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Abstract

The TGFβ signaling pathway is essential to epithelial homeostasis and is often inhibited during 

progression of esophageal squamous cell carcinoma. Recently, an important role for TGFβ 

signaling has been described in the crosstalk between epithelial and stromal cells regulating 

squamous tumor cell invasion in mouse models of head-and-neck squamous cell carcinoma 

(HNSCC). Loss of TGFβ signaling, in either compartment, leads to HNSCC however, the 

mechanisms involved are not well understood. Using organotypic reconstruct cultures (OTC) to 

model the interaction between epithelial and stromal cells that occur in dysplastic lesions, we 

show that loss of TGFβ signaling promotes an invasive phenotype in both fibroblast and epithelial 

compartments. Employing immortalized esophageal keratinocytes established to reproduce 

common mutations of esophageal squamous cell carcinoma, we show that treatment of OTC with 

inhibitors of TGFβ signaling (A83–01 or SB431542) enhances invasion of epithelial cells into a 

fibroblast-embedded Matrigel/collagen I matrix. Invasion induced by A83–01 is independent of 

proliferation but relies on protease activity and expression of ADAMTS-1 and can be altered by 

matrix density. This invasion was associated with increased expression of pro-inflammatory 

cytokines, IL1 and EGFR ligands HB-EGF and TGFα. Altering EGF signaling prevented or 

induced epithelial cell invasion in this model. Loss of expression of the TGFβ target gene ROBO1 

suggested that chemorepulsion may regulate keratinocyte invasion. Taken together, our data show 

increased invasion through inhibition of TGFβ signaling altered epithelial-fibroblasts interactions, 

repressing markers of activated fibroblasts, and altering integrin-fibronectin interactions. These 
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results suggest that inhibition of TGFβ signaling modulates an array of pathways that combined 

promote multiple aspects of tumor invasion.
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Introduction

Esophageal squamous cell carcinomas (ESCC) arise from a succession of alterations in the 

epithelium, leading to loss of tissue architecture and modification of the underlying stroma. 

In the progression from hyperplasia to dysplasia and carcinoma in situ, normal tissue 

homeostasis is lost and the basal cell layer, previously quiescent, becomes proliferative and 

expands in the upper layer of the epithelium while immune cells accumulate around the 

lesion [1,2]. In ESCC, invasion into the underlying tissue requires the initial growth of 

neoplastic tissue. Progression is characterized by poorly differentiated invading tumor cells 

as well as broad collective leading fronts retaining high differentiation [3].

As a potent regulator of tissue homeostasis and cell proliferation TGFβ1 induced signaling is 

often altered during early stages of cancer progression [4]. In later stages, TGFβ1 

participates in the induction of myofibroblasts and fibrosis in the surrounding stroma and 

promotes tumor invasion in cells, in which its antiproliferative effect has been subverted 

[4,5].

TGFβ signaling is induced by the binding of TGFβ1 to TGFβRII followed by the 

heterodimerization of TGFβRI and TGFβRII and subsequent phosphorylation of the R-

Smads Smad2/3, which are then translocated to the nucleus in association with Smad4. 

HNSCC often presents with TGFβ signaling alterations that affect receptors, co-activators, 

or repressors of the signaling pathway [6,7]. Inhibition of TGFβ in mouse models targeting 

epithelia of the head-and-neck region by knock-out of TGFβRII or Smad4 alone has little 

impact on tissue homeostasis. However, introducing a second hit through oncogene 

overexpression or inhibition of tumor suppressor genes leads to tumor formation [8,9]. 

Interestingly, knockout of TGFβ signaling members in fibroblasts is sufficient to induce 

tumor formation [10,11]. A common phenotype of these different models is the increase of 

local inflammation as a result of TGFβ signaling inhibition [9,10].

Based on these observations, it has been proposed that the activated stroma stimulates 

proliferation and epithelial cell invasion through increased secretion of chemotactic factors, 

notably TGFα, HGF, and SDF-1 [9–11]. However, the mechanisms underlying the crosstalk 

between epithelial and fibroblast compartments that induce invasion are still poorly 

understood. Using organotypic three-dimensional reconstruct cultures as a platform to study 

ESCC invasion, we have previously shown that expression of dominant-negative mutants of 

E-cadherin and TGFβRII in immortalized esophageal keratinocytes results in fibroblast-

dependent epithelial cell invasion [12]. To elucidate the mechanisms underlying TGFβ-

mediated control of tissue homeostasis and cell invasion, we used chemical TGFβ inhibitors 

in the present study. We show that inhibition of TGFβ signaling in fibroblasts and epithelial 
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cells results in enhanced invasion in organotypic reconstruct cultures. Loss of TGFβ 

signaling elicits an inflammatory response in both compartments mediated by IL1, TGFα 

and HB-EGF and induces the expression of the matrix metalloproteases ADAMTS-1 and 

MMP14. Moreover, loss of TGFβ signaling inhibits ROBO1 expression in epithelial cells, 

promoting invasion in the underlying stroma. In conclusion these findings identify multiple 

detrimental downstream effectors of TGFβ inhibition.

Material and methods

Cell culture and reagents

Primary esophageal epithelial cells (keratinocytes) from normal human esophagus were 

established as described previously [13]. Fetal esophageal fibroblasts were grown in DMEM 

with 5% fetal bovine serum (FBS, Hyclone, Thermo Fisher Scientific, Waltham, MA), 100 

units/mL penicillin, and 100 µg/mL streptomycin (Gibco, Invitrogen, Carlsbad, CA). 

A83-01 was used at a final concentration of 1µM (Tocris, Bristol U.K.), SB431542 at 10µM 

(Tocris), GM6001 at 1µM (Tocris), Erlotinib at 25nM (LC Laboratories, Woburn, MA), 

rEGF at 10ng/mL (Life technologies, Grand Island, NY). shRNA against ADAMTS-1 were 

purchased from Qiagen (Qiagen, Germantown, MD) and used according to manufacturer 

instructions.

OrganoTypic Culture

Organotypic culture (OTC) were grown as previously described [14] with the exception that 

for 2 more days before the cultures were harvested medium was changed to serum free Epi3 

to allow for analysis of the conditioned media. To alter the matrix composition to higher 

collagen I, we used Collagen I (BD Biosciences, San Jose, CA) at the final concentration of 

4.6 mg/mL either mixed with Matrigel or applied as collagen I layer on top of the matrix. 

Conditioned media were snap frozen and conserved at −80C. Each cultures was used for 

protein analysis by formalin fixation and paraffin embedding, as well as protein extraction 

by mechanically peeling the epithelium. The protein were extracted with lysis buffer 

containing NP40 and Tween20 as previously described [12]. Similarly, total RNA from the 

epithelium and stroma was isolated using miRNeasy kit (Qiagen). Quantification of invasion 

was done by measuring the area of epithelial cells invading in the underlying matrix per 1µm 

length of tissue and statistically analyzed using unpaired Student’s t-test.

Histology

Five micron sections were applied to Probe-on Superfrost Plus slides (Fisher Scientific, 

Pittsburgh, PA). Slides were stained with hematoxylin and eosin, and images were captured 

on a Zeiss microscope with a Zeiss Hrc5 camera (Carl Zeiss Microscopy, Thornwood, NY).

Immunohistochemistry was performed with the Vecta Elite kit (Vector Laboratories, 

Burlingame, CA) following the manufacturer’s protocol using their reagents. Antigen 

retrieval was performed by heating paraffin sections in a pressure cooker for 12 minutes 

followed by a one-hour incubation in the pressure cooker. Primary antibody was incubated 

overnight at 4°C and secondary antibody for 30 minutes at 37°C. Then, the signal was 

subsequently developed using athe DAB substrate kit for peroxidase. Quantification of 
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proliferation was done by calculating the ratio of Ki67-positive cells to the number of cells 

in the basal layer.

Immunofluorescence

Formalin-fixed paraffin embedded organotypic culture tissues were sectioned at 5µm, 

deparaffinized and heated in 1xTE buffer in a pressure cooker for 12 min for antigen 

retrieval. Samples were blocked in 1xPBS containing 5% Bovine Serum Albumin (BSA; 

Sigma-Aldrich, Saint- Louis, MO) for 1 hour before incubation with primaries antibody in 

1xPBS-BSA overnight at 4°C. Tissues were then rinsed in 1xPBS and incubated with 

secondary antibodies in 1xPBS-BSA for 1 hour at room temperature. Finally, the sections 

were mounted with Vectashield mounting medium containing Dapi (Vector Laboratories, 

Burlingame, CA). Pictures were taken on a Zeiss microscope, using Axiocam and 

Axiovision software (Carl Zeiss Microscopy, Thornwood, NY).

Proliferation assay

Cells were plated at 1000 cells per well in a 96-well plate, WST-1 reagent was added to each 

well for an hour at 37°C to estimate cell proliferation (Roche, Nutley, NJ). Absorbance 

measurements were taken in 24-hour increments at 450nm using a BioTek Synergy 4 plate 

reader (BioTek, Winooski, VT).

Western Blot

Western blots were performed as previously described. All results are representative of at 

least 3 experiments [12].

Cytokine array

Experiments were done according to the manufacturer’s protocol, using the RayBio® 

Human Cytokine Antibody Array 8 (RayBiotech, Norcross, GA). One mL of conditioned 

medium from the organotypic culture was used per membrane. The signal intensity was 

measured in Image J (National Institutes of Health) [15] and results were normalized to the 

provided positive controls.

Real time PCR

RNA extracted from organotypic culture cells was reversed transcribed using SuperScript III 

kit according to manufacturer’s instructions (LifeTechnologies, Grand Island, NY). For 

quantitative real-time PCR, QPCR, TaqMan® Array Human Extracellular Matrix & 

Adhesion Molecules plates were used with TaqMan Fast Universal Mastermix 

(LifeTechnologies) according to the manufacturer’s instructions, with 10ng of cDNA. 

Results were normalized to GAPDH expression. The primers used were ROBO1 forward 5’-

GAC AAA ACC CTT CGG ATG TCA-3’, ROBO1 Reverse 5’-CCA GTG GAG AGC CAT 

CTT TCT-3’, SLIT2 forward 5’-AGC TTA GAC GAA TTG ACC TGA GC-3’, SLIT2 

reverse 5’-CCG AAG GCA GTT TAT CTT GTT GG-3’, IL1α Forward, 5’-TGG TAG 

TAG CAA CCA ACG GGA-3’, IL1α reverse 5’-ACT TTG ATT GAG GGC GTC ATT 

C-3’, IL1β forward 5’-ATG ATG GCT TAT TAC AGT GGC AA-3’, IL1β reverse 5’-GTC 

GGA GAT TCG TAG CTG GA-3’, SDF-1 forward 5’-TCT GAG AGC TCG CTT GAG 
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TG-3’, SDF-1 reverse 5’-GTG GAT CGC ATC TAT GCA TG-3’, HB-EGF forward 5’- 

GGG CAT GAC TAA TTC CCA CTG A-3’, HB-EGF reverse 5’-GCC CAA TCC TAG 

ACG GCA AC3’, EGF forward 5’-CAA CCA GTG GCT GGT GAG GA-3’, EGF reverse 

5’-GAG CCC TTA CTG GAT ACT GGA A-3’, AREG forward 5’-GTG GTG CTG TCG 

CTC TTG ATA CTC-3’, AREG reverse 5’-TCA AAT CCA TCA GCA CTG TGG TC-3’, 

TGFα forward 5’-AGA TAG ACA GCA GCC AAC CCT GA-3’, TGFα reverse 5’-CTA 

GGG CCA TTC TGC CCA TC-3’, HGF forward 5’-CAA TAG CAT GTC AAG TGG 

AG-3’, HGF reverse 5’-CTG TGT TCG TGT GGT ATC AT-3’, ADAMTS-1 forward 5’-

ACT GGA AGC ATA AGA AAG AAG CG-3’, ADAMTS-1 reverse 5’-AAT TCT GCC 

ATC GAC TGG TCT-3’, MMP2 forward 5’-TAC AGG ATC ATT GGC TA CACA CC-3’, 

MMP2 reverse 5’-GGT CAC ATC GCT CCA GAC T-3’, MMP9 forward 5’-TGT ACC 

GCT ATG GTT ACA CTC G-3’, MMP9 reverse 5’-GGC AGG GAC AGT TGC TTC T-3’, 

MMP14 forward 5’-GGC TAC AGC AAT ATG GCT ACC-3’, MMP14 reverse 5’-GAT 

GGC CGC TGA GAG TGA C-3’. Relative fold expression was calculated after 

normalization to GAPDH. Histograms represent fold expression ±standard error calculated 

from standard deviation of mean ΔCt. Statistical analysis was performed between ΔCt mean 

using unpaired Student’s t-test. Commercial QPCR arrays for Human Extracellular Matrix 

Adhesion Molecules were purchased from Applied Biosystems (Foster City, CA) and used 

according to the manufacturer’s instructions.

Antibodies

Antibodies against Vimentin, and αSMA were purchased from Sigma-Aldrich. N-cadherin, 

p44/42 MAPK, Phospho-p44/42 MAPK, EGFR antibodies were from Cell Signaling 

Technology (Danvers, MA); α-tubulin and ROBO1 from Abcam (Cambridge, MA). 

Fibronectin, Integrin αV, Integrin α2, Integrin α5, Integrin β1, Integrin β4 (BD 

Biosciences); MMP14 (Epitomics, Burlingam, CA); Ki67 Vector Laboratories (Burlingame, 

CA).

Zymography

Zymography was performed as previously described [16]. Briefly, conditioned medium was 

separated by SDS PAGE containing gelatin at 4°C washed and incubated overnight at 37°C 

in a development buffer (0.05M Tris-HCl pH 8.8, 5mM CaCl2, 0.02% NaN3). The gels were 

then stained with 0.1% Coomassie Blue R-250 for an hour and destained in methanol/acetic/

acid/water solution (10%, 20%, 70% v:v:v). Images were taken on Gel Doc XR system 

(Bio-Rad, Hercules, CA).

Affymetrix data analysis

Esophageal organotypic cultures were laser dissected and purified total RNA was Biotin-

labelled and hybridized onto Affymetrix GeneChip U133 Plus 2.0 oligonucleotide array, 

Accession No. GSE19472. Transfac enrichment analysis was done using Enrichr software 

http://amp.pharm.mssm.edu/Enrichr/ (Enrichr: interactive and collaborative HTML5 gene 

list enrichment analysis tool) with the position weight matrices (PWMs) from TRANSFAC 

[17] and JASPAR [18]. Gene ontologies analysis was conducted on WebGestalt http://

bioinfo.vanderbilt.edu/webgestalt/ [19].

Le Bras et al. Page 5

Exp Cell Res. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://amp.pharm.mssm.edu/Enrichr/
http://bioinfo.vanderbilt.edu/webgestalt/
http://bioinfo.vanderbilt.edu/webgestalt/


Biostatistical analysis

Biostatistical analysis was performed using Prism version 6.00 for Mac (GraphPad 

Software, La Jolla, CA). In vitro and in vivo experiments were analyzed using Student’s t-

tests or one-way ANOVAs. Statistical significance was set at p<0.05. All experiments were 

done in triplicates with at least 3 biological replicates.

Results

Esophageal keratinocytes expressing dominant-negative forms of E-cadherin and TGFβRII 
show an inflammatory signature in OTC

We have previously shown that immortalized esophageal epithelial cells expressing 

dominant-negative E-cadherin and dominant-negative TGFβRII (ECdnT) were more 

invasive than esophageal keratinocytes expressing wild-type or mutant E-cadherin alone 

when grown in a model of organotypic culture (OTC) [12]. The observed invasion was 

shown to be fibroblast-dependent but could be induced with fibroblast-conditioned media 

suggesting a role for secreted cytokines and chemotactic factors. To identify a cytokine-

induced gene signature, messenger RNA from epithelial cells in OTC was extracted by laser 

dissection and an expression profile was established using a gene expression array [20]. 

Comparison of gene expression in ECdnT cells with control E-cadherin-overexpressing cells 

(E) using enrichment analysis of potential transcription factors showed an enrichment of 

genes upregulated by NFκB (NFKB1 p-value: 0.00001246, z-Score: 1.65, combined score 

9.79); notably we found upregulation of S100A7, S100A7A, IL8 and CD14 (Table 1). 

Similarly, gene ontology analysis, using WebGestalt [19], indicated enrichment in 

inflammatory and defense response pathways (p=0.0006, p=8.78e-05 respectively).

To detect secreted proteins from both compartments, epithelium and fibroblasts, we 

analyzed conditioned medium (CM) using a cytokine array and identified a 1.5-fold increase 

of Angiogenin (ANG), BMP4, IL1α and IL1RN and several other inflammatory cytokines 

in CM from invasive ECdnT OTCs compared to non-invasive control cultures 

overexpressing E-cadherin (Table 2). To determine the origin of the increased chemokine 

expression, we analyzed mRNA expression in both, epithelial and fibroblast cells extracted 

from invasive ECdnT and non-invasive E OTC. Amongst the highest upregulated 

chemotactic factors we detected SDF-1 with a 4–fold increase in fibroblasts (Figure 1 A, 

stroma) and IL1α and TGFα with a 2-fold increase. HGF was increased by 2.5-fold in the 

epithelial compartment of ECdnT OTC (Figure 1A). These results highlight that invasion of 

ECdnT cells in OTC is associated with an inflammatory gene expression Signature.

Chemical inhibition of TGFβ signaling advances invasion of esophageal keratinocytes

As we observed that the disruption of TGFβ signaling using dominant-negative mutant of 

TGFβRII together with functional loss of E-cadherin promotes cell invasion and the 

secretion of pro-inflammatory cytokines in esophageal keratinocytes, we set out to further 

explore the contributions by TGFβ.

TGFβ1 is a known regulator of epithelial proliferation and a modulator of the inflammatory 

response in tumor tissues. To better understand the effect of the crosstalk between epithelial 
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cells and fibroblasts on epithelial cell invasion, we inhibited TGFβ signaling in OTC using 

A83–01 and SB431542 inhibitors of ALK5, 4 and 7 (TGFβRI, ACVR1B, ACVR1C). As the 

dominant-negative mutant TGFβRII only partially inhibits TGFβ signaling, we added these 

compounds to completely abolish signaling in ECdnT cells.

Inhibition of TGFβ1 signaling, using either compound not only enhanced collective cell 

invasion in ECdnT cells, but also induced cell invasion in control E cells (Figure 1B, C). 

The observed invasion was reminiscent of ESCC carcinoma in situ with highly 

differentiated keratin pearls. Analysis of cytokines expressed in the fibroblasts upon 

treatment with A83–01 in the ECdnT OTC showed an upregulation of IL1β and TGFα 

similarly to the differences observed between ECdnT and E cells (Figure 1D), suggesting an 

association with the invasive phenotype.

As we previously linked invasion to the activation of the stroma [13], we stained OTC 

sections for αSMA, a marker of myofibroblasts and carcinoma associated fibroblasts. 

αSMA was downregulated following A83–01 treatment. Similarly, the deposition of 

fibronectin into the matrix was reduced in the presence of A83–01, while the expression of 

vimentin in the fibroblasts was comparable between the different growth conditions (Figure 

1E).

As TGFβ1 is known to have anti-proliferative function in normal epithelial cells, we wanted 

to determine the contributions of TGFβ1 to the regulation of proliferation in our model. We 

show that ECdnT cells grown as a monolayer on plastic were resistant to the growth 

inhibitory effect of TGFβ1 (Figure 2A). The addition of A83–01 had no effect on the 

proliferation of ECdnT. Similarly SB431542 induced only a slight increase of proliferation 

possibly indicating that inhibition of TGFβ signaling was not complete after expression of 

the dominant-negative TGFβRII in ECdnT cells. When grown in OTC, we confirmed that 

the inhibition of TGFβ1 signaling did not lead to a significant increase in proliferation in 

ECdnT cells, but induced higher proliferation of E cells (Figure 2B and C). Similarly, we 

determined the effects of A83–01 on apoptosis without any discernable differences (data not 

shown). We conclude that the increased epithelial cell invasion of ECdnT upon treatment 

with A83–01 is independent of their proliferative capacity.

ECdnT collective cell invasion is protease dependent

Tumor cell invasion is essentially driven by the ability of the epithelial cells to secrete 

proteases that allow degradation and invasion into the underlying matrix. It is also 

dependent on the capacity of the cells to establish interactions with matrix components and 

the generation of migratory forces.

Inhibition of matrix metalloproteases using the chemical compound GM6001 led to a 

complete suppression of invasion for cells untreated or treated with A83–01 (Figure 3 A and 

B). To determine if the pro-invasive effect of the TGFβ1 inhibitor A83–01 could be 

resulting from changes in the extracellular matrix, we modified the density of the OTC 

matrix by increasing the collagen concentration to 4.6 mg/mL and therefore consequently 

increasing the dependency on protease secretion to facilitate invasion. Using a higher 

concentrated collagen matrix suppressed the invasive potential of ECdnT cultures without 
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treatment, however, addition of A83–01 could still induce epithelial cell invasion into the 

high collagen matrix (Figure 3C and D). Analyzing the proliferation index by counting 

Ki67-positive cells showed that the higher collagen concentration in the matrix had no effect 

on proliferation (Figure 3C). Altering the concentration of the collagen throughout the 

matrix affects not only epithelial cell invasion, but the stromal compartment as well. To 

analyze effects of the matrix on the epithelium and epithelial-fibroblast interaction without 

altering the matrix around the fibroblasts, we added a collagen I layer onto the matrix to 

separate the epithelial cells from the fibroblast-embedded matrix. The collagen I layer 

prevented invasion of ECdnT, but similarly the higher overall concentration did not inhibit 

invasion of culture treated with A83–01 suggesting a direct effect of epithelial-matrix and/or 

epithelial-stromal interaction on invasion. These data suggest a necessary role for fibroblast-

secreted factors as well as protease activity in ECdnT (Figure 3C).

To determine if matrix metalloproteases were differentially expressed in the presence of 

TGFβ signaling inhibition, we measured the gene expression of matrix proteins and 

proteases associated with invasion in the epithelial cells by qPCR using an array for human 

extracellular matrix associated protein (Figure 3E).

Inhibition of TGFβ1 signaling was associated with a reduction in expression of many 

proteases; most associated with Smad regulation, with the notable exception of ADAMTS-1 

(Figure 3E). We confirmed loss of MMP9 expression, a TGFβ target gene, in ECdnT cells 

and show that MMP14 expression, a membrane-bound MMP involved in matrix degradation 

by epithelial cells, was unaffected. Similarly, in fibroblasts, expression of MMP9 was 

downregulated whereas expression of MMP2 (Figure 3F), which can participate in the 

activation of MMP9 with MMP14, was unaffected. To analyze the secretion of matrix 

metalloproteases, we used OTC conditioned medium and show that MMP9 secretion is 

inhibited upon treatment with A83–01, whereas secretion of MMP14 in epithelial cells was 

only slightly affected (Figure 3G). Although the inhibition of invasion by GM6001 indicates 

the dependency of proteases activity for ECdnT invasion, we show that following treatment 

with A83–01 most metalloproteases examined were inhibited and therefore not likely to 

function in cell invasion downstream of TGFβ inhibition.

Analysis of protease expression showed an upregulation of ADAMTS-1 in cells treated with 

A83–01 (Figure 3E). We confirmed this result by qPCR (Figure 4A) and studied the effect 

of ADAMTS-1 expression in ECdnT cells to determine its involvement in promoting 

invasion of ECdnT cells through shRNA-mediated inhibition (Figure 4B, C). We generated 

ECdnT cell lines with suppression of ADAMTS-1 using 4 different shRNA clones targeting 

ADAMTS-1 and a non-silencing shRNA control. ECdnT expressing ADAMTS-1 shRNA 

were less invasive (Figure 4B, C).

Loss of TGFβ signaling promotes EGF-mediated invasion of ECdnT cells

ADAMTS-1 has been shown to activate HB-EGF and TGFα in cooperation with MMP1 

[21]. Incidentally, as amplification of EGFR is a frequent occurrence in ESCC, we aimed to 

identify the role of EGF family members in epithelial cell invasion in this model. The 

unique opportunity provided by OTCs is to analyze the epithelial and stromal compartments. 

We already established that fibroblasts expressed more TGFα upon treatment with A83–01 
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(Figure 1D). Analyzing the expression of SDF-1, IL1α and TGF-α in the fibroblasts of non-

invasive organotypic cultures following shRNA-mediated suppression of ADAMTS-1 

revealed no significant induction of TGFα (Figure 4D). As EGF signaling is frequently 

upregulated in ESCC, we studied expression of others EGFR ligands in the fibroblasts. 

Analysis by qPCR showed an increase of HB-EGF (p<0.05), but not EGF or AREG (Figure 

4E).

To elucidate the role of EGFR signaling in this context, we treated OTCs with the EGFR 

inhibitor, Erlotinib, and compared its effect with untreated ECdnT or EGF-stimulated OTCs 

as a control for EGFR-induced signaling. ECdnT OTCs grown in the presence of Erlotinib 

presented with suppressed invasion compared to untreated cells (Figure 4F, G). EGF was 

used a positive control and induced a strong increase of invasion (Figure 4F, G). Western 

Blot analysis of the epithelial cells isolated from OTC showed a reduction in EGFR 

signaling following A8301 treatment, as measured by phosphorylation of ERK1/2 and by 

reduced level of EGFR protein, which is expected after internalization and degradation 

following stimulation of the receptor. We also noted a strong increase in MMP14 expression 

after EGF treatment (Figure 4H).

Inhibition of TGFβ alters the integrin expression profile

Tumor invasion is the result of matrix degradation and remodeling as migration occurs 

following cellular attachment to the matrix. Matrix attachment is mediated by expression of 

integrins that direct cellular cytoskeleton contraction and directional migration. Integrins 

have been shown to interact with and promote EGFR signaling [22,23]. The integrin subunit 

β1 is a central node in the regulation of collagen binding and an essential mediator of 

invasion in OTC [24], while integrin αV, and to a lesser extend α2, mediates binding to 

RGD peptides and fibronectin. They also have been shown to be upregulated in later stages 

of tumor progression [25]. Analysis of integrin expression by qPCR showed an overall 

downregulation of expression in particular of integrin αV, α5 and α1 following A83–01 

treatment (Figure 5A). We confirmed protein expression of the integrins β1, αV, α5, and α2 

on protein level by immunofluorescence and Western Blot (Figure 5B and C). While αV and 

α5 were downregulated, the integrin subunit β1 was unaffected by treatment with A83–01. 

Like Integrin β1, the β4 subunit is involved in laminin binding, while the α2 subunit also 

participates in collagen binding. The inhibition of integrins that are known targets of TGFβ 

signaling suggests a direct transcriptional repression effect of the inhibitor and indicates that 

these integrins are dispensable for epithelial cell invasion.

The TGFβ signaling target ROBO1 is downregulated in the invasive epithelial compartment

ROBO1 is a target of TGFβ signaling in breast epithelial cells and its expression is 

controlled by myofibroblasts during morphogenesis [26]. Interestingly, loss of chromosome 

3p, which contains ROBO1 and TGFBR2 genes, is frequently observed in HNSCC [27]. 

Moreover, ROBO1, in concert with integrins, has been shown to be responsible for 

cardioblast polarization [28] and regulation of responsiveness to Slit- repellent signals [29]. 

We therefore aimed to determine the expression of ROBO1 in invasive ECdnT cultures after 

TGFβ inhibition. We show by qPCR that expression of ROBO1 is inhibited upon treatment 

with A83–01 (Figure 6A). We further confirmed loss of protein expression for ROBO1 after 
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TGFβ inhibition by Western Blot and immunofluorescence (Figure 6B, C) suggesting a link 

to loss of chemorepulsion between epithelial cells and fibroblasts following loss of TGFβ 

signaling.

Discussion

In the present study we show that loss of TGFβ signaling leads to collective invasion of 

epithelial cells through a complex mechanism requiring EGFR signaling, changes in integrin 

expression and loss of ROBO1 with an associated change in inflammatory gene expression. 

The alteration of multiple regulatory pathways involved in cell invasion suggests that TGFβ 

signaling controls a complex array of genes involved in multiple aspects of invasion. Much 

of this complex regulation is mediated by epithelial-stromal crosstalk, suggesting that loss of 

the TGFβ signaling pathway in tumors has both cell autonomous and non-autonomous roles.

Role of TGFβ signaling in inflammation

TGFβ and NFkB signaling are both frequently altered in tumorigenesis. TGFβ signaling 

inhibition induces NFkB signaling in the gut and protects the colon in early stage colitis 

[30,31]. In HNSCC cell lines, reduced levels of TGFβ signaling are associated with 

activation of nuclear NFkB [32], while on the other hand, TGFβ1 can induce nuclear NFkB 

in later stages of HNSCC progression through the upregulation of TGFβ-activated kinase 1 

(TAK1) [33]. We show that immortalized esophageal cell lines expressing dominant-

negative forms of TGFβRII and E-cadherin display upregulation of inflammatory associated 

genes, notably overexpression of the pro-inflammatory cytokine IL8 [34–36] and S100A7/

Psoriasin, both markers which are associated with ESCC and HNSCC progression [37–39]. 

Other pro-inflammatory cytokines enriched were IL1α and IL1β. IL1β inhibits TGFβ 

signaling pathway through upregulation of Smad7 [40,41], inhibition of Smad3 

phosphorylation through IL1β binding to TAK1 [42], or in chondrocytes, induction of 

TGFβRII degradation [43]. In agreement with these results and observations made in mouse 

models, we show that fibroblasts grown with ECdnT display an increased expression of 

IL1α, SDF-1 and TGFα. Moreover, we show that inhibition of TGFβ signaling induces 

expression of IL1β in OTC fibroblasts, which is consistent with the observation that 

fibroblasts expressing a dominant-negative mutant of TGFβRII also produce more IL1β and 

stimulate invasion [44]. The role of TGFβ in promoting secretion of chemotactic factors is 

controversial as it has been shown to either induce expression of HGF [5], another potent 

inducer of squamous cell carcinoma invasion in OTC [45], or inhibit expression of HGF and 

SDF-1 [46,47]. We did not observe increased SDF-1 or HGF upon loss of TGFβ signaling in 

our experimental data. Interestingly, loss of TGFβ signaling through targeted deletion of 

SMAD4 in T cells resulted in the onset of head-and-neck SCC supporting that the imbalance 

of TGFβ signaling between epithelial cells and the stroma could be a key factor in the 

initiation of cancer [48].

Role of TGFβ signaling in matrix remodeling

Tumor cells are dependent on the expression of proteases to degrade the basement 

membrane allowing migration of epithelial cells through underlying stroma. Similarly, 

invasion in OTC is dependent upon three parameters: matrix stiffness, attachment to the 
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matrix mainly through integrin β1 and expression of proteases [24]. Treatment with a pan-

inhibitor of matrix metalloproteases, GM6001, confirms the protease-dependency of ECdnT 

cells in our system to invade into the underlying stroma.

A stiffer matrix is associated with tumor progression in breast cancer and promotes integrin 

binding and cell invasion [49,50]. Lysyl oxidase, which mediates collagen crosslinking, is 

also increased in the breast stroma of a PyMT-driven knock-out of TGFβRII [51]. Moreover 

the stiffer matrix is also susceptible to favor fibroblasts activation through Yap1 activation 

[52]. Increasing matrix stiffness in OTC shifts cell migration towards proteolytic invasion 

[53]. In our model, increasing matrix stiffness or laying a denser collagen I layer inhibited 

invasion of ECdnT, but did not prevent invasion induced by TGFβ inhibition, which was 

associated with a degradation of the de novo synthesized basement membrane.

Intriguingly, many MMPs known to digest the extracellular matrix to facilitate invasion 

were suppressed by TGFβ inhibition. Notably, MMP9, a known target of TGFβ signaling 

[54] and a protease we had previously identified as being potentially important in mediating 

ECdnT invasion through its interaction with CD44 and cathepsin B [16], was strongly 

inhibited in epithelial and fibroblasts cells. Although MMP9 has been implicated in in oral 

dysplasia and HNSCC in vivo, [55–58], our data suggest that other proteases are also critical 

regulators of invasion. MMP14 expression, which has previously been shown to be involved 

in invasion in organotypic culture [59], appeared slightly downregulated, although its 

protein level was unaffected after treatment with A83–01 suggesting that ECdnT maintained 

enough matrix degrading capabilities for them to invade. However, MMP function is not 

restricted to matrix degradation, but can lead to the release and activation of secreted factors 

involved in motility and invasion.

Our work has implicated an additionally protease, ADAMTS-1, involved in esophageal cell 

invasion. ADAMTS-1 cleaves the proteoglycans aggrecan and versican and has been shown 

to have a potential collagenase activity [60,61]. ADAMTS-1 also participates in stromal 

activation and has been shown to be upregulated by IL1β and downregulated by TGFβ in 

decidual stromal cells [62,63]. Notably, ADAMTS-1 has been shown to participate in the 

cleavage of HB-EGF and TGFα with MMP1 and to induce EGF signaling [21]. We found 

that inhibition of TGFβ signaling increased TGFα, HB-EGF and IL1β expression, 

suggesting that TGFβ signaling may regulate activation of EGFR signaling via ADAMTS-1 

expression (Figure 7).

Role of TGFβ signaling in EGFR regulation

Previous studies have illustrated a role of either TGFα [64] or EGF [65] in promoting 

invasion of epithelial cells in organotypic culture. Fibroblasts present in the underlying 

stroma are essential to promote invasion of epithelial cells in OTC models [66]. Increased 

expression of several EGF family ligands in the fibroblasts following treatment with A83–

01 prompted us to determine the effect of EGF signaling on ECdnT invasion. Moreover, we 

had shown in a previous study that ECdnT cells exposed to conditioned medium obtained 

from organotypic culture demonstrated increased phosphorylation of ERK 1/2 signaling 

[12]. We show that after treatment of ECdnT with an inhibitor of EGFR, Erlotinib, invasion 
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was inhibited. As a control, we treated the culture with EGF and observed a strong increase 

of invasion that was associated with higher expression of MMP14 and MMP2 secretion.

The role of TGFβ signaling in matrix attachment

TGFβ signaling has been described to regulate the expression of many integrins [67]. In 

turn, integrins themselves can regulate the activation of TGFβ1 ligands, promote expression 

of MMP9 [25,67], control matrix stiffness [68] and regulate EGFR signaling [22,23]. The 

expression of integrins can be under the regulation of fibroblasts [69]. Moreover, migration 

of epithelial cells is either inhibited or promoted depending on the nature of integrins 

expressed [70,71]. We show that inhibition of TGFβ signaling is associated with 

downregulation of integrins α5 and αv, both participating in fibronectin binding, which can 

promote migration in three-dimensional matrices [24].

While inhibition of TGFβ signaling can result in the upregulation of pro-invasive factors, it 

can also induce loss of chemorepellents. One such chemorepellent pathway is elicited by 

ROBO1, which has been shown to participate with SLIT2 in axon guidance and to control 

breast morphogenesis and tumor invasion [26,72]. ROBO1, a target of TGFβ signaling 

[26,73], is a receptor that together with integrins can regulate cardioblast polarization [28] 

and the responsiveness to SLIT repellent signals [29]. Moreover ROBO1 prevents the 

chemotactic effect of HGF and SDF-1 in epithelia cells [74,75]. We show that loss of TGFβ 

signaling inhibits the expression of ROBO1 and membrane localization, suggesting that the 

pro-invasive effect of loss of TGFβ signaling could be regulated by the loss of 

chemorepulsion in the absence of increased secretion of chemotactic factors (Figure 7).

In conclusion, we show that disruption of TGFβ signaling alters multiple pathways that all 

impinge upon cellular invasion. These pathways regulate multiple aspects of cell-matrix and 

cell-cell interactions including matrix and integrin rearrangements, possibly downstream of 

inflammatory cues, culminating in the secretion of EGFR ligands by stromal cells. These 

interactions promote both the cell autonomous and non-autonomous changes needed for 

invasion of epithelial cells into underlying tissues.
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TGFβRII TGF beta-receptor II

SCC squamous cell carcinoma

ESCC esophageal squamous cell carcinoma

HNSCC head and neck squamous cell carcinoma
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Highlights

• Chemical inhibition of TGFβ signaling advances collective invasion of 

esophageal keratinocytes

• Collective cell invasion is protease dependent and ADAMTS-1 is upregulated

• Inhibition of TGFβ signaling promotes EGF-mediated invasion

• Loss of TGFβ signaling promotes collagen binding and induces alterations in 

integrin expression

• The TGFβ target ROBO1 is downregulated in cell invasion implying 

mechanisms of chemorepulsion
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Figure 1. Loss of TGFβ promotes pro-inflammatory cytokines gene expression and collective 
invasion
A: The expression of major chemotactic factors was measured in both epithelial cells and 

fibroblasts (stroma) extracted from organotypic culture (OTC) of control cells expressing 

wild-type E-cadherin (E) or cells expressing dominant-negative mutants for E-cadherin and 

TGFβRII (ECdnT). Values are obtained from three technical replicates. The relative 

expression was normalized to control E cells set at 1 and values were corrected using 

GAPDH expression. B: Representative pictures of OTC for E and ECdnT cells with no 

treatment (control), or with treatment of TGFβ signaling inhibitors A83–01 (1µM) or 

SB431542 (10µM) showing a pro-invasive effect of the inhibitors. C: Graphic representation 

of quantified invasion areas from OTC. Measurements were taken along 1mm length of 

OTC sections from the described conditions. Each mark is representative of a biological 

replicate. D: Expression of chemotactic factors expressed by fibroblasts (stroma) cultured in 

OTC with ECdnT cells from 4 independent experiments. Untreated ECdnT stroma (control) 

conditions are normalized to 1 and values are corrected using GAPDH expression. E: 

Inhibition of TGFβ signaling prevented stromal activation in ECdnT OTC as shown by 

representative immunofluorescence stainings for markers of stromal activation, α-SMA, 
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fibronectin and vimentin (* p<0.05 as determined by a Student’s t test, data are represented 

by mean ± SD).
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Figure 2. Inhibition of TGFβ signaling promotes invasion in OTC independently of proliferation 
in ECdnT
A: ECdnT cells are protected from the growth inhibitory effect of TGFβ1. Proliferation 

index was measured by WST1 assay using E and ECdnT cells grown on plastic without 

treatment (control), treated with TGFβ1 (5ng/mL) or TGFβ signaling inhibitors A83–01 

(1µM) and SB431542 (10µM). Values are representative of 3 independent experiments. 

(*p<0.05, as determined by a Student’s t test, data are represented by mean ± SD). B: Ki67 

staining of E and ECdnT cells in OTC comparing control condition and treatment with A83–

01 (1µM) to determine proliferation. C: Quantification of Ki67-positive cells per basal cells 

visible in 100x field shows that A83–01 did not affect proliferation in ECdnT OTC. Values 

were obtained from three independent experiments (*** p<0.001 as determined by a 

Student’s t test, data are represented by mean ± SD).
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Figure 3. Collective invasion of ECdnT cells induced by A83–01 is dependent on MMP activity
A: Treatment with the MMP inhibitor GM6001 illustrates the protease activity requirement 

for ECdnT cells invasion in OTC. Representative sections of OTC in control condition, after 

treatment with TGFβ signaling inhibitor A83–01 (1µM), pan-proteases inhibitor MMPi 

(1µM GM6001) or combination of both. B: Quantification and graphical representation of 

the invasion area under the described conditions along 1µm length of three OTC sections. C: 

Increased collagen concentrations (high col I) do not inhibit invasion of A83–01 treated 

ECdnT in OTC. Representative images of Ki67 immunohistochemistry staining of ECdnT 

OTCs comparing control and high collagen I concentration (high col I). 

Immunofluorescence staining for the basement membrane marker collagen IV in OTC with 

overlay of collagen I (col I layer) on top of the fibroblast matrix was performed. D: 

Quantification of the invasion area as described for (C) along 1mm length of OTC sections. 

E: Inhibition of TGFβ signaling leads to downregulation of proteases expression. Expression 

of proteases was measured by Human Extracellular Matrix Adhesion Molecules QPCR array 

in ECdnT cells extracted from OTC shown as the log2 ratio between A83–01 treated and 

control cells. F: Treatment with A83–01 induces inhibition of MMP9 expression. Relative 

expression of MMP9 and MMP14 in epithelial cells, and MMP9 and MMP2 from the 
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respective fibroblasts isolated from ECdnT OTCs as measured by QPCR. Expression is 

normalized to untreated ECdnT OTC (control) and corrected using GAPDH expression G. 

Quantification of MMP9 and MMP2 secretion in OTC using conditioned medium as 

measured by zymography. MMP14 expression was analyzed by Western Blot of protein 

lysates from ECdnT cells extracted from OTC. (* p<0.05 as determined by a Student’s t test, 

data are represented by mean ± SD).
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Figure 4. Inhibition of TGFβ signaling promotes EGFR ligand expression and activation in OTC
A: ADAMTS-1 expression is induced after A83–01 treatment. Expression of ADAMTS-1 in 

ECdnT cells and cells with stable knockout of ADAMTS-1 (shRNA ADAMTS1) was 

measured by QPCR in samples from 3 independent experiments. Values are normalized to 

ECdnT control and corrected using GAPDH expression. B: Inhibition of ADAMTS-1 in 

ECdnT leads to reduce invasion. Representative pictures of ECdnT ADAMTS-1 shRNA in 

control conditions and after treatment with A83–01. C: Quantification of the relative 

invasion in ECdnT with shRNA ADAMTS-1 and control. Each mark represents an 

independent experiment. D: In the absence of ADAMTS-1 TGF-α expression is not 

increased in the fibroblasts. Relative expression of SDF-1, IL1α and TGF-α in fibroblasts 

extracted from non-invasive OTC after shRNA-mediated ADAMTS-1 knock-down was 

measured by QPCR. E: Inhibition of TGFβ signaling induces expression of the EGFR ligand 

HB-EGF in fibroblasts. Relative expression of the EGFR ligands HB-EGF, EGF and AREG 

in fibroblasts extracted from OTC was measured by QPCR. Values were normalized to no 

treatment condition and representative of 4 independent experiments F: EGF signaling 

induces invasion of ECdnT in OTC. Representative pictures of OTC after treatment with the 

Le Bras et al. Page 24

Exp Cell Res. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



EGF inhibitor Erlotinib (25nM) or EGF at (10ng/mL). G: Quantification of invasion after 

treatment with EGFR inhibitor or EGF. Invasive areas of OTC for EGF and Erlotinib were 

measured using four sections from two independent experiments. H: EGF signaling induces 

MMP14 expression. Representative Western Blot of pERK 1/2 and MMP14 expression after 

treatment with A83–01, Erlotinib or EGF. (* p<0.05 as determined by a Student’s t test, data 

are represented by mean ± SD).
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Figure 5. Inhibition of TGFβ signaling represses expression of integrins involved in fibronectin 
binding
A: Inhibition of TGFβ signaling leads to the downregulation of integrin subunits involved in 

fibronectin binding. Expression of integrin subunits in ECdnT cells extracted from OTC 

measured by Human Extracellular Matrix Adhesion Molecules QPCR array. B: Inhibition of 

TGFβ signaling induces loss of integrin subunits α5 and αV that are involved in fibronectin 

binding. Representative Western blot of ECdnT cells extracted from OTC with or without 

A83–01 treatment. C: Representative pictures of immunofluorescence stainings with 

antibodies against integrin α2, αV and β1 of untreated (control) OTC or treated with A83–

01 show loss of integrin αV.
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Figure 6. Loss of TGFβ signaling leads to ROBO1 downregulation in ECdnT
A: ROBO1 expression is dependent on TGFβ signaling. Relative expression of ROBO1 and 

SLIT2 in ECdnT cells extracted from OTC was measured by QPCR. Values were 

normalized to ECdnT control and corrected with GAPDH expression. Values were obtained 

from 3 independent experiments B: Representative Western Blot for ROBO1 protein 

expression in ECdnT cells extracted from OTC. C: Representative immunofluorescence 

staining of ROBO1 in ECdnT OTC without treatment (control) or A83–01. (* p<0.05 as 

determined by a Student’s t test, data are represented by mean ± SD).
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Figure 7. Proposed working model
In the presence of TGFβ, cytokines such as IL1 that have been shown to upregulate 

ADAMTS-1 are inhibited and therefore little ADAMTS-1-dependent shedding and release 

of HB-EGF and AREG from the cell or matrix occurs. ROBO1 as a TGFβ target is 

expressed highly and functions in chemorepulsion suppressing cell invasion. Consequently, 

in the absence of TGFβ, ROBO1 expression is lost. At the same time, ADAMTS-1 

expression is increased and the higher levels of EGFR ligands result in increased cell 

invasion.
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