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Cancer-associated fibroblasts induce
epithelial–mesenchymal transition of
bladder cancer cells through paracrine
IL-6 signalling
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Abstract

Background: Cancer-associated fibroblasts (CAFs), activated by tumour cells, are the predominant type of stromal
cells in cancer tissue and play an important role in interacting with neoplastic cells to promote cancer progression.
Epithelial-mesenchymal transition (EMT) is a key feature of metastatic cells. However, the mechanism by which CAFs
induce EMT program in bladder cancer cells remains unclear.

Methods: To investigate the role of CAFs in bladder cancer progression, healthy primary bladder fibroblasts (HFs)
were induced into CAFs (iCAFs) by bladder cancer-derived exosomes. Effect of conditioned medium from iCAFs
(CM iCAF) on EMT markers expression of non-invasive RT4 bladder cancer cell line was determined by qPCR and
Western blot. IL6 expression in iCAFs was evaluated by ELISA and Western blot. RT4 cell proliferation, migration
and invasion were assessed in CM iCAF +/− anti-IL6 neutralizing antibody using cyQUANT assay, scratch test and
transwell chamber respectively. We investigated IL6 expression relevance for bladder cancer progression by
querying gene expression datasets of human bladder cancer specimens from TCGA and GEO genomic data
platforms.

Results: Cancer exosome-treated HFs showed CAFs characteristics with high expression levels of αSMA and FAP.
We showed that the CM iCAF induces the upregulation of mesenchymal markers, such as N-cadherin and vimentin,
while repressing epithelial markers E-cadherin and p-ß-catenin expression in non-invasive RT4 cells. Moreover, EMT
transcription factors SNAIL1, TWIST1 and ZEB1 were upregulated in CM iCAF-cultured RT4 cells compared to control.
We also showed that the IL-6 cytokine was highly expressed by CAFs, and its receptor IL-6R was found on RT4
bladder cancer cells. The culture of RT4 bladder cancer cells with CM iCAF resulted in markedly promoted cell
growth, migration and invasion. Importantly, inhibition of CAFs-secreted IL-6 by neutralizing antibody significantly
reversed the IL-6-induced EMT phenotype, suggesting that this cytokine is necessary for CAF-induced EMT in the
progression of human bladder cancer. Finally, we observed that IL6 expression is up-regulated in aggressive bladder
cancer and correlate with CAF marker ACTA2.

Conclusions: We conclude that CAFs promote aggressive phenotypes of non-invasive bladder cancer cells through
an EMT induced by the secretion of IL-6.
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Background
Bladder cancer is the 9th most commonly diagnosed can-

cer and is ranked 13th for cancer deaths in the overall

population worldwide. Of all newly diagnosed cases, 75%

present as non-muscle-invasive bladder cancer (NMIBC)

disease, while 25% present as muscle-invasive bladder can-

cer (MIBC) disease with 10–15% of cases that are already

metastatic [1, 2]. Of all solid cancers, bladder cancer has

the highest rate of recurrence. After first line of treatment,

50 to 70% of patients with NMIBC will experience disease

recurrence within 5 years and 10 to 30% of them will see

their cancer progress to an invasive form [3–5].

The complex process of tumor metastasis consists of

multiple steps during which cancer cells spread from

primary tumor to other organs. Metastasis involves the

epithelial–mesenchymal transition (EMT) process by

which cancer cells transit between adherent epithelial

and mobile mesenchymal states facilitating cancer cells

dissemination. Epithelial cells loss E-cadherin expres-

sion, cell-cell adhesion and apico-basal polarization to

gain vimentin expression and motility [6]. EMT is regu-

lated by several transcription factors including snail

homolog 1 (SNAIL1), twist basic helix–loop–helix tran-

scription factor 1 (TWIST1) and zinc-finger E-box-

binding homeobox 1 (ZEB1) [6]. Cadherin switch from

E-cadherin to N-cadherin is a key step occurring during

the EMT process [7]. This down-regulation of the

E-cadherin and also the phosphorylation of GSK3β, an

effector of Wnt signaling pathway, are associated with

the release of β-catenin, which then translocates to the

nucleus and activates the Wnt signaling pathway, known

to be involved in metastasis formation. However, the pre-

cise molecular events that initiate this complex EMT

process in bladder cancer are poorly understood. Increas-

ing evidence suggests that the tumor microenvironment

(TME) plays an important role in promoting EMT in

tumor cells. Fibroblasts, the predominant stromal cell

type in the TME, are activated by tumor cells into

cancer-associated fibroblasts (CAFs) through the secre-

tion of paracrine growth factors [8]. CAFs display a

specific subset of markers, including α-smooth muscle

actin (α-SMA; coded by ACTA2 gene), fibroblast-activating

protein (FAP), fibroblast-specific protein-1 (FSP1) and

tenascin C [9, 10]. Previous studies suggest that CAFs play

a pivotal role in establishing a metastatic niche and

promoting tumor cell proliferation, invasion and metas-

tasis by secretion of chemokines and cytokines in the

microenvironment [9, 11, 12]. However, it is still un-

clear by which mechanisms CAFs affect the metastatic

potential of bladder cancer cells.

IL-6 is a pleiotropic cytokine that modulates a variety of

physiological events including metabolism, inflammation

and immune response [13]. Activation of classic signalling

requires binding of the IL-6 to its receptor (IL-6R)

inducing the phosphorylation of signal transducer and

activator of transcription 3 (STAT3), which dimerizes and

translocates into the nucleus to regulate target gene tran-

scription. A number of studies have highlighted the role of

IL-6 and STAT3 in promoting tumor metastasis as their

overexpression and/or hyper-activation have been re-

ported in several human cancers [14–16]. Moreover, the

level of IL-6 in blood of patients has been suggested as a

prognostic marker [17]. Also, studies have shown that

IL-6 contributes to cancer’s drug resistance [18]. IL-6 is

overexpressed in bladder cancer tissues compared to

non-malignant tissues at both mRNA and protein levels

and elevated IL-6 levels correlated with higher clinical

stage, higher recurrence rate after curative treatment, and

reduced survival rate [19].

Although there is evidence suggesting that CAFs and

IL-6 may be a critical factor in metastatic spreading, their

role in EMT of bladder cancer cells remains unclear.

Therefore, we designed this study to understand how

CAFs may be promoting EMT in bladder cancer cells.

Our results suggest that iCAFs induce EMT-related

changes in cancer cells predominantly via the secretion of

IL-6. We showed that the exposition of bladder cancer

cells to the CAF conditioned medium (CM iCAF) signifi-

cantly induced the expression of N-cadherin, vimentin,

SNAIL1, TWIST1 and ZEB1 while repressing E-cadherin

and phospho-ß-catenin expression. In addition, the CM
iCAF significantly enhanced cancer cell proliferation, mi-

gration and invasion. We also observed that IL6 expres-

sion is up-regulated in aggressive bladder cancer tissues,

correlates with CAF marker ACTA2 and is associated with

a poor prognosis. These results suggest an important role

of IL-6 in mediating EMT and metastatic spreading of

bladder cancer cells.

Methods

Ethics statement

Bladder biopsies from paediatric patients undergoing

non-oncologic urologic surgery were obtained at the

CHU de Québec Research Center in accordance with

the institutional review board. All patients provided their

formal, informed and written consent, each agreeing to

supply a biopsy for this study.

Cell isolation and culture

Healthy primary bladder fibroblasts (HFs) were isolated

from two different human bladder biopsies as previ-

ously described [8, 20]. Briefly, the stroma was sepa-

rated from the urothelium after incubation overnight at 4 °

C in HEPES buffer with 500 μg/mL thermolysin (Sigma-

Aldrich, Saint-Louis, MO). Fibroblasts were enzymatically

dissociated from the extracellular matrix by treating the

stroma with 0.125U/mL collagenase H (Roche, Missisauga,

Canada) for 3 h at 37 °C under gentle agitation. Then,
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fibroblasts were cultured in Dulbecco-Vogt modified

Eagle’s media (DMEM) supplemented with 10% fetal

bovine serum (FBS) (Invitrogen, Burlington, Canada)

and antibiotics (100 U/ml penicillin and 25 μg/ml gen-

tamicin; Sigma-Aldrich, Saint-Louis, MO). The results

from the two HF populations were pooled together to

minimize excessive data spread due to inter-individual

variations. The RT4 bladder cancer cell line was ob-

tained from the ATCC (HTB-2™) and cultured in

DMEM containing 10% FBS and antibiotics. We se-

lected the RT4 cells for our studies as a representative

example of non-invasive bladder cancer cells [20]. Cells

were cultured fewer than 5 passages after purchasing

them for all the experiments and tested for mycoplasma

contamination. Proteins were collected in RIPA buffer

containing protease inhibitors COmplete (Roche, Missi-

sauga, Canada), quantified using the BCA kit and store

at − 80 C until their use.

Exosomes production and isolation

Exosomes were isolated as previously described [8].

Briefly, to remove any residual bovine exosomes from the

FBS, serum was treated with the FBS Exosome Depletion

Kit (Norgen Biotek Corp., ON, Canada) according to

manufacturer’s instructions. Bladder cancer cells were cul-

tured in DMEM containing 10% exosome-depleted FBS

for 48 h. Then, the conditioned medium was centrifuged

at 2000 g for 30min to remove cells and debris, and the

supernatant was mixed with 0.5 volume of the Total Exo-

somes Isolation Reagent (Invitrogen, Carlsbad, CA). Sam-

ples were mixed thoroughly by vortexing and incubated at

4 C overnight. Then, they were centrifuged at 10,000 g for

60min at 4 C. Exosomes, contained in the pellet, were

re-suspended in phosphate buffered saline (PBS). The pro-

tein concentration was measured by using the BCA kit

(Pierce™, ThermoFisher, Waltham, MA).

CAF induction

HFs were co-cultured with freshly isolated exosomes

(1 mg/ml) for 48 h in DMEM 10% exosome-free FBS.

Recombinant human transforming growth factor β1

(rhTGFβ1; 4 ng/mL, Peprotech, Rocky Hill, NJ) was used

as a positive control. Then, the supernatant was aliquoted

and store at − 80 C until the ELISA assay, while proteins

were collected in RIPA buffer containing protease inhibi-

tors COmplete (Roche, Missisauga, Canada), quantified

with the BCA kit and store at − 80 C until the Western

blots. RNAs were isolated using 1mL of TRIzol Reagent

(Invitrogen Corporation, Carlsbad, CA) and stored at −

80 °C until the RT-PCR assay.

Preparation of the conditioned medium

HFs, HFs + TGFß or induced CAFs (iCAFs) were cul-

tured in DMEM containing 10% FBS and antibiotics

until they reached a confluency of approximately 80%, the

cell culture medium was thus collected and centrifuged at

1200 g for 10min. RT4 bladder cancer cells were cultured

in freshly collected conditioned mediums (CM).

Immunoblot

Equal amounts of proteins (10 μg) were loaded into

12% polyacrylamide gels, resolved by SDS-PAGE and

transferred onto PVDF membranes. Membranes were

blocked for 30 min with 5% non-fat milk and 0.05%

Tween 20 in PBS, and then incubated with primary

antibodies overnight at 4 °C followed by 45 min at RT

with HRP-conjugated secondary antibodies (Jackson

Immunoresearch Laboratories, West Grove, PA). The

protein expression was detected using the Amersham

ECL Prime Western Blotting Detection Reagent (GE

Healthcare, Little Chalfont, UK). Bands were imaged by

using the Fusion Fx7 imager (Vilber Lourmat, France)

and analyzed with the ImageJ software (NIH, Bethesda,

MD). The following antibodies were used: αSMA (1/5000;

Abcam, San Francisco, CA), FAP (1/1000, Novus Biologi-

cals, Littleton, CO), tubulin (1/1000; Novus Biologicals,

Littleton, CO), E-cadherin (1/3000; R&D Systems, Minne-

apolis, MN), N-cadherin (1/3000; Millipore, Burlington,

MA), vimentin (1/1000; Abcam, San Francisco, CA),

phospho-β-Catenin (1/1000; Cell Signaling, Danvers,

MA), total β-catenin (1/1000; Abcam, San Francisco, CA),

pGSK3β (1/500; Cell Signaling, Danvers, MA), GSK3β

(1/750; Cell Signaling, Danvers, MA), SNAIL1 (1/2000;

Invitrogen, Carlsbad, CA), TWIST1 (1/1500; LifeSpan

BioSciences, Seattle, WA), ZEB1 (1/1000; Abcam, San

Francisco, CA), IL-6R (1/1000; Abcam, San Francisco,

CA), pSTAT3 (1/1.000, Cell Signaling, Danvers, MA),

STAT3 (1/1000; Cell Signaling, Danvers, MA) and

β-actin (1/5000; Abcam, San Francisco, CA), pAKT (1/

1000; Cell Signaling, Danvers, MA), AKT (1/1000; Cell

Signaling, Danvers, MA).

Elisa

IL-6 protein expression was quantified by using an ELISA

according to the manufacturer’s protocol (Duoset; R&D

Systems). The plates were read at 450 nm using a Spectra-

Max Plus spectrometer with SoftmaxPro Version 4.7.1.

RT-qPCR

RNA was extracted using the TRIzol reagent according

to the manufacturer’s instructions. RNA quality was

assessed on a Bioanalyzer using the Agilent RNA 600

Nano Kit. The concentration and purity of the RNA was

determined using a NanoDrop 2000 (ThermoFisher

Scientific, Waltham, MA). One μg of RNA was used to

reverse transcribed into cDNA using the High-Capacity

cDNA Reverse Transcription Kit (Life Technologies,

Carlsbad, CA). qPCR was performed in triplicate using
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the DyNAmo HS SYBR Green qPCR Kit (ThermoFisher

Scientific, Waltham, MA) and Lightcycler® 480 system

(Roche, Mississauga, Canada), following the manufac-

turer’s instructions. The β-2-microglobulin transcript

was used as an endogenous control for normalization.

Proliferation assay

RT4 cells were seeded in 96-well plates at a density of

3 × 103 cells/well and allowed to attach for 12 h. Then,

RT4 were treated with the CM from HFs, HFs + TGFß

or iCAFs for 24 h in presence or absence of an anti-IL-6

antibody (1 μg/mL). Cell proliferation was assessed by

fluorometric quantification of DNA using CyQUANT

Proliferation Assay Kit (Life Technologies, Carlsbad, CA)

according to the manufacturer’s instructions.

Cell migration assay

RT4 cells were first seeded at a concentration of 4 × 104

cells/100 μl in both chambers of an Ibidi-silicone insert

(Ibidi, Martinsried, Germany). This insert allows for the

formation of a well-defined edge without physically

scratching or wounding the cell monolayer. Cells were

cultured for 24 h in DMEM containing 10% FBS to form

a confluent monolayer. Then, cells were grown in

serum-free DMEM and Mitomycin C (5 μg/ml, Sigma

#M4287) to inhibit cell proliferation for 12 h prior to

careful removal of the insert. Cells were incubated in the

CM from HFs, HFs + TGFß or iCAFs for 24 h in presence

or absence of an anti-IL-6 antibody (1 μg/mL). The migra-

tion was visualized at the indicated times (0, 6, and 12 h)

under an inverted microscope (TE2000, Nikon). Migration

distances were measured using the ImageJ analysis soft-

ware (National Institutes of Health, Bethesda, MD).

Transwell invasion assays

Invasion assays were performed using transwell 24-well

plates with 8-μm diameter filters (Corning, NY, USA). Fil-

ters were precoated with 40 μL of purified Type I bovine

collagen gel (2.5mg/mL, Sigma-Aldrich, Saint-Louis, MO)

and incubated for 4 h at 37 °C. Approximately 1 × 105 cells

in 200 μL of serum-free DMEM + Mitomycin C (5 μg/ml)

with or without an anti-IL-6 antibody (1 μg/ml) were

placed in the upper chamber and 500 μL of the CM from

HFs, HFs + TGFß or iCAFs was added in the lower cham-

ber. The plates were incubated for 24 h. Then, cells on the

upper side of the filters were removed with a cotton swab,

and the filters were washed with PBS. Cells were fixed in

methanol for 15min and nuclei were stained with DAPI.

The relative cell migration was determined by the number

of migrated cells in 10 randomly selected fields.

Mitomycin C sensitivity assay

RT4 cells were seeded in 96-well plates at a density of

3 × 103 cells/well and allowed to attach for 12 h. Then,

RT4 cells were treated with the CM from HFs, HFs +

TGFß or iCAFs for 24 h in presence or absence of mi-

tomycin C (0,5 μg/mL, Sigma-Aldrich, Saint-Louis,

MO). Plates were washed with PBS to remove any deb-

ris and cell viability was assessed by fluorometric quan-

tification of DNA using CyQUANT Proliferation Assay

Kit (Life Technologies, Carlsbad, CA) according to the

manufacturer’s instructions.

Genomic data processing and tumor purity analysis

Clinicopathological profiles and genomic data from

TCGA [21] and GSE13507 [22] were downloaded re-

spectively on GDC (Genomic Data Common; https://

portal.gdc.cancer.gov/) and GEO (Gene Expression

Omnibus; https://www.ncbi.nlm.nih.gov/geo/) data por-

tal (n = 412 and n = 272, respectively). The expression

of IL6 in human bladder cancer specimens was analyzed

using GraphPad Prism 7.0 in bladder cancer patients linked

with their clinical parameters and follow-up data informa-

tion. Tumor purity of the TCGA datasets was obtained

using the ABSOLUTE algorithm (https://confluence.broa-

dinstitute.org/display/CGATools/ABSOLUTE (2013)). We

applied a Pearson’s correlation to test for the association be-

tween tumor sample purity and mRNA expression of IL6

and ACTA2 expression.

Statistical analysis

Graphical representation of data and statistical analysis

was performed with the GraphPad Prism v.7 Software

(San Diego, CA, USA). The results are expressed as mean

± standard error (SD) and were interpreted using one- or

two-way analysis of variance (ANOVA). mRNA expres-

sion distribution was analyzed using the non-parametric

Mann-Whitney U test. Survival analyses were determined

by Kaplan-Meier method, where the difference was evalu-

ated by the Log-rank test. Differences between the groups

were considered significant at P < 0.05.

Results

Healthy bladder primary fibroblasts treated with bladder

cancer-derived exosomes exhibit characteristics of CAFs

To induce the activation of healthy bladder primary fibro-

blasts (HFs) into CAFs (iCAFs), we cultured HFs with 1

mg/mL of bladder cancer-derived exosomes for 48 h [20].

HFs + TGFß was used as positive control for activated fi-

broblasts [8]. iCAFs were positive for αSMA staining and

exhibited a spindle-shape morphology, similar to CAFs

(Fig. 1a). Moreover, iCAFs presented higher levels of

αSMA and FAP proteins expression (Fig. 1b).

iCAFs induce EMT program in bladder cancer cells

As EMT plays a pivotal role in tumor metastasis, we

investigated the effects of iCAFs on cancer cells EMT,

the CM iCAF was collected and used to grow the bladder
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cancer cell line RT4 (Fig. 2a). We examined changes of

EMT phenotype induces by CM iCAF by measuring the

protein expression of epithelial markers E-cadherin, phos-

pho-ß-catenin and phospho-GSKß and of mesenchymal

markers N-cadherin and vimentin. Results showed that

RT4 cells cultured with CM iCAF had decreased expression

of E-cadherin, phospho-ß-catenin and phospho-GSK3ß,

while the expression of N-cadherin and vimentin was in-

creased (Fig. 2b). To investigate whether the EMT pro-

gramming was activated by the CAF secretome in RT4

cells, the expression of EMT-related transcription factors

(EMT-TFs) SNAIL1, TWIST1 and ZEB1 was measured by

qPCR. The results showed that SNAI1 and ZEB1 expres-

sion levels were highly upregulated, while TWIST1 expres-

sion levels were slightly increased in RT4 cells cultured

with CM iCAF (Fig. 2c). These results were also confirmed

at protein level (Fig. 2d). These results suggested that the

CAF secretome enhances the aggressive behaviour of

bladder cancer cells by inducing an EMT phenotype

through well-known EMT-TFs.

iCAFs activate the STAT3 signalling pathway in bladder

cancer cells via IL-6 secretion

The pro-inflammatory cytokine interleukin-6 (IL-6) has

been shown as an important EMT inducer in breast and

lung cancers [14, 15]. Therefore, we quantified the IL-6

mRNA expression in HFs, HFs + TGFß and iCAF cells

as well as the IL-6 protein secretion in supernatants.

Our results showed that iCAFs expressed more IL6

mRNA and secreted significantly more IL-6 protein than

HFs (Fig. 3a, b). In order to determine if RT4 cells could

interact with iCAFs-secreted IL-6, we evaluated the ex-

pression of the IL-6R on RT4 cells. The IL-6R was highly

expressed in RT4 cells compared to iCAFs, indicating

that IL-6 could induce responses in RT4 cells (Fig. 3c).

The canonical IL-6 signal transduction pathway is initi-

ated by the cytokine binding to the IL-6R and the subse-

quent phosphorylation of STAT3. To investigate the

effect of the CM iCAF on the activation of IL-6 signaling

pathway in bladder cancer cells, we compared the ex-

pression levels of phosphorylated STAT3 (pSTAT3) and

Fig. 1 Healthy vesical primary fibroblasts (HFs) treated with bladder cancer-derived exosomes exhibit characteristics of cancer-associated
fibroblasts (CAFs). HFs were treated with 1 mg/mL of bladder cancer cells-derived exosomes for 48 h to induce their activation in CAFs (iCAFs).
HFs treated with TGFβ1 (4 ng/mL) served as a positive control. a. Cells were examined by immunocytochemistry for the expression of αSMA
(α-smooth muscle actin, green). Nuclei were stained with DAPI (blue). Scale bar = 100 μm. b. The protein expression of αSMA, fibroblast-activating
protein (FAP) was determined by western blot. The tubulin was used as loading control. The graph shows mean +/− SD. The difference between
groups was analyzed by one-way ANOVA followed by post hoc analysis using Dunnett’s multiple comparison tests. *P < 0.05, **P < 0.01,
****P < 0.0001, n = 3
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phosphorylated AKT (pAKT) in RT4 cells cultured with

CM iCAF to control media (CM HF and CM HF + TGFß).

The results showed that CM iCAF significantly increased

pSTAT3 and pAKT in RT4 cells compared to CM HF,

while total STAT3 and AKT expression remained un-

changed (Fig. 3d).

iCAFs-secreted IL-6 promotes the proliferation, migration

and invasion of bladder cancer cells

The tumor metastatic cascade is characterized by the ac-

tivation of EMT process in cancer cells, where loss of

cell–cell junctions and cell polarity lead to the acquisi-

tion of migratory and invasive properties. Therefore, we

investigated the role of iCAFs-secreted IL-6 on cell

growth and motility of RT4 cells treated with CM iCAF

with or without the anti-IL-6 neutralizing antibody.

When RT4 cells were treated with CM iCAF, the prolifer-

ation rate increased by 21.2% after 24 h (Fig. 4a). To test

the specificity of the IL-6 stimulation, we added an

anti-IL-6 antibody (x-IL-6) to the culture medium to

block IL-6-induced proliferation. The activity of the IL-6

on cell proliferation of RT4 cells was reversed by the

anti-IL-6 antibody (Fig. 4a). The migration assay was

used to examine the effect of the iCAFs-secreted IL-6 on

RT4 cells. As shown in Fig. 4b, the CM iCAF increased

the migration activity of RT4 cells significantly. When

RT4 cells were incubated with the CM iCAF and prolifer-

ation inhibitor, the migration rate after 6 h and 12 h was

increased of 36.4 and 23.7%, respectively (Fig. 4b). To

examine the effect of the iCAFs-secreted IL-6 on the

a

b

c

Fig. 2 The conditioned medium (CM) from CAFs induces epithelial-mesenchymal transition (EMT) programming in RT4 bladder cancer cells.
a. Experimental design. b. The expression of epithelial markers E-cadherin, phospho-ß-catenin (control: total ß-catenin) and phospho-GSK3ß
(control: GSK3ß total) and of mesenchymal markers N-cadherin and vimentin was analyzed by Western blotting. The ß-actin was used as loading
control. c. The expression of EMT-related transcription factors (EMT-TFs) was determined by qPCR or d. Western blotting. The graphs show mean
+/− SD. The difference between groups was analyzed by one-way ANOVA followed by post hoc analysis using Dunnett’s multiple comparison
tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s. = non-significant, n = 3–5
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invasion of RT4 cells, a transwell assay was used where

artificial extracellular matrix (ECM) was precoated on

the upper side of all filters. We found that the number

of cells that invaded through the ECM was raised by

51.5% when RT4 cells were cultured in the CM iCAF

compared to the CM HF (Fig. 4c). In addition, when RT4

cells were treated with the CM iCAF in combination with

the anti-IL-6 antibody (1 μg/ml), the IL-6-induced cell

migration and invasion was markedly inhibited (Fig. 4b,

c). These data imply that the iCAFs-secreted IL-6 is

clearly implicated in the proliferation, migration and in-

vasion abilites of RT4 cells.

The CM iCAF increases cancer cell survival in response to

the chemotherapeutic drug mitomycin C

Chemotherapeutic agents such as mitomycin C have long

been used to treat bladder tumors, but development of

drug resistance remains a substantial problem [1, 23]. To

investigate how CAFs might influence the sensitivity of

bladder cancer cells to mitomycin C, RT4 cells were cul-

tured in the CM from HFs, HFs + TGFß or iCAFs with

0.5 μg/mL mitomycin C. As expected, the viability of RT4

cells was significantly decreased by 72.9% after the

addition of mitomycin C for 12 h, demonstrating the ef-

fectiveness of the drug (Fig. 4d). When cultured with the

CM iCAF, RT4 cells showed reduced cell death (12.3%) as

compared with the CM HF. However, cell death was not

significantly reduced after the addition of the anti-IL-6

antibody to CM iCAF compared to the CM iCAF alone

(12.4% vs 12.3%). Thus, cell death induced by mitomycin

C was attenuated by the CM iCAF but was not mediated

by the iCAFs-secreted IL-6.

IL6 expression is up-regulated in aggressive bladder

cancer, correlates with the CAF marker ACTA2 and

stromal compartment and is associated with poor clinical

outcome

We analyzed IL6 and ACTA2 expression in the publicly

available TCGA and GSE13507 gene expression profil-

ing datasets of human bladder cancer samples [21, 22].

The stratification of patients according to tumor sta-

ging, grading and invasiveness revealed that IL6 expres-

sion was found up-regulated in stage III/IV compared

to stage I/II (****P < 0.0001), in high grade compared to

low grade (****P < 0.0001) and in invasive compared to

superficial bladder cancer (****P < 0.0001) (Fig. 5a-c).

Similar results were obtained with CAF marker ACTA2

expression, suggesting an activation of fibroblasts in ag-

gressive bladder cancer (Fig. 5d-f). The expression levels

of IL6 and ACTA2 were positively correlated (r = 0.4543;

****P < 0.0001; Fig. 5g). Moreover, Kaplan–Meier analysis

of the cancer specific survival showed a significant correl-

ation between patients with high versus low IL6/ACTA2

expression (Fig. 5h, HR = 2.738, 95% CI = 1.056–7.099,

Fig. 3 iCAFs express IL-6 and induce the activation of the STAT3 signaling pathway in RT4 bladder cancer cells. a. Interleukin-6 (IL-6) mRNA
expression levels in HFs, HFs + TGFß and iCAFs cells were determined by qPCR. b. The expression of the IL-6 protein was measured in
supernatants from HFs, HFs + TGFß and iCAFs cells using enzyme-linked immunosorbent assay (ELISA). c. The presence of the IL-6 receptor (IL-6R)
in iCAFs and RT4 cells was detected by Western blotting. d. The activation of the signal transducer and activator of transcription 3 (STAT3) and
AKT signaling pathway in RT4 cells cultured in conditionned medium (CM) was evaluated by Western blotting. The graphs show mean +/− SD.
The difference between groups was analyzed by one-way ANOVA followed by post hoc analysis using Dunnett’s multiple comparison tests. *P <
0.05, **P < 0.01, ***P = 0.001, n.s. = non-significant, n = 3–5
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*P = 0.0471). Tumor purity is the proportion of cancer

cells within a tumor. Despite some selection for inclusion,

TCGA tissue samples may retain a heterogeneous mix of

cell types, causing varying levels of tumor purity. To inde-

pendently assess the origin of IL6 and ACTA2 expression,

we correlated bladder cancer tumor purity scores gener-

ated using the ABSOLUTE algorithm with the corre-

sponding IL6 and ACTA2 expression. To this end,

TCGA samples with matching RNAseq expression and

ABSOLUTE-based tumor purity estimates (N = 399)

were analyzed. We observed a highly negative correl-

ation between the tumor purity and IL6 mRNA (r = −

0.6274; ****P < 0.0001. Additional file 1) or ACTC2 mRNA

(r = − 0.4888; ****P < 0.0001. Additional file 2), indicating

that higher average IL6 and ACTA2 expression correspond

with higher stromal component of the tumor. We next

investigated whether ACTA2/IL6 mRNA co-expression

in bladder cancer tumors correlated with clinicopatho-

logical features. For these analyses, bladder cancer pa-

tients were stratified based on low and high quartiles of

ACTA2/IL6 co-expression levels in tumors. As shown

in Table 1, no significant association was observed be-

tween ACTA2/IL6 mRNA co-expression and patient

age, metastatic invasion, cancer recurrence or progres-

sion. A correlation was seen between high ACTA2/IL6

co-expression and the tumor grade (*P = 0.0179) and

lymph node metastasis (*P = 0.0281). A strong associ-

ation was observed between high ACTA2/IL6 mRNA

co-expression and tumor invasiveness (****P < 0.0001),

correlating with our in vitro findings.

a c

b

d

Fig. 4 CAFs-derived IL-6 enhances survival and promotes migration and invasion in RT4 bladder cancer cells. RT4 cells were cultured in the CM
from HFs, HFs + TGFß or iCAFs with or without the anti-IL-6 antibody (1 μg/mL; x-IL-6). a. The proliferation of the RT4 cells was evaluated using
the CyQUANT Kit. b. The migration of RT4 cells was determined by using Ibidi-silicone insert. Insert margins were marked by white vertical lines
on optical micrographs. After 6 h and 12 h, the percentage of wound closure was evaluated by measuring migration distances (spaces between
the white vertical lines). c. The invasion of RT4 cells was measured by transwell assays. Cells that had migrated through the membrane were fixed
and nuclei were stained with DAPI. Representative photographs of migratory cells on the membrane are shown. The relative cell migration was
determined by the number of migrated cells in 10 randomly selected fields. d. The sensitivity of RT4 cells to mitomycin C (0.5 μg/mL; Mito C) was
evaluated using The CyQUANT Kit. RFU means relative fluorescence unit. All values are averages of three independent replicates. The graphs
show mean +/− SD. The difference between groups was analyzed by one-way ANOVA followed by post hoc analysis using Dunnett’s multiple
comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s. = non-significant, n = 5–25

Goulet et al. BMC Cancer          (2019) 19:137 Page 8 of 13



Discussion
EMT plays a crucial role in metastasis dissemination

and is correlated with poor prognosis in cancer patients

[24–26]. However, the precise molecular events that

initiate this complex process in bladder cancer are still

poorly understood. A mounting body of evidence sug-

gests that dynamic interplay between cancer cells and their

microenvironment contributes to metastasis [27–30]. CAFs

represent the major component of the TME and have

been reported to support tumor progression by a variety

of mechanisms [31–35]. However, their role in EMT of

bladder cancer cells remains poorly defined.

Thus, we induced the activation of HFs into iCAFs in

order to examine their role in bladder cancer cell EMT

activation. We found that iCAFs promotes the upregula-

tion of mesenchymal markers, such as N-cadherin and

vimentin, while repressing epithelial markers E-cadherin

and p-ß-catenin expression in bladder cancer cells. In

presence of Wnt ligands, the glycogen synthase kinase 3

beta (GSK3β) is inhibited by phosphorylation, leading to

b c

d e f

g h

Fig. 5 IL6 mRNA expression is up-regulated in aggressive bladder cancer patient tumor specimens, correlates with CAF marker ACTA2 expression,
and is associated with poor prognosis. Boxplots of IL6 (a-c) and ATCA2 (d-f) mRNA expression with respect to tumor stage, grade or invasiveness
for TCGA (a-b, d-e, g) and GSE13507 (c, f, h) bladder cancer data. Number of tissues in each group is shown in brackets. The difference between
groups was analyzed by Mann-Whitney test. ****P< 0.0001. g. Spearman’s correlation between ACTA2 and IL6 gene expression (r = 0.4543; ****P< 0.0001).
h. Kaplan-Meier cancer specific survival curves according to lower versus higher half of ACTA2/IL6mRNA co-expression level in bladder cancer patients (HR
= 2.738; *P= 0.0471). Non-muscle invasive bladder cancer (NMIBC); muscle invasive bladder cancer (MIBC)
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the accumulation and nuclear translocation of β-catenin. In

the nucleus, β-catenin binds to the lymphoid-enhancing

factor/T-cell factor (LEF/TCF), to initiate the transcription

of EMT genes [36–38]. Therefore, the increase expression

of phosphorylated GSK3β and decreased expression of the

p-β-catenin in RT4 cells cultured in the CM iCAF suggests a

decrease in the β-catenin degradation, confirmed by the

total-β-catenin Western blotting. Moreover, EMT tran-

scription factors SNAI1, TWIST1 and ZEB1 were upregu-

lated in the CM iCAF-cultured RT4 cells.

The extent to which specific proteins secreted by

CAFs contribute directly to tumor progression is un-

clear. Previous studies have showed that IL-6 is involved

in tumor progression and metastasis in various types of

cancer, including lung cancer [39], pancreatic cancer

[40], liver cancer [41], gastric cancer [42] and colon can-

cer [43]. In bladder cancer, clinical findings showed that

patients have higher serum IL-6 levels than the healthy

controls and that higher IL-6 levels are associated with

poorer prognosis [44, 45]. However, the association

between CAFs and IL-6 secretion in bladder cancer has

not been shown. These studies drove us to investigate

the role of IL-6 in bladder cancer. We examined the ex-

pression of IL-6 by iCAFs and its receptors on the blad-

der cancer cell line RT4. We found that IL-6 was

upregulated in iCAFs compared to HFs. Similarly, IL-6

have been found to be increased in fibroblasts cultured

with the CM from lung cancer [18]. Moreover, RT4 ex-

press its receptor IL-6R, indicating that RT4 cells were

suitable to respond to the iCAF-secreted IL-6 cytokine.

Initiation of metastasis requires EMT, which is charac-

terized by enhanced capability of active locomotion of

cancer cells. We found that the iCAF-secreted IL-6

could promote cell growth, migration and invasion sig-

nificantly. To our knowledge, this is the first study that

has shown that iCAF-secreted IL-6 was enough to trans-

form a non-invasive cell line (RT4) into invasive-like

cells.

To determine the potential of targeting IL-6 signaling

in bladder cancer patients, we performed in silico ana-

lysis using IL-6 expression data acquired from public

database. Remarkably, we demonstrated that IL-6 was

expressed at higher levels in bladder cancer stages III/IV

than in stages I/II. Moreover, high IL-6 expression was

preferentially associated with high grade MIBC. These

results are somewhat consistent with the analysis of An-

drews et al., in which a small cohort of human bladder

cancer plasma samples revealed IL-6 were associated

with cancer stage, metastasis and disease specific sur-

vival [44]. Therefore, IL-6 expression might be related to

a more malignant phenotype. In addition, IL-6 correlates

with CAF marker ACTA2 and negatively correlates with

tumor purity, suggesting that IL-6 is produced primarily

by CAFs and not tumor cells. Nonetheless, our analysis

revealed a correlation between high IL6/ATCA2 mRNA

levels and poor cancer specific survival.

Taken together, our results reveal that IL-6 secreted

from iCAFs promotes malignant behavior through the ac-

tivation of the EMT program in bladder cancer cells.

These results provide a mechanistic explanation for the

role of IL-6 in the bladder cancer microenvironment, as

well as the correlation observed between high IL-6 levels

and metastatic potential in bladder cancer patients. Over-

all, our findings may serve as an attractive therapeutic tar-

get for human bladder cancer driven by IL-6 signaling. In

this study, we demonstrated that IL-6 blockade reverses

the effect of CAFs on tumor progression. Therefore, since

IL-6 blocking antibodies are already approved by the Food

and Drug Administration (FDA), such an approach to im-

pede CAFs functions may be a clinical promising strategy.

In solid tumour model, siltuximab, an IL-6 antibody, has

demonstrated antitumor efficacy against ovarian, prostate,

and lung cancers [16]. Despite these preclinical data, there

remains a dearth of clinical trials investigating targeted

Table 1 Correlation between clinicopathological features and
ACTA2/IL6 mRNA co-expression in bladder cancer patients

Features No. of
patients

ACTA2/IL6 expression p value

Low/Low High/High

Age (years)

< 65 53 28 (52,8%) 25 (47,2%) 0.6950

> 65 51 24 (47,1%) 27 (52,9%)

Gender

Male 85 48 (56,5%) 37 (43,5%) 0.0058**

Female 19 4 (21,1%) 15 (78,9%)

Invasiveness

Superficial 67 43 (64,2%) 24 (35,8%) 0.0001****

Invasive 37 9 (24,3%) 28 (75,7%)

Grade

Low 75 43 (57,3%) 32 (42,7%) 0.0179*

High 29 9 (31,0%) 20 (69,0%)

Lymph node metastasis

N0 92 50 (54,3%) 42 (45,7%) 0.0281*

N1, N2 11 2 (18,2%) 9 (81,8%)

Metastatic invasion

M0 99 50 (50,5%) 49 (49,5%) 1.000

M1 5 2 (40,0%) 3 (60,0%)

Recurrence (non-invasive cancer only)

No 36 26 (72,2%) 10 (27,8%) 0.2016

Yes 31 17 (54,8%) 14 (45,2%)

Progression

No 63 34 (54,0%) 29 (46,0%) 0.3254

Yes 41 18 (43,9%) 23 (56,1%)

Fisher’s exact test with 50% lower or higher level of mRNA expression
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approaches, such as IL-6 signaling inhibition, particularly

in bladder cancer. IL-6 signal through multimeric com-

plexes that includes the gp130 receptor/IL-6Rα chain and

ultimately triggers a signaling cascade that is mediated by

STAT3 pathway. STAT3 activation was demonstrated to

drive the proliferation, survival, invasiveness, and metasta-

sis of tumor cells, while strongly suppressing the antitu-

mour immune response [16]. Moreover, STAT3 activation

was associated with bladder cancer cell growth and sur-

vival [46]. In our study, we observed that iCAFs activates

the STAT3 signaling pathway in RT4 cells. OPB-31121

and OPB-51602 are orally administrated STAT3 inhibi-

tors, which are capable of binding to the SH2 domain of

STAT3, and disrupt STAT3 dimerization and DNA bind-

ing activity, and are currently under evaluation in clinical

trials (NCT00657176, NCT01406574, NCT01423903 and

NCT01184807). A combination of these two drugs could

be used to more efficiently target some of the downstream

mediators of IL-6 signaling.

Our study has some limitations. The TME consists of

cancer cells, fibroblasts, endothelial cells, and immune

cells, all of which contribute to the tumor secretome. Al-

though our findings were focused on the interaction be-

tween tumor cells and CAFs, IL-6 is a multifunctional

cytokine known to be secreted by and to influence mul-

tiple cell types in the TME, from immune to endothelial

cells, and therefore, it is important to keep in mind the

potential influence of these cells in our system [19, 47].

Thus, this strongly indicates that neutralization of IL-6

signaling could have even more potent antitumor effects.

Conclusion

Identify factors involved in the dynamic interaction be-

tween tumor cells TME is much-needed to improve can-

cer therapy. Herein, we show how one of the mediators

of such an interaction, namely IL-6, mainly secreted by

CAFs, can support tumor progression and how it can be

antagonized by a neutralizing antibody to its receptor,

which significantly reduces proliferation, migration and

invasion in bladder cancer cells. These results highlight

a prominent role for CAFs in bladder cancer and pro-

vide a framework for further studies to develop relevant

TME-based anti-cancer therapy.
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Additional file 1: Exosomes characterization. A. TEM micrographs
showing morphology of exosomes immunoprecipitated with anti-CD9
mAb from bladder cancer cells. Exosomes were stained with 2% uracyl
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lysis show three repeated measures of exosomes isolate according to
their size. (PDF 945 kb)

Additional file 2: Correlation of tumor purity scores obtained by using
the ABSOLUTE algorithm with mean IL6 (A) and ACTA2 (B) expression.
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Abbreviations

CAF: Cancer-associated fibroblast; CM: Conditionned medium;
DMEM: Dulbecco-Vogt modified Eagle’s media; EMT: Epithelial-mesenchymal
transition; FAP: Fibroblast associated protein; FBS: Fetal bovine serum;
FDA: Food and Drug Administration; GSK3β: Glycogen synthase kinase 3
beta; HF: Healthy fibroblast; iCAF: Induced cancer-associated fibroblast; IL-
6: Interleukin 6; IL-6R: IL-6 receptor; LEF: Lymphoid-enhancing factor;
MIBC: Muscle-invasive bladder cancer; NMIBC: Non-muscle-invasive bladder
cancer; pSTAT3: Phosphorylated STAT3; STAT3: Signal transducer and
activator of transcription 3; TCF: T-cell factor; TME: Tumor microenvironment;
α-SMA: Alpha smooth muscle actin

Acknowledgments

We thank Solange Landreville, Bastien Paré and Isabelle Lorthois for their
critical comments and experimental input. This work was supported by a
Bladder Cancer Canada Grant (FP and CRG) and a Ferring Grant (SB). CRG
and AC are recipient of a Doctoral Research Award from the Fonds de
recherche du Québec - Santé (FRQS). FP is a Research Scholar of the FRQS.
SB is the recipient of Canadian Urological Association Scholarship Funds and
Canadian Institutes of Health Research Grant #258229.

Funding

This work was supported by a Bladder Cancer Canada Grant (FP and CRG)
and a Ferring Innovation Grant (SB). CRG and AC are recipient of an FRQS
Doctoral Research Award from the Fonds de recherche du Québec – Santé
(FRQS). FP is a Research Scholar of the FRQS. SB is the recipient of Canadian
Urological Association Scholarship Funds and Canadian Institute for Health
Research Grant #258229. The funders had no role in the design of the study
and collection, analysis, and interpretation of data and in writing the
manuscript.

Availability of data and materials

TCGA and GSE13507 datasets are available on GDC (Genomic Data Common;
https://portal.gdc.cancer.gov/) and GEO (Gene Expression Omnibus; https://
www.ncbi.nlm.nih.gov/geo/) data portal.

Authors’ contributions

CRG designed and performed the experiments and analyzed the data. GB
and DV performed the experiments. AC analysed TCGA and GSE13507
datasets. CRG wrote the manuscript and SC and AC revised it. SB and FP
supervised the study and revised the manuscript. All authors have read and
approved the final manuscript.

Ethics approval and consent to participate

Bladder biopsies from paediatric patients undergoing non-oncologic urologic
surgery were obtained at the CHU de Québec-Université Laval Research Cen-
ter in accordance with the institutional review board. All legal guardians of
donors provided their formal, informed and written consent, each agreeing
to supply a biopsy for this study.

Consent for publication

Not applicable.

Competing interests

Frédéric Pouliot has received speaker’s bureau honoraria from Sanofi,
Genzyme, Amgen, Astellas, and Janssen; he is a consultant/advisory board
member of Sanofi, Abbvie, Astellas, Janssen, Genzyme and Roche. No
potential conflicts of interest were disclosed by the other authors.

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

Author details
1Centre de recherche en organogénèse expérimentale/LOEX, Regenerative
Medicine Division, CHU de Québec-Université Laval Research Center, QC,
Québec, Canada. 2Department of Surgery, Faculty of Medicine, Laval
University, QC, Quebec, Canada. 3Oncology Division, CHU de Québec
Research Center, QC, Quebec, Canada. 4Centre de recherche du CHU de
Québec-Université Laval, Centre de recherche en organogénèse

Goulet et al. BMC Cancer          (2019) 19:137 Page 11 of 13

https://doi.org/10.1186/s12885-019-5353-6
https://doi.org/10.1186/s12885-019-5353-6
https://portal.gdc.cancer.gov
https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo


expérimentale de l’Université Laval/LOEX, 1401, 18e rue, Quebec city, Québec
G1J 1Z4, Canada.

Received: 30 May 2018 Accepted: 5 February 2019

References

1. Pugashetti N, Alibhai SMH, Yap SA. Non-muscle-invasive bladder Cancer:
review of diagnosis and management. J Curr Clin Care. 2015;5:40–50.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin. 2016;
66:7–30.

3. Kamat AM, M Hahn N, A Efstathiou J, P Lerner S, Malmstrom P-U, Choi W, et
al. Bladder cancer. The lancet. Elsevier Ltd. 2016;388:2796–810.

4. Sanli O, Dobruch J, Knowles MA, Burger M, Alemozaffar M, Nielsen ME, et al.
Bladder cancer. Nature Publishing Group Macmillan Publishers Limited.
2017;3:1–19.

5. Mari A, Campi R, Tellini R, Gandaglia G, Albisinni S, Abufaraj M, et al. Patterns
and predictors of recurrence after open radical cystectomy for bladder
cancer: a comprehensive review of the literature. World. J Urol Springer
Berlin Heidelberg. 2018;36:157–70.

6. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J.
Clin. Invest. American society for. Clinical Investig. 2009;119:1420–8.

7. Bryan RT, Tselepis C. Review articles cadherin switching and bladder Cancer.
J Urol Elsevier Inc. 2010;184:423–31.

8. Ringuette-Goulet C, Bernard G, Tremblay S, Chabaud S, Bolduc S, Pouliot F.
Exosomes induce fibroblast differentiation into Cancer-associated fibroblasts
through TGFβ signaling. Molecular Cancer Research. American association
for Cancer Research. 2018:1–25.

9. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer. 2006;6:392–401.
10. Öhlund D, Elyada E, Tuveson D. Fibroblast heterogeneity in the cancer

wound. J Exp Med. 2014;211:1503–23.
11. Tao L, Huang G, Song H, Chen Y, Chen L. Cancer associated fibroblasts: an

essential role in the tumor microenvironment (Review). Oncol Lett 2017;1–10.
12. Augsten M. Cancer-associated fibroblasts as another polarized cell type of

the tumor microenvironment. Front Oncol Frontiers. 2014;4:1–8.
13. Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity, and

disease. Cold Spring Harb Perspect Biol. 2014;6 a016295–5.
14. Abana CO, Bingham BS, Cho JH, Graves AJ, Koyama T, Pilarski RT, et al. IL-6

variant is associated with metastasis in breast cancer patients. Coleman WB,
editor. PLoS One. 2017;12:e0181725–15.

15. Shang G-S, Liu L, Qin Y-W. IL-6 and TNF-α promote metastasis of lung
cancer by inducing epithelial-mesenchymal transition. Oncol Lett. 2017;13:
4657–60.

16. Johnson DE, O'Keefe RA, Grandis JR. Targeting the IL-6/JAK/STAT3 signalling
axis in cancer. Nat Rev Clin Oncol. 2018;15:234–48.

17. Chang CH, Hsiao CF, Yeh YM, Chang GC, Tsai YH, Chen YM, Huang MS, Chen
HL, Li YJ, Yang PC, Chen CJ, Hsiung CA, Su WC. Circulating interleukin-6 level is
a prognostic marker for survival in advanced nonsmall cell lung cancer
patients treated with chemotherapy. Int J Cancer. 2013;132(9):1977–85.

18. Shintani Y, Fujiwara A, Kimura T, Kawamura T, Funaki S, Minami M, Okumura
M. IL-6 secreted from Cancer-associated fibroblasts mediates
Chemoresistance in NSCLC by increasing epithelial-mesenchymal transition
signaling. J Thorac Oncol. 2016;11(9):1482–92.

19. Chen MF, Lin PY, Wu CF, Chen WC, Wu CT. IL-6 expression regulates
Tumorigenicity and correlates with prognosis in bladder Cancer. PLoS One.
2013;8:e61901–10.

20. Ringuette-Goulet C, Bernard G, Chabaud S, Couture A, Langlois A, Neveu B,
et al. Tissue-engineered human 3D model of bladder cancer for invasion
study and drug discovery. Biomaterials. 2017;145:233–41.

21. Robertson AG, Kim J, Al-Ahmadie H, Bellmunt J, Guo G, Cherniack AD,
Hinoue T, Laird PW, Hoadley KA, Akbani R, Castro MAA, Gibb EA, Kanchi RS,
Gordenin DA, Shukla SA, Sanchez-Vega F, Hansel DE, Czerniak BA, Reuter VE,
Su X, de Sa Carvalho B, Chagas V, Mungall KL, Sadeghi S, Pedamallu CS, Lu
Y, Klimczak LJ, Zhang J, Choo C, Ojesina AI, Bullman S, Leraas KM,
Lichtenberg TM, Wu CJ, Schultz N, Getz G, Meyerson M, Mills GB, McConkey
DJ, Research Network TCGA, Weinstein JN, Kwiatkowski DJ, Lerner SP.
Comprehensive molecular characterization of muscle-invasive bladder
Cancer. Cell. 2017;171(3):540–556.e25.

22. Kim WJ, Kim EJ, Kim SK, Kim YJ, Ha YS, Jeong P, Kim MJ, Yun SJ, Lee KM,
Moon SK, Lee SC, Cha EJ, Bae SC. Predictive value of progression-related

gene classifier in primary non-muscle invasive bladder cancer. Mol Cancer.
2010;9:3.

23. Chou R, Selph SS, Buckley DI, Gustafson KS, Griffin JC, Grusing SE, et al.
Treatment of muscle-invasive bladder cancer: A systematic review. Cancer.
2016;122:842–51.

24. Breyer J, Gierth M, Shalekenov S, Aziz A, Schäfer J, Burger M, et al. Epithelial–
mesenchymal transformation markers E-cadherin and survivin predict
progression of stage pTa urothelial bladder carcinoma. World J Urol. 2016;
34:709–16.

25. Imani S, Hosseinifard H, Cheng J, Wei C, Fu J. Prognostic value of EMT-
inducing transcription factors (EMT-TFs) in metastatic breast Cancer: A
systematic review and Meta- analysis. Sci. Rep Nat Publ Group. 2016;6:1–10.

26. Wan T, Zhang T, Si X, Zhou Y. Overexpression of EMT-inducing transcription
factors as a potential poor prognostic factor for hepatocellular carcinoma in
Asian populations: A meta-analysis. Oncotarget. 2017;8:59500–8.

27. Catalano V, Turdo A, Di Franco S, Dieli F, Todaro M, Stassi G. Tumor and its
microenvironment: A synergistic interplay. Semin Cancer Biol Elsevier Ltd;
2013; 23:522–532.

28. Quail DF, Joyce JA. Microenvironmental regulation of tumor progression
and metastasis. Nat Med. 2013;19:1423–37.

29. Joyce JA, Pollard JW. Microenvironmental regulation of metastasis. Nat Rev
Cancer. 2008;9:239–52.

30. Dvorak HF, Weaver VM, Tlsty TD, Bergers G. Tumor microenvironment and
progression. Leong S, editor. J Surg Oncol. 2011;103:468–74.

31. Kharaishvili G, Simkova D, Bouchalova K, Gachechiladze M, Narsia N, Bouchal
J. The role of cancer-associated fibroblasts, solid stress and other
microenvironmental factors in tumor progression and therapy resistance.
2014;14:1–8.

32. Yamaguchi H, Sakai R. Direct interaction between carcinoma cells and
Cancer associated fibroblasts for the regulation of Cancer invasion. Cancers.
2015;7:2054–62.

33. Giannoni E, Bianchini F, Masieri L, Serni S, Torre E, Calorini L, et al. Reciprocal
activation of prostate Cancer cells and Cancer-associated fibroblasts
stimulates epithelial-mesenchymal transition and Cancer Stemness. Cancer
Res. 2010;70:6945–56.

34. Zhuang J, Lu Q, Shen B, Huang X, Shen L, Zheng X, et al. TGFβ1 secreted by
cancer-associated fibroblasts induces epithelial-mesenchymal transition of
bladder cancer cells through lncRNA-ZEB2NAT. Sci Rep. 2015;5:11924–13.

35. Karagiannis GS, Poutahidis T, Erdman SE, Kirsch R, Riddell RH, Diamandis EP.
Cancer-associated fibroblasts drive the progression of metastasis through
both paracrine and mechanical pressure on Cancer tissue. Mol Cancer Res.
2012;10:1403–18.

36. Verheyen EM, Gottardi CJ. Regulation of Wnt/β-catenin signaling by protein
kinases. Dev Dyn. 2010;239:34–44.

37. Stamos JL, Weis WI. The B-catenin destruction complex. Cold Spring Harbor
Perspectives in Biology Cold Spring Harbor Lab. 2013;5 a007898–8.

38. Jamieson C, Sharma M, Henderson BR. Wnt signaling from membrane to
nucleus: β-catenin caught in a loop. Int J Biochem Cell Biol Elsevier Ltd.
2012;44:847–50.

39. Wang L, Cao L, Wang H, Liu B, Zhang Q, Meng Z, Wu X, Zhou Q, Xu K. Cancer-
associated fibroblasts enhance metastatic potential of lung cancer cells
through IL-6/STAT3 signaling pathway. Oncotarget. 2017;8(44):76116–28.

40. Wu YS, Chung I, Wong WF, Masamune A, Sim MS, Looi CY. Paracrine IL-6
signaling mediates the effects of pancreatic stellate cells on epithelial-
mesenchymal transition via Stat3/Nrf2 pathway in pancreatic cancer cells.
Biochim Biophys Acta Gen Subj. 2017;1861(2):296–306.

41. Xiong S, Wang R, Chen Q, Luo J, Wang J, Zhao Z, Li Y, Wang Y, Wang X,
Cheng B. Cancer-associated fibroblasts promote stem cell-like properties of
hepatocellular carcinoma cells through IL-6/STAT3/notch signaling. Am J
Cancer Res. 2018;8(2):302–16.

42. Wu X, Tao P, Zhou Q, Li J, Yu Z, Wang X, Li J, Li C, Yan M, Zhu Z, Liu B, Su L.
IL-6 secreted by cancer-associated fibroblasts promotes epithelial-
mesenchymal transition and metastasis of gastric cancer via JAK2/STAT3
signaling pathway. Oncotarget. 2017;8(13):20741–50.

43. Zhu L, Cheng X, Ding Y, Shi J, Jin H, Wang H, Wu Y, Ye J, Lu Y, Wang TC, Yang
CS, Tu SP. Bone marrow-derived myofibroblasts promote colon tumorigenesis
through the IL6/JAK2/STAT3 pathway. Cancer Lett 2014 1;343(1):80–9.

44. Andrews B, Shariat SF, Kim JH, Wheeler TM, Slawin KM, Lerner SP.
Preoperative plasma levels of interleukin-6 and its soluble receptor predict
disease recurrence and survival of patients with bladder cancer. J Urol. 2002;
167(3):1475–81.

Goulet et al. BMC Cancer          (2019) 19:137 Page 12 of 13



45. Kumari N, Agrawal U, Mishra AK, Kumar A, Vasudeva P, Mohanty NK, Saxena
S. Predictive role of serum and urinary cytokines in invasion and recurrence
of bladder cancer. Tumour Biol. 2017;39(4):1010428317697552.

46. Chen CL, Cen L, Kohout J, Hutzen B, Chan C, Hsieh FC, Loy A, Huang V,
Cheng G, Lin J. Signal transducer and activator of transcription 3 activation
is associated with bladder cancer cell growth and survival. Mol Cancer.
2008;7:78.

47. Kato T, Noma K, Ohara T, Kashima H, Katsura Y, Sato H, Komoto S, Katsube
R, Ninomiya T, Tazawa H, Shirakawa Y, Fujiwara T. Cancer-associated
fibroblasts affect Intratumoral CD8+ and FoxP3+ T cells via IL6 in the tumor
microenvironment. Clin Cancer Res. 2018;24(19):4820–33.

Goulet et al. BMC Cancer          (2019) 19:137 Page 13 of 13


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Ethics statement
	Cell isolation and culture
	Exosomes production and isolation
	CAF induction
	Preparation of the conditioned medium
	Immunoblot
	Elisa
	RT-qPCR
	Proliferation assay
	Cell migration assay
	Transwell invasion assays
	Mitomycin C sensitivity assay
	Genomic data processing and tumor purity analysis
	Statistical analysis

	Results
	Healthy bladder primary fibroblasts treated with bladder cancer-derived exosomes exhibit characteristics of CAFs
	iCAFs induce EMT program in bladder cancer cells
	iCAFs activate the STAT3 signalling pathway in bladder cancer cells via IL-6 secretion
	iCAFs-secreted IL-6 promotes the proliferation, migration and invasion of bladder cancer cells
	The CM iCAF increases cancer cell survival in response to the chemotherapeutic drug mitomycin C
	IL6 expression is up-regulated in aggressive bladder cancer, correlates with the CAF marker ACTA2 and stromal compartment and is associated with poor clinical outcome

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

