumorigenesis, “cadherin switching” programs the tumor epithelial cells to undergo
EMT mediated by differential expression of N-cadherin (mediator of neural plasticity, cell
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motility, and invasion) with a simultaneous loss of E-cadherin (regulator of epithelial
membrane polarity and integrity through intercellular adherens junctions) [16]. Such a
phenotypic switch from E- to N-cadherin is under androgenic regulation and has acquired
predictive value in human prostate tumor recurrence and mortality [17]. In transitional
carcinoma of the bladder, this cadherin switching is a late event and has been associated with
disease progression and poor prognosis [18]. The transcription factors Snail, Slug, Twist,
and Zebl, known molecular drivers of EMT programming via transcriptional repression of
E-cadherin, are overexpressed in clinical human bladder cancer, as well as in preclinical
models of bladder tumorigenesis [19-22].

Cofilin is a key regulating protein of the actin cytoskeleton organization, directly involved in
the actin polymerization and remodeling dynamics in response to extracellular signals such
as TGF-B [23]. We recently demonstrated a significant up-regulation of both the native and
phosphorylated forms of cofilin in human prostate cancer metastases [23]. The present study
evaluated the expression and cellular localization profile of cofilin coupled with the EMT
landscape in human bladder cancer specimens in relation to tumor grade and stage. Our
results indicate a significant association between an EMT signature and a nuclear
localization of cofilin and bladder cancer progression to invasive disease.

2. Materials and methods

2.1. Histopathologic characterization of bladder cancer specimens

Tissue specimens were obtained from patients (n = 48) who underwent radical cystectomy
for urothelial carcinoma at the University of Kentucky Medical Center, Department of
Urology (2007-2013). Bladder tumors were identified from the University of Kentucky,
Department of Pathology database according to the regulatory approval by the institutional
review board. The patient cohort evaluated included cases of all tumor stages and
pathological grades. Paraffin-embedded tissue specimens were processed and tissue sections
(5 um) were used for immunhistochemical analysis after deidentification. The World Health
Organization revised the classification system, which divided bladder tumors into muscle-
invasive urothelial carcinoma and non-muscle-invasive urothelial neoplasia. The latter
category includes urothelial carcinoma in situ, low- and high-grade non-muscle-invasive
papillary urothelial carcinoma, non-muscle-invasive papillary urothelial neoplasm of low
malignant potential, and urothelial papilloma [24].

2.2. Quantitative and qualitative analyses of immunostaining

Sections from individual tumors were subjected to immunostaining using specific antibodies
against cofilin and E-cadherin (Cell Signaling Technology, Danvers, MA) and N-cadherin
(AbCam Cell Signaling, Cambridge, United Kingdom). Immunoreactivity was determined
based on “Quick Score” calculated by multiplying staining intensity (on a scale of 1-3) by
percentage of tumor cells with positive immunoreactivity [25]. Two blinded reviewers (P. H.,
D. Z.) independently reviewed 3 nonadjacent fields (x100) per section. Nuclear cofilin
accounted for nuclear expression only, whereas total cofilin represented both cytosolic and
nuclear staining.
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2.3. Genome-wide analysis of messenger RNA transcripts

The publically available Cancer Genome Atlas was interrogated for messenger RNA
(mRNA) transcript levels of cofilin in urothelial carcinoma. The results shown are in whole
based on data generated by the TCGA Research Network: http://cancergenome.nih.gov/.

2.4, Statistical analysis

3. Results

The average Quick Score represents an average of the 6 fields (3 from each reviewer). One-
way analysis of variance with Tukey correction for multiple comparisons was used to
analyze mRNA transcript levels and differences between tumor stage and neoadjuvant
therapy. Statistical significance was set at Z< .05. Two-tailed #tests with Welch correction
for unequal sample size were used to evaluate differences between tumor specimens of
different tumor grades and to evaluate differences in bladder cancer—specific survival and
metastasis.

3.1. Defining EMT signatures in urothelial carcinoma

The expression profile of critical protein effectors of the EMT landscape, E-cadherin
(marker of epithelial cell membrane polarity), and N-cadherin (a marker of mesenchymal
phenotype) was evaluated by immunostaining in serial bladder tumor paraffin-embedded
sections. Shown in Fig. 1 are characteristic images of N-cadherin immunoreactivity in
bladder cancer specimens of different stages and grades. Quantitative analysis of the staining
profile revealed a significantly increased expression of N-cadherin with increased tumor
stage and grade (Fig. 1). Immunoreactivity profile of E-cadherin in serial sections of bladder
tumors demonstrated a significant decrease in E-cadherin expression with increasing tumor
stage and grade (Fig. 2). These changes implicate an association between induction of EMT
and invasive potential of urothelial carcinoma.

3.2. Cofilin and actin remodeling in bladder cancer

There is a compelling body of work to indicate that during TGF-p-mediated EMT, induction
of Snail, Slug, and Twist transcription factors contributes to dissolution of cell junction
complexes and consequent functional interference with the actin cytoskeleton organization
[13,26-28]. We therefore examined the expression profile and localization of cofilin, a
protein required for the actin cytoskeleton organization and a critical effector of TGF-p
signaling in prostate cancer [23]. Analysis of cofilin immunoreactivity in bladder cancer
specimens demonstrated a significant increase in cofilin expression that correlated with
increasing tumor stage and grade (Fig. 3). In addition, we observed increased localization of
cofilin to the nucleus with increasing tumor stage and grade (Fig. 3). Over-expression of
cytosolic and nuclear cofilin in in situ carcinomas was comparable to that of stage IV
bladder tumors (Fig. 4). This implicates cofilin as an early phase EMT mediator relative to
regulation of N- and E-cadherin expression, which was similar to that of papillary neoplasms
(Figs. 1 and 2, respectively). Genome-wide association analysis depicts higher cofilin
(CFL1) mRNA levels in higher-grade bladder tumors (Fig. 3). However, there was no
statistically significant association between tumor stage and cofilin transcript levels.
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Cofilin and EMT effector expression was analyzed in a subset of patients who underwent
neoadjuvant therapy relative to untreated. As shown in Fig. 4, Bacillus Calmette-Guerin
treatment (but not chemotherapy) reduced E-cadherin expression, whereas there was no
significant effect on N-cadherin. In response to neoadjuvant therapy, there was a significant
increase in nuclear cofilin immunoreactivity in bladder cancer specimens (Fig. 4). Analysis
of patient clinical outcomes in the context of EMT and cofilin profile revealed a significant
correlation between EMT (characterized by reduced E-cadherin and increased N-cadherin
levels) and increased nuclear expression of cofilin in patients with bladder cancer— specific
mortality among the patient cohort studied (Fig. 5).

4. Discussion

Coordinated molecular and genetic events engendering phenotypic alterations in the tumor
landscape are associated with the acquisition of mesenchymal traits by the tumor epithelial
cells. The phenotypic fluidity that characterizes EMT enables a considerably dynamic
transdifferentiation cycle involved in tumorigenesis, with the reversed process, MET, being
potentially involved in metastatic urothelial carcinoma cells to invade target tissue to regain
epithelial phenotypic traits and become established as secondary tumors [29]. Cadherin
switching and profiling of EMT transcription factors Snail, Slug, and Twist in human
bladder carcinoma has been reported by other investigators in efforts to characterize EMT in
urothelial bladder progression [30]. This study provides the first evidence to define the
significance of the EMT landscape in the context of actin cytoskeleton dynamics as
controlled by cofilin in human bladder cancer progression to advanced disease. Our findings
are of high significance in identifying the biomarker value of these phenotypic conversions
in urothelial cancer progression, as well as targeting value for novel chemotherapeutics. It is
the signaling activities of mesenchymal cells that facilitate migration and survival in an
anchorage-independent anoikis-defying mode [31,32].

A previous study by an independent group has linked phosphorylated cofilin expression to
urothelial carcinoma invasive capacity and progression [33]. The present work demonstrates
an association of high nuclear localization of cofilin with increasing stage and tumor
progression. The expression profile of cofilin in in situ carcinoma specimens paralleled that
of advanced-stage and -grade tumors in accord with the existing evidence. Thus, one may
argue that cofilin overexpression potentially serves the role of an early phase marker of
increased aggressive and invasive properties of bladder tumors. Our findings are consistent
with recent evidence suggesting the potential value of cofilin in the context of the actin
cytoskeleton in the development of prostate cancer and lymph node metastasis [34].
Phosphorylation of cofilin in colorectal cancer cells caused by migration inhibitory factor
accelerated mobility of cancer cells toward an invasive and metastatic phenotype [35].
Moreover, our results demonstrate a significant association between EMT and increased
nuclear cofilin levels and bladder cancer—related death. Taken together, this evidence
suggests that parallel profiling of the EMT landscape and the actin cytoskeleton in bladder
tumors may be of potential prognostic value in urothelial carcinoma progression to lethal
disease. Because cofilin protein overexpression in aggressive tumors is not directly mirrored
by mRNA transcript levels (Fig. 4), up-regulation of alternative mechanisms involving
posttranscriptional modification or translational control may account the role of cofilin in
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advance disease and provides an investigative platform for further interrogation of
therapeutic targeting and biomarker validation.

In summary, this study provides new insights into the significance of 2 tumor
microenvironment fronts: actin cytoskeleton reorganization and EMT-MET cycling
transitions in invasive bladder urothelial cancer. In advanced stages of tumorigenesis,
cellular redifferentiation via MET accounts for similarities between primary tumors and
metastatic lesions. EMT reversal to MET includes the reestablishing of epithelial polarity
which contributes to the viability of metastatic lesions. We speculate that cofilin-mediated
actin cytoskeleton remodeling primes cellular dynamics of urothelial tumor cells toward an
enhanced therapeutic response to chemotherapy. Ongoing investigations are pursuing the
phenotypic and molecular profiling of a larger patient cohort (after neoadjuvant
chemotherapy), including matching primary bladder tumors with metastatic disease.
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Fig. 1.
N-cadherin expression in human bladder tumors. A, Representative images of

immunostaining of human bladder cancer specimens of increasing pathological stage (x100;
inset, x400). B, Quantitative analysis of N-cadherin immunoreactivity by stage. One-way
analysis of variance revealed a P value less than .0256; level of significance was set at P<.
05. *Values represent mean + SEM. C and D, Representative images of N-cadherin staining
in human bladder cancer specimens by tumor grade with quantitative analysis, respectively.
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Fig. 2.
E-cadherin expression in human bladder tumors. A, Representative images of

immunostaining of human bladder cancer tissue specimens of increasing pathological stage
(x100; inset, x400). B, Quantitative analysis of N-cadherin immunoreactivity by stage. One-
way analysis of variance revealed a Pvalue less than .0001; level of significance was set at P
< .05. *Values represent mean + SEM. C and D, Representative images of E-cadherin
staining in human bladder cancer specimens by tumor grade with quantitative analysis,
respectively.
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Fig. 3.

Cgfilin expression and localization in bladder cancer progression. A, Representative images
of cofilin immunoreactivity in human bladder cancer specimens of increasing tumor stage
(x100; inset, x400). B, Quantitative analysis of total and nuclear expression of cofilin by
stage. One-way analysis of variance revealed a Pvalue less than .0001 for both total and
nuclear cofilin; level of significance was set at < .05. * denotes level of significance;
values = SEM. C and D, Representative images of cofilin staining in human bladder cancer
specimens by tumor grade with quantitative analysis, respectively. A significant increase in
total cofilin is found in high-grade bladder tumors (P < .0001). E, Expression of cofilin
MRNA transcript levels relative to stage and grade in a data set of 371 urothelial carcinomas
indexed in The Cancer Genome Atlas.
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Effect of neoadjuvant therapy on EMT and cofilin expression in human bladder cancer
specimens. Subset analysis of patients who underwent neoadjuvant chemotherapy of
intravesical bacillus Calmette-Guerin. Correlation of immunoreactivity scoring for the EMT
effectors N-cadherin and E-cadherin (A) and nuclear cofilin and total cofilin (B) is shown.
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Fig. 5.

Aéqsociation between EMT effectors and cofilin expression in bladder cancer—specific
mortality. Immunoreactivity for N-cadherin, E-cadherin, and cofilin was correlated with
bladder cancer—specific mortality in the patient cohort analyzed. Increased N-cadherin,
reduced E-cadherin, and increased nuclear cofilin were associated with lethal bladder cancer
(P=.0342, P=.0100, and P=.0040, respectively).
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