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Suppressive function of connexin(Cx)43 in carcinogenesis was 
recently contested by reports that showed a multifaceted function 
of Cx43 in cancer progression. These studies did not attempt to 
model the dynamics of intratumoral heterogeneity involved in the 
metastatic cascade. An unorthodox look at the phenotypic hetero-
geneity of prostate cancer cells in vitro enabled us to identify links 
between Cx43 functions and Snail-1-regulated functional specia-
tion of invasive cells. Incomplete Snail-1-dependent phenotypic 
shifts accounted for the formation of phenotypically stable sub-
clones of AT-2 cells. These subclones showed diverse predilection 
for invasive behavior. High Snail-1 and Cx43 levels accompanied 
high motility and nanomechanical elasticity of the fibroblastoid 
AT-2_Fi2 subclone, which determined its considerable invasive-
ness. Transforming growth factor-β and ectopic Snail-1 overex-
pression induced invasiveness and Cx43 expression in epithelioid 
AT-2 subclones and DU-145 cells. Functional links between 
Snail-1 function and Cx43 expression were confirmed by Cx43 
downregulation and phenotypic shifts in AT-2_Fi2, DU-145 and 
MAT-LyLu cells upon Snail-1 silencing. Corresponding morpho-
logical changes and Snail-1 downregulation were seen upon Cx43 
silencing in AT-2_Fi2 cells. This indicates that feedback loops 
between both proteins regulate cell invasive behavior. We dem-
onstrate that Cx43 may differentially predispose prostate cancer 
cells for invasion in a coupling-dependent and coupling-independ-
ent manner. When extrapolated to in vivo conditions, these data 
show the complexity of Cx43 functions during the metastatic cas-
cade of prostate cancer. They may explain how Cx43 confers a 
selective advantage during cooperative invasion of clonally evolv-
ing, invasive prostate cancer cell subpopulations.

Introduction

Solid tumors are maintained by the exchange of signals between phe-
notypically plastic cancer cells and their local microenvironment (1). 
Intercellular communication networks determine the homeostasis of 
functionally discrete tumor compartments and provide cues for cancer 
expansion and metastasis (2). Extrinsic stimuli transmitted by aberrant 

intratumoral communication systems govern a set of ‘secular’, proinva-
sive cell properties, such as momentary chemotactic motility and nano-
mechanical elasticity (3). Such stimuli also trigger heritable, epigenetic 
switches in ‘metastable’ cells, which, in combination with spontaneous 
mutations, may preserve their invasive behavior (4). They govern per-
manent cell predilection to colonize distant organs and are responsible 
for the clonal evolution of metastasis-initiating cell subpopulations (5). 
The symptoms of these switches include changes in locomotion strat-
egy, in the expression of transmitters for microenviromental signals and 
in the functional status of gap junctional channels (6–8).

Gap junctional channels are constituted by proteins of the con-
nexin (Cx) family. Their basic function is to mediate the intercellular 
exchange of small (<1 kDa) molecules in the process of gap junctional 
intercellular coupling (GJIC). Downregulation of tissue-specific con-
nexin expression and GJIC deficiency were found in a number of 
cancerous tissues. However, the paradigm of cancer-suppressive con-
nexin function has been challenged by recent studies that have sug-
gested a stage-specific connexin function during cancer development 
(6,9). Accordingly, connexin deficiency may exert selective pressure 
on clonally expanding cells during early stages of carcinogenesis, 
whereas the reexpression of connexins in certain primary tumor com-
partments accompanies the formation of the cancer ‘invasive front’. 
Cx43 expression enhances the motility and invasion of cancer cells 
in a GJIC-dependent and GJIC-independent manner (10–14). These 
observations may explain why connexin-expressing cancer cells 
are often abundant in secondary tumors (15,16). However, the links 
between Cx43 function and clonal evolution of metastasis-initiating 
cells have not yet been experimentally addressed. For instance, the 
role of Cx43 in prostate cancer progression has been illustrated by a 
correlation between intrinsic Cx43 expression and prostate cancer cell 
tumorigenic potential in vivo and invasive properties in vitro. Prostate 
cancer cells with increased Cx43 expression displayed increased 
ability to form metastasis in bones (17–19). Attempts to elucidate 
the dynamics of possible functional links between Cx43 expression 
and clonal evolution of prostate cancer cells might thus be helpful 
in evaluating predictive metastatic potential of prostate cancers (20). 
Prompted by these insights, we hypothesized that Cx43 expression 
and prostate cancer cell invasive behavior are concomitantly regulated 
during the functional speciation of invasive cancer cells.

In particular, the sequential events of epithelial–mesenchymal 
transition (EMT), such as the acquisition of rear-front cell polarity 
and increase of cell motility and elasticity, participate in the pros-
tate cancer metastatic cascade together with the reverse process of 
mesenchymal–epithelial transition (21,22). Stochastic fluctuations of 
transcriptional regulators, including Snail-1, and/or extrinsic stimuli 
may trigger both processes and induce permanent cell reprogramming 
(23,24). Notably, connexins and connexons interact with a myriad of 
submembrane protein assemblies within the gap junction proteome 
(25). These interactions open a range of possibilities for GJIC-
independent involvement of Cx43 in colonization of distant organs 
by clonally evolving cancer cells. Thus, it was of interest to check 
whether Cx43 could directly participate in EMT-related phenotypic 
shifts of prostate cancer cells toward an invasive phenotype.

The pattern of prostate carcinogenesis is determined by cellular met-
astable states biased toward cell expansion and/or “transdifferentiation” 
and predefined by phenotypic plasticity and epigenetic memory of can-
cer cells (23,26). Prompted by previous reports on this topic (27–30), 
we presumed that the events involved in the heterogeneity of prostate 
cancer AT-2 cells in vitro recapitulated the functional speciation pro-
cesses within primary tumor compartments in vivo (31). We used this 
model as a tool to follow the links between EMT-related phenotypic 
shifts and Cx43 expression and to delineate the mechanisms of Cx43 
involvement in the regulation of prostate cancer cell invasive potential.

Abbreviations: AFM, atomic force microscope; EMT, epithelial–mesenchy-
mal transition; EPI, endothelial penetration index; FA, formaldehyde; FBS, 
fetal bovine serum; FRET, fluoerescence resonance energy transfer; GJIC, gap 
junctional intercellular coupling; IgG, immunoglobin G; IMC, interference 
modulation contrast; SEM, standard error of the mean; siRNA, small interfering 
RNA; TEI, transendothelial migration index; TGF, transforming growth factor.
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Materials and methods

Cell cultures
AT-2 and MAT-LyLu cells were grown in fetal bovine serum (FBS)-
supplemented RPMI 1640 (Lonza, Basel, Switzerland). DU-145 and PNT-2 
cells were cultured in FBS-supplemented DMEM-F12 Ham’s medium (Sigma, 
St. Louis, MO) (17,18). Human microvascular endothelial cells (HMEC-1) 
were cultured in MCDB 131 medium (Gibco BRL, Life Technologies, Grand 
Island, NY) supplemented with 10% FBS, 1 µg/ml hydrocortisone, 10 ng/ml 
epidermal growth factor and 2 mM L-glutamate (all from Sigma). Invasive 
AT-2 subsets were propagated from cells seeded on the upper side of tran-
swell inserts (pore diameter: 8 µm; Corning, NY) in 24-well plates (Becton-
Dickinson, Franklin Lakes, NJ) at a density of 300 cells/mm2, which managed 
to transmigrate microporous membranes during the first 48 h (AT-2_48) and 
between 48 and 72 h after seeding (AT-2_72) (18). AT-2 subclones were 
established from cells seeded at clonal density (5 cells/cm2) into 60-mm Petri 
dishes. Five days later, individual clones were discriminated by morphology, 
mechanically dissected by micropipette and transferred to multiwell plates 
(Becton-Dickinson) for further propagation. The established subsets and sub-
clones were cultivated in standard medium for ca. 15 generation times (five 
passages at 1:8). Cell proliferation analyses were performed with a Coulter 
Z2 Counter (Beckman Coulter, Fullerton, CA) and doubling times were calcu-
lated from the growth curves according to the formula: doubling times = Tln2/
ln(Xe/Xb), where: T is the incubation time; Xb and Xe are the cell numbers at the 
beginning and at the end of the incubation time, respectively. Where indicated, 
the culture medium was supplemented with transforming growth factor (TGF)-
β (No. 356041, BD Bioscience, 10 ng/ml) and 18-alpha-glycyrrhetinic acid 
(50 µM, No. G8503, Sigma).

Immunolabeling
Localization of Cx43, Snail-1 and p-Smad2 (Ser467) and the cytoskeleton 
architecture were analyzed in formaldehyde (3.7%)-fixed, Triton X-100 (0.1%) 
permeabilized cells. Where indicated, the cells were fixed in suspension or with 
methanol:acetone (7:3, −20°C) as described previously (17,32). The following 
primary antibodies were used: mouse anti-vimentin immunoglobin G (IgG; 
No. V5255, Sigma), mouse anti-Cx43 IgM (No. C8093. Sigma), rabbit anti-
Snail-1 IgG (No. AV33314, Sigma), mouse anti-N-cadherin IgG (No. C3865, 
Sigma), rabbit anti-Cx43 IgG (No. C6219, Sigma), rabbit anti-vinculin IgG 
(No. V9131, Sigma), and mouse anti-pSmad2 IgG (No. SAB4300251, Sigma). 
The cells were labeled with the following: Alexa 488-conjugated goat anti-
mouse IgG (No. A11001, Invitrogen, Carlsbad, CA), Alexa 546-conjugated 
goat anti-mouse IgM (No. No. A21045, Invitrogen), Alexa 488-conjugated 
goat anti-rabbit IgG (A11008, Invitrogen), APC-conjugated goat anti-mouse 
IgM (No. 406509, BioLegend, San Diego, CA), PE-conjugated goat anti-
mouse IgG (No. 405307, BioLegend). Where indicated, the cells were coun-
terstained with TRITC-conjugated phalloidin (No. 77418, Sigma) and Hoechst 
33258 (No. B2883, Sigma) or 7AAD (No 51-2359KC, BD Pharminogen).

Fluorescence microscopy and imaging cytometry
Image acquisition was performed with a Leica DMI6000B microscope 
(DMI7000 version; Leica Microsystems, Wetzlar, Germany) equipped with the 
total internal reflection fluorescence, Nomarski interference contrast and inter-
ference modulation contrast modules. LAS-AF deconvolution software was 
used for image processing. Fluoerescence resonance energy transfer (FRET) 
experiments were performed with a Leica DMI6000B system equipped with 
external filter wheel CFP/YFP (cyan fluorescent protein/yellow fluorescent 
protein) FRET set (11522073) controlled by FRET SE Wizard software 
(Leica). Images were registered with ×100, NA-1.47 oil immersion objec-
tive in 37°C/5% CO2 using 14-bit Hamamatsu 9100–02 EM-CCD camera 
controlled by the Leica Application Suite Advanced Fluorescence software. 
Two-channel-corrected FRET efficiency [FRET SE (sensitized emission)] was 
calculated based on the following formula: (B − Aβ − Cγ)/C, where A, B, C 
correspond to the intensities of donor, FRET and acceptor signals, whereas β 
and γ are the calibration factors generated by acceptor only and donor only 
references. Imaging cytometry of the cells fixed and immunostained in sus-
pension was performed with a FlowSight® imaging cytometer (Amnis Corp., 
Seattle, WA; for details see legend to Supplementary Figure S2, available at 
Carcinogenesis Online).

Coimmunoprecipitation, immunoblotting and tandem mass spectrometry
Cells were dissolved in a lysis buffer and samples containing 30 µg of protein 
were either directly separated by 15% sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis or subjected to coimmunoprecipitation with rab-
bit polyclonal anti-Cx43 IgG (Sigma) (18,33). Crude proteins and immune 
complexes were transferred into polyvinylidene difluoride membranes 
(Hybond-P, Amersham Pharmacia Biotech, UK). The membranes were then 
incubated with a primary antibody: rabbit polyclonal anti-Cx43 or anti-Snail-1 

IgG; mouse polyclonal anti-pan-cytokeratin (No. C2562, Sigma), anti-Slug 
(WH0006591M5, Sigma) and anti-Twist1 (T6451, Sigma) IgG or monoclo-
nal anti-N-cadherin, anti-vimentin (No. V5255, Sigma) and anti-α-tubulin IgG 
(No. T9026, Sigma). The detection of antibodies was done using the relevant 
HRP-conjugated secondary antibodies (goat anti-mouse IgG and goat anti-
rabbit IgG; No. G21040 and G21234, respectively, Invitrogen), Super Signal 
West Pico Substrate (Pierce, Rockford, IL) and the MicroChemii imaging 
system (SNR Bio-Imaging Systems, Jerusalem, Israel). Concomitantly, liquid 
chromatography and tandem mass spectrometry was performed as described 
in ref. (34) with the reversed-phase liquid chromatography (RP-LC) system 
(UltiMate 3000RS LCnanoSystem, Dionex) coupled to a quadrupole time-
of-flight mass spectrometer (micrOTOF-Q II, Bruker Daltonics, Bremen, 
Germany).

Time-lapse videomicroscopy
Cell movement was recorded with a Leica DMI6000B time-lapse system 
equipped with a temperature/CO2 chamber, interference modulation contrast 
optics and a cooled, digital DFC360FX CCD camera. The cell trajectories 
were constructed from a sequence of cell centroid positions recorded at 300 s 
time intervals using a dry ×20, NA-0.75 objective. Total length of cell trajec-
tory (µm), velocity of cell movement (speed; total length of cell trajectory/time 
of recording; µm/min) and total length of cell displacement (i.e. the distance 
from the starting point directly to the cell’s final position; µm) were quantified 
with the Hiro program (written by W. Czapla) as described in ref. (32).

Atomic force microscopy
Nanomechanical studies were performed using the Agilent 5500 atomic force 
microscope (Agilent Technologies, Santa Clara, CA), in 37°C as described 
previously (35). The values of Young’s modulus were estimated according to 
the Hertz model. Force-displacement curves were collected using sharpened 
silicon nitride cantilevers (Veeco Probes, New York; tip radius of <50 nm). 
The half opening angle of the atomic force microscope tip was 25° and the 
Poisson ratio of the cell was taken to be 0.5, the value typical for soft biologi-
cal materials. The measurements were collected in the force ranges resulting 
in shallow indentations of the cells (<500 nm). Curves from 10 to 20 randomly 
selected points were chosen for each cell and 10 force curves were measured 
at each point for statistical analysis. At least 15 cells were investigated for each 
population.

Gap junctional intercellular coupling
Calcein-loaded (No. C3100MP, Invitrogen) donor cells were plated on mon-
olayers of acceptor cells grown on coverslips in Petri dishes at the ratio of 1:50 
as described in ref. (36) and intercellular calcein transfer was evaluated using 
a Leica DMI6000B microscope in the epifluorescence mode. Coupling index 
(Ci) was quantified as the percentage of donor cells coupled with at least one 
acceptor cell.

Transmigration tests
HMEC-1 cells were seeded on the upper side of transwell inserts in 24-well 
plates at 2 × 104 cells/well and grown to confluence for 72 h. Thereafter, 2 × 
103 AT-2 cells were seeded at the top of the filter, allowed to transmigrate in 
chemodynamic conditions for 24 h, before the insert was transferred to another 
well for the next 24 h. This step was repeated 5 times. The initial cell num-
bers in the wells were determined as a function of population doubling time 
and time of cultivation and expressed as the percentage of the seeded cells 
[transendothelial migration index (TEI)]. A corresponding protocol was used 
to elucidate AT-2 transmigration through uncovered membranes (transmem-
brane migration index). For estimation of the endothelial penetration index 
(EPI), AT-2 cells were seeded on a HMEC-1 monolayer on coverslips and 
incubated for 6 h before F-actin/DNA staining and microscopic estimation of 
the percentage of AT-2 cells capable of disrupting the endothelial continuum.

Cell transfection
Cells were cultured in the antibiotic-free medium supplemented with 10% 
FBS. After 24 h, cells were treated with complexes of 1.5 µl Lipofectamine™ 
2000 Reagent (11668-019, Invitrogen) and 1 µg plasmid DNA/small interfer-
ing RNA (siRNA) in Opti-MEM® I  Reduced Serum Medium (31985070, 
Gibco-Life Technologies) according to the manufacturer’s protocol. In 
cotransfection experiments, 0.5 µg of each plasmid (1 µg in total) was used. 
After 24 h the medium was replaced with standard medium supplemented 
with 10% FBS and antibiotics. The efficiency of silencing was analyzed with 
immunoblotting. The following siRNA/plasmids were used: MISSION® 
esiRNA GJA1 (EHU105621, Sigma), SNAI-1 siRNA and siRNA-A (sc-
38398 and sc-37007, Santa Cruz Biotechnology, Dallas, TX), pmTurquoise2-
α-Tubulin (#36202, Addgene), pTRE-TIGHT-Cx43-eYFP (#31807, 
Addgene; FRET), Snail_pGL2 (#31694, Addgene) and pcDNA 3.1 (V790-20, 
Invitrogen) (37–39).
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Results

Snail-1bright/Cx43bright subpopulation of AT-2 cells displays a high 
invasive potential
The clusters of tightly attached epithelioid cells were accompanied by 
dispersed microclones of rear/front polarized cells in routinely propa-
gated AT-2 populations. An EMT marker, vimentin, was seen in AT-2 
cells, regardless of their phenotype, whereas fibroblastoid (dispersed) 
clusters of AT-2 cells displayed elevated Cx43 and Snail-1 protein lev-
els (Figure 1A). At the single cell level, discrete Snail-1bright/Cx43bright 
(3.48%) and Snail-1bright/N-cadherinbright AT-2 subpopulations (3.76%; 
Figure 1B) could be discriminated by imaging cytometry.

The correlation between Cx43 and Snail-1 expression levels sug-
gested functional links between EMT-related phenotype and Cx43 

function in AT-2 cells. Therefore, we further propagated AT-2 sub-
sets as the progenies of the cells that showed a tendency to penetrate 
microporous membranes in chemodynamic conditions. In comparison 
with the native AT-2 population, the ‘invasive’ AT-2_48 subset was 
enriched in fibroblastoid cells (Figure 1C). AT-2_48 cells had much 
higher motility (Figure 1C) and elasticity (Figure 1D) than native AT-2 
cells. This was reflected in the narrow distribution of Young’s modulus 
(E) values estimated with atomic force microscope for AT-2_48 cells, 
with a local maximum at 2.5 kPa. AT-2_72 cells originated from AT-2 
cells, which followed the first wave of transmigration. They had a 
more diversified morphology than AT-2_48 cells (Figure 1C). Motile 
activity (Figure  1C) and elasticity of AT-2_72 cells (Figure  1D) 
were lower than those of AT-2_48 cells. The AT-2_72 subset was 
only slightly enriched in elastic cells, whereas an almost equal E 

Fig. 1. Phenotypic heterogeneity of AT-2 cells. (A) AT-2 cells were seeded at the density of 5 × 102 cells/cm2 and allowed to form clones (epithelioid—single 
arrow and fibroblastoid—double arrows) for 72 h. Cells were fixed/permeabilized with formaldehyde (FA)/Triton X-100 and immunostained against vimentin 
and Cx43 (left panel) and Cx43 and Snail-1 (right panel). Histograms show the colocalization of immunofluorescence signals along the indicated scan line. 
Scale bar: 25 µm. (B) AT-2 cells were fixed/permeabilized with FA/Triton X-100 in suspension, stained against Cx43, Snail-1 and N-cadherin and analyzed 
with imaging cytometry (see Supplementary Figure S2, available at Carcinogenesis Online). Compensated dot-plots comprise 50 000 events, classified based on 
their bright field ratios and nuclear contrast. Inserts depict images of a representative event in relevant channels. (C) Native AT-2 (WT) cells and invasive AT-2 
subsets were seeded at the density of 2 × 104 cells/cm2 and their morphology and motility was visualized by interference modulation contrast (IMC) and time-
lapse videomicroscopy, respectively, after 24 h. Dot-plots and column chart show movement parameters at the single cell and population level, respectively. Cell 
trajectories are depicted as circular diagrams (axis scale in micrometer) drawn with the initial point of each trajectory placed at the origin of the plot (registered 
for 8 h; N > 50). Statistical significance was performed with the non-parametric Mann–Whitney test (**P ≤ 0.01). Error bars represent standard error of the 
mean (SEM). Inserts depict cell morphology depicted by IMC. Scale bar: 50 µm. (D) AT-2 populations were seeded at the density of 2 × 102 cells/cm2 and their 
nanomechanical elasticity probed with atomic force microscope (AFM) as described in Materials and methods. Young’s modulus (E) is given in kilopascals 
(kPa). Examples of scan areas are depicted in inserts. Scale bar: 10 µm. Data in inserts are expressed as means ± SD and analyzed with two-sample-independent 
Student’s t-test; **P ≤ 0.01. (E) Immunoblot analyses of Snail-1 and Cx43 expression levels in native AT-2 cells and invasive AT-2 subsets. Relative band 
intensities were calculated relative to the corresponding control (α-tubulin) using the ImageJ gel analysis tool. All results are representative of three independent 
experiments.
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distribution (between 2.0 and 6.0 kPa) was observed for native AT-2 
cells. Relatively high Cx43 and Snail-1 expression levels in AT-2_48 
and AT-2_72 cells (Figure  1E) indicated that Snail-1bright/Cx43bright 
cells were predominantly recruited to the AT-2 invasive front under 
conditions that imitated early invasive stages of prostate cancer.

Incomplete EMT-related phenotypic transitions account for AT-2 
heterogeneity
For an in-depth examination of the hallmarks of AT-2 heterogene-
ity, we further isolated a number of morphologically distinct AT-2 
subclones. Epithelioid AT-2_Ep1 and AT-2_Ep2 cells exhibited an 
actin cytoskeleton organized in cortical rings accompanied by micro-
filament bundles attached to focal adhesions (Figure 2A). In contrast, 
F-actin was concentrated in small protrusions of epithelioid AT-2_Ep3 
and fibroblastoid AT-2_Fi1, AT-2_Fi2 and AT-2_Fi3 cells. Phenotypic 
stability of AT-2 subclones maintained over multiple cell divisions 
was paralleled by differences in their proliferation rates (Figure 2B), 
elasticity modules and cell motility. Fibroblastoid AT-2_Fi2 cells 
were less elastic than other fibroblastoid subclones (Figure 2C, see 
Supplementary Figure S1A, available at Carcinogenesis Online) but 
displayed the highest motile activity among fibroblastoid and epi-
thelioid AT-2 subclones (Figure 2D, see Supplementary Figure S1B, 
available at Carcinogenesis Online). At the expression level, how-
ever, no straightforward correlation was observed between cell phe-
notype and the expression of vimentin and cytokeratin. Contrary to 
E-cadherin, which was absent in all AT-2 subclones, N-cadherin was 
present and was more intensely expressed in fibroblastoid subclones. 
In contrast to Twist and Slug, considerable Snail-1 expression cor-
related with fibroblastoid morphology of AT-2 subclones and elevated 
levels of Cx43 in AT-2_Ep3, AT-2_Fi2 and AT-2_Fi3 cells, but the 
highest expression of both proteins was observed in AT-2_Fi2 cells 
(Figure  2E). Conceivably, subtle differences in the proportions of 
Snail-1bright/Cx43dim and Snail-1bright/Cx43bright cells (Supplementary 
Figure S2, available at Carcinogenesis Online) account for the het-
erogeneity of AT-2 subclones with regard to Snail-1/Cx43 expression 
pattern.

Cx43 facilitates transendothelial invasion of AT-2 subclones in a 
GJIC-dependent manner
To estimate the link between the Snail-1/Cx43 expression pattern and 
the invasiveness of AT-2 subclones, we further determined the effi-
ciency of their chemokinetic transmigration. AT-2_Fi2 cells displayed 
the highest efficiency of transmigration through uncovered micropo-
rous membranes (transmembrane migration index; Figure  3A) 
and through membranes covered with endothelial continuum (TEI, 
Figure 3B). High TEI values estimated for AT-2_Fi2 cells correlated 
with their endothelial coupling index (Ci; Figure 3C). This conformed 
with abundant subpopulations of detergent-insoluble Cx43-rich cells 
(Supplementary Figure S2, available at Carcinogenesis Online), plas-
malemmal localization of Cx43 (Figure 3D) and the high endothelial 
continuum penetration index of AT-2_Fi2 cells (EPI; Figure 3E, see 
also Supplementary Figure S3, available at Carcinogenesis Online; 
summarized in Figure 3F). Moreover, AT-2_Fi1 cells displayed low 
TEI and Ci, whereas administration of 18-alpha-glycyrrhetinic acid 
(50 μM) evoked the attenuation of AT-2 transendothelial migration 
(Figure  3G) in the absence of cytostatic effects (data not shown). 
These data demonstrate that the Cx43-mediated GJIC facilitates the 
invasive behavior of AT-2 cells. Concomitantly, relatively low TEI and 
high Ci and EPI were observed for AT-2_Fi3 cells. The lack of corre-
lation between Cx43 expression and transmembrane migration index 
observed also for AT-2_Ep3 and AT-2_Fi1 cells (Figure 3A and B; cf. 
Figure 3F) suggests a role for cell elasticity and motility in the deter-
mination of AT-2 transmigration efficiency. Considerable TEI and EPI 
values estimated for AT-2_Ep3 cells indicate that these cells may par-
ticipate in the formation of the invasive Cx43bright AT-2 subset together 
with AT-2_Fi2-like cells (see Figure 1). These observations show that 
functional Cx43 is necessary but not sufficient for high invasiveness 
of Snail-1bright/Cx43bright AT-2 cells. A set of properties characteristic 

of post-EMT cells, i.e. permissive elasticity and high motile activity, 
plays the primary role in AT-2 transmigration.

Reciprocal links between Snail-1 signaling and Cx43 determine the 
invasive potential of prostate cancer cells
The postulated role of mutual interrelations between elasticity, 
motility and Cx43 expression in determining AT-2 invasive poten-
tial prompted us to examine Snail-1 involvement in the regulation of 
AT-2 invasiveness and Cx43 expression. TGF-β treatment resulted in 
Snail-1 and Cx43 upregulation in AT-2_Ep1 cells, evoked their EMT 
and increased transmigration potential and motile activity (Figure 4A; 
see Supplementary Figure S4A, available at Carcinogenesis Online 
for the data on AT-2_Ep2 and AT-2_Ep3 cells). Corresponding phe-
notypic shifts were observed in AT-2_Ep1 cells upon ectopic overex-
pression of Snail-1 (Figure 4B). EMT and Cx43 upregulation was also 
seen in epithelioid human prostate cancer DU-145 cells upon TGF-β 
treatment (Supplementary Figure S4B, available at Carcinogenesis 
Online) and ectopic Snail-1 overexpression (Figure 4C). In contrast, 
downregulation of Cx43 accompanied Snail-1 induction and EMT in 
TGF-β-treated PNT-2 cells (Supplementary Figure S4C, available at 
Carcinogenesis Online). These observations confirm the sensitivity of 
AT-2 cells to EMT-promoting signals and suggest that functional links 
exist between Snail-1 and Cx43 in prostate cancer cells. Accordingly, 
increased Snail-1 and Cx43 expression levels were observed in TGF-
β–treated, invasive AT-2_Fi2 cells (Figure 5A). In contrast, transient 
Snail-1 silencing in AT-2_Fi2 cells resulted in the inhibition of Cx43 
expression and slightly delayed mesenchymal–epithelial transition-
related reactions of AT-2_Fi2 cells, including morphological changes, 
attenuated transendothelial migration and reduced cell elasticity and 
motility (Figure 5B). Slight Cx43 upregulation was also observed upon 
TGF-β treatment in MAT-LyLu cells (Figure 5C). Cx43 downregula-
tion, evoked by Snail-1 silencing, was accompanied by the attenuation 
of MAT-LyLu (Figure 5D) and DU-145 invasiveness (Supplementary 
Figure S5, available at Carcinogenesis Online), which confirms that 
Snail-1 is a functional linker between the invasive phenotype of pros-
tate cancer cells and Cx43 expression.

Finally, the existence of feedback loops between Cx43 and Snail-1 
was indicated by Cx43 silencing experiments. Transient Snail-1 
downregulation upon Cx43 silencing in AT-2_Fi2 cells was followed 
by the inhibition of their transendothelial migration, cellular stiffening 
(Figure 6A), phenotypic shifts toward epithelioid morphology and the 
inhibition of cell motility (Figure 6B). Immunoblotting and tandem 
mass spectrometry of Cx43 coimmunoprecipitates revealed no inter-
action between Cx43 and Snail-1 in AT-2_Fi2 and AT-2_Ep1 cells 
(Figure 6C). Instead, α- and β-tubulin were bound to Cx43 in AT-2_
Fi2 and, to a lesser degree, in AT-2_Ep1 cells (see Supplementary 
Table S1, available at Carcinogenesis Online). Heterogeneity of 
‘detergent-insoluble’ Snail-1/Cx43 staining in AT-2_Fi2 subclones 
(Supplementary Figure S2, available at Carcinogenesis Online) indi-
cates that ‘secular’ shifts may also govern the interaction between 
Cx43 and microtubules and participate in AT-2 diversity. Accordingly, 
FRET analyses demonstrated increased basic levels of Cx43/α-
tubulin interaction in AT-2_Fi2 in comparison with AT-2_Ep1 cells 
and the induction of this interaction in AT-2_Ep1 cells in response 
to TGF-β (Figure  6D). They correlated with relatively high basic 
nuclear p-Smad2 levels seen in AT-2_Fi2 compared with AT-2_Ep1 
cells and with an induction of nuclear translocation of p-Smad2 in 
TGF-β-treated AT-2_Ep1 cells (Figure 6E, see Supplementary Figure 
S6, available at Carcinogenesis Online). These correlative data indi-
cate that interactions between Cx43 and microtubules may delimit the 
involvement of Cx43 in the signaling loops that determine the basic 
invasive phenotype of prostate cancer cells.

Discussion

The function of Cx43 in the development of versatile cancers, includ-
ing prostate cancer, was investigated using a number of in vivo and 
in vitro models (15,19,20,40). Histological and genetic engineering 
strategies have predominantly been employed to discriminate between 
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GJIC-dependent and GJIC-independent mechanisms of Cx43 involve-
ment in cancer progression. These studies demonstrated the predilec-
tion of Cx43-positive cells for local invasion in a range of cancers 
(9,20). However, histological approaches mainly provide descriptive 

snapshots at the points of tissue harvest, whereas phenotypic uniform-
ity of cells is necessary for reliable interpretation of ‘gain-of-function’ 
data. Therefore, neither of these approaches was sufficient to model 
the dynamics of intratumoral heterogeneity. Our study filled this gap 

Fig. 2. Phenotypic heterogeneity of AT-2 subclones. (A) AT-2 subclones were seeded at the density of 50 cells/cm2, cultivated for 72 h, fixed/permeabilized with 
FA/Triton X-100 and stained against vinculin (green) and F-actin (red). Morphology and actin cytoskeleton architecture (inserts) of the cells forming epithelioid 
(AT-2_Ep1—AT-2_Ep3) and fibroblastoid clones (AT-2_Fi1—AT-2_Fi3) were visualized with Nomarski interference contrast and total internal reflection fluorescence 
microscopy, respectively. Scale bar: 25 µm. (B) Growth rates of AT-2 subclones. Cells were seeded (104 cells/cm2), counted every 24 h for 5 days and population 
doubling times were calculated from growth curves. Error bars represent SEM. **P < 0.01 (t-student’s test) versus wt cells. (C) AT-2 subclones were seeded at the 
density of 2 × 102 cells/cm2, and their nanomechanical elasticity probed with AFM (see Figure 1D and Supplementary Figure S1A, available at Carcinogenesis Online). 
Averaged E values are expressed as a percent of control (AT-2 wt). Error bars represent SEM. **P < 0.01 (Student’s t-test). (D) Averaged movement parameters of AT-2 
subclones seeded at the density of 5 × 104 cells/cm2 and analyzed with time-lapse videomicroscopy after 24 h for 8 h. Error bars represent SEM. **P ≤ 0.01 (Mann-
Whitney test). (E) Immunoblot analyses of EMT markers (left panel), transcription factors and Cx43 (right panel) in AT-2 subclones were performed as described in 
Materials and methods. Multiple bands refer to multiple protein isoforms (cytokeratins and vimentin). All results are representative of three independent experiments.
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because we managed to show the complexity of Cx43 functions in a 
cellular system that spontaneously recapitulated the events crucial for 
clonal evolution of invasive cancer cells.

Differences in expression of EMT markers, morphology, motil-
ity and growth rates between phenotypically stable, morphologically 
divergent AT-2 subclones confirm functional heterogeneity of the AT-2 
cell line (31). Similar to in vivo systems, fast-cycling, ‘secular’ transi-
tions participate in the maintenance of the basic steady-state of cancer 
cell heterogeneity in vitro (41). On the other hand, the persistence of 
a cellular invasive phenotype through multiple cell division cycles is 
mandatory for cancer invasion (22). Phenotypic stability of AT-2 sub-
populations indicates that continual stochastic shifts are responsible for 
phenotypic heterogeneity and differential invasiveness of single AT-2 
cells. Noteworthy, the sources of phenotypic heterogeneity of primary 
tumors and of evolutionary divergence between metastatic outgrowths 
differ considerably from those responsible for cell line heterogeneities 
(42). These differences result from the complexity of environmental 
cues to which cancer cells are exposed in vivo (1,43). In vitro, clonal 
selection takes place due to genetic and epigenetic drift over passages 
and to the differences in proliferation capacity of individual subclones. 
If not compensated by heritable shifts that continually renew population 
heterogeneity, this should inevitably lead to a homogeneous population. 
The phenotypic steadiness of AT-2 cells is indicative of a departure from 

this scenario, similar to other cellular systems in vitro (27,29,30,44–
46), including prostate cancer cells (18,47). The existence of invasive 
Cx43bright subpopulations within this relatively nontumorigenic cell line 
suggests that it provides an excellent resource for single-cell-based 
analyses of Cx43 function in prostate cancer progression (48).

The potential of the AT-2 system for modeling the in vivo clonal 
expansion of invasive prostate cancer cells was illustrated by char-
acteristics of AT-2 subsets preselected under conditions mimicking 
early cancer invasion. These characteristics indicated the predilec-
tion of Snail-1high/Cx43high AT-2 cells for a ‘cooperative’ pattern of 
migration and invasion. The involvement of cooperative migration has 
been described for the progression of a variety of tumors, including 
colorectal and breast tumors (49). Tracing the continual evolution of 
AT-2 subpopulations that displayed heritable phenotypes provided 
insight into the mechanisms of cellular heterogeneity within the rou-
tinely propagated AT-2 cell line. Efficiency of cell locomotion and, 
to a lesser degree, elasticity determines the invasive behavior of AT-2 
cells. Comparative analyses of the effects of Snail-1 overexpression, 
Snail-1 silencing and TGF-β on the phenotype of prostate cancer cells 
indicate that these traits remain under the control of Snail-1. Our data 
are in agreement with reports on Snail-1 involvement in the regula-
tion of cell properties that determine migratory strategies employed 
by cancer cells (24,50). Because TGF-β is involved in paracrine loops 

Fig. 3. Cx43-mediated GJIC is involved in the transendothelial migration of AT-2 cells. (A) AT-2 cells (3 × 104/cm2) were seeded onto microporous membranes, 
allowed to transmigrate for 24–144 h and transmembrane migration index (expressed as % of seeded cells) was estimated. (B) AT-2 cells (5 × 103 cells/cm2) 
were seeded onto microporous membranes covered with confluent monolayers of HMEC cells and TEI was calculated as in A. (C) AT-2 cells were loaded with 
calcein (see Materials and methods) and seeded onto confluent HMEC monolayers. GJIC between AT-2 and endothelial cells is expressed as coupling index (Ci; 
N = 200). (D) MetOH/Acetone-fixed AT-2_Fi2 and AT-2_Ep1 cells were stained against Cx43 and Cx43-positive plaques (arrows) were visualized as described in 
Materials and methods. Inserts show calcein transfer between AT-2 and HMEC (arrow; see C). Scale bar: 25 µm. (E) AT-2 cells were seeded (5 × 103 cells/cm2) on 
HMEC monolayer, cultivated for 6 h, fixed/permeabilized with FA/Triton X-100 and stained against F-actin and DNA (marked with *). (F) Cells were prepared 
as in E and the EPI of AT-2 subclones were calculated (see Materials and methods) (G) 18-alpha-glycyrrhetinic acid-pre-treated (50 μM; 6 h) AT-2 cells were 
prepared as in E. TEI and EPI values were calculated as in B and F, respectively. Error bars represent SEM. **P ≤ 0.01 (Student’s t-test) versus AT-2_Fi2 (A, B, 
C and F) or versus 18-alpha-glycyrrhetinic acid-untreated cells (G). All results are representative of three independent experiments.
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Fig. 4. Activation of Snail-1 signaling evokes EMT and increases Cx43 expression in epithelioid prostate cancer cells. (A) AT-2_Ep1 cells were treated with 
TGF-β (10 ng/ml) 24 h after seeding. Snail-1/Cx43 expression levels (upper left), cell morphology (upper right), TEI (lower left; expressed as % of seeded 
cells) and motility (lower right; registered for 8 h) were analyzed with immunoblotting, IMC microscopy, transmigration tests and time-lapse videomicroscopy, 
respectively, at the indicated timepoints and compared with untreated control (see Material and methods, Figures 1 and 3). Error bars represent SEM. Statistical 
significance tested by the non-parametric Mann–Whitney (motility) and Student’s t-test (TEI; **P ≤ 0.01). Scale bar: 50 µm. (B) AT-2_Ep1 cells were transfected 
with Snail_pGL2 plasmid. Cx43 expression (upper left), morphology (upper right), TEI (lower left) and motility (lower right) were analyzed at indicated 
timepoints after plasmid administration and compared with control as in A. No effects of empty plasmid on cell parameters were observed throughout the 
experiments. (C) Cx43 expression (upper left), morphology (upper right), TEI (lower left) and motility (lower right) were analyzed in Snail_pGL2-transfected 
DU-145 cells as in B. All results are representative of three independent experiments.
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that boost the invasive behavior of cancer cells (50–52), these obser-
vations also link the proinvasive cell phenotype to communication 
networks between cells and their microenvironment.

We also showed subtle differences in Snail-1 and EMT-related pro-
tein expression patterns in genetically untouched and non-stimulated 
AT-2 subclones. Shifts in the abundance of Snail-1bright, Snail-1dim 
and Snail-1low populations, paralleled by a similar pattern of Snail-1 
expression heterogeneity, were observed in AT-2 subclones. Together 
with the quality of phenotypic shifts evoked in AT-2, DU-145 and 
MAT-LyLu cells by ectopic changes of Snail-1 expression, they indi-
cate that Snail-1 participated in ‘incomplete’ transitions between 
epithelioid and fibroblastoid phenotypes of AT-2 cells. ‘Incomplete’ 
EMT-related transitions have long been suggested to participate in 

the heterogeneity of malignant carcinoma cell invasiveness. There 
are numerous examples of advanced carcinomas that adopt some 
mesenchymal features yet retain characteristics of well-differentiated 
epithelial cells (40,53–55). It is premature to conclude on the mecha-
nisms underlying the divergence of the Snail-1 expression pattern 
within AT-2 subpopulations. However, subtle differences in cell sus-
ceptibility to Snail-1 oscillations may account for different patterns 
of ‘secular’ and persistent reprogramming of AT-2 cells (23), for 
heritable phenotypic divergence of AT-2 cells and their differential 
tendency for invasion. The heterogeneous pattern of detergent-insol-
uble Snail-1/Cx43 staining in AT-2 subclones may indirectly confirm 
this notion. On the other hand, the correlation between Cx43 and 
Snail-1 expressions observed in AT-2 subsets at the population and 

Fig. 5. Snail-1 signaling determines fibroblastoid phenotype of AT-2_Fi2 and MAT-LyLu cells. (A) AT-2_Fi2 cells were treated with TGF-β (10 ng/ml) 24 h 
after seeding. Snail-1/Cx43 expression levels (upper left), cell morphology (upper right), TEI (lower left; expressed as % of seeded cells) and motility (lower 
right; registered for 8 h) were analyzed with immunoblotting, IMC microscopy, transmigration tests and time-lapse videomicroscopy, respectively, at the 
indicated timepoints and compared with untreated control (see Material and methods, Figures 1 and 3). Scale bar: 50 µm. (B) Snail-1 expression in AT-2_Fi2 
cells was transiently silenced by SNAI-1 siRNA as described in Materials and methods and Cx43 expression levels were estimated at the indicated timepoints 
with immunoblotting (upper left). Cell morphology (upper right) was visualized with IMC. TEI (expressed as % of seeded cells; middle left) was estimated by 
transmigration tests at the indicated timepoints (see Material and methods). Error bars represent SEM. **P ≤ 0.01 (Student’s t-test). Nanomechanical elasticity 
of AT-2_Fi2 cells was probed with AFM (middle right, see Material and methods and Figure 1). E values represent Young’s modulus given in kilopascals (kPa). 
Motility of AT-2_Fi2 cells (lower panel) was analyzed by time-lapse videomicroscopy. Dot-plots and column chart show movement parameters at the indicated 
time points. Cell trajectories are depicted as circular diagrams (axis scale in micrometer) drawn with the initial point of each trajectory placed at the origin of 
the plot (registered for 8 h; N > 50). Statistical significance was performed with the non-parametric Mann–Whitney test (**P ≤ 0.01 versus control). Error bars 
represent SEM. Inserts depict Cx43 expression visualized by immunostaining of MetOH/Ac fixed, siRNA silenced cells. No effects of empty siRNA-A on cell 
parameters were observed throughout the experiments. (C) MAT-LyLu cells were treated with TGF-β (10 ng/ml) and analyzed as in A. (D) Cx43 expression 
(upper left), morphology (upper right), TEI (lower left) and motility (lower right) of MAT-LyLu cells undergone Snail-1 silencing were analyzed as in A. All 
results are representative of three independent experiments.
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single cell levels enabled a first inspection of the complexity of the 
links between cancer cell invasiveness and Cx43 functions. A similar 
correlation was seen in MAT-LyLu and DU-145 cells subjected to 
TGF-β treatment, Snail-1 overexpression and silencing, but not in 
TGF-β-treated normal PNT-2 cells. These observations explain why 
highly motile and elastic prostate cancer cells express elevated Cx43 
levels.

We propose two mechanisms that could favor invasion of 
Cx43bright AT-2 cells. Because of the correlation between Cx43 
and Snail-1 expressions and the role of Snail-1 in determination 
of the invasive cell phenotype, high Cx43 levels may accompany 
AT-2 predilection for invasive behavior. GJIC-dependent selec-
tive pressure on the recruitment of Cx43bright cells into the AT-2 
invasive front was illustrated by preferential transmigration of 
AT-2_Fi2 cells through endothelial layers, high levels of deter-
gent-insoluble Cx43 and inhibition of AT-2_Fi2 transendothelial 
migration by the GJIC blocker. Thus, Cx43 can facilitate cancer 
invasion by mediating GJIC between cancer and endothelial cells 
during intra- and extravasation downstream of cell motility and 
elasticity (9,20). On the other hand, shifts toward the non-invasive 
phenotype were evoked by Cx43 silencing in AT-2_Fi2 cells. This 
finding indicates that Cx43 determines invasive AT-2 behavior in 

a GJIC-independent manner. Intracellular Cx43 and unpaired con-
nexons have been shown to regulate the cell cycle, conduit intercel-
lular signaling, participate in cell adhesion and directed migration 
via interactions with the gap junction proteome (25,56–59) and 
affect the secretome of prostate cancer cells (19). Cx43 may thus 
favor prostate cancer cell invasion through divergent effects on cell 
motility (60). Differences in the intensity of Cx43/α-tubulin inter-
actions and p-Smad2 localization in AT-2_Fi2 and AT-2_Ep1 cells 
suggest that microtubule-bound Cx43 fraction participates in the 
feedback loops between Cx43 and Snail-1 crucial for the pheno-
typic diversity of AT-2 cells (33). Different cellular sensitivity to 
GJIC-independent signals from Cx43 may additionally account for 
the phenotypic divergence of AT-2 subclones. More elaborate stud-
ies are underway to explore these interrelations.

Our study shows the complexity of Cx43 functions during the 
metastatic cascade of prostate cancer and offers an explanation 
of how Cx43 can confer a selective advantage on the cells during 
cooperative invasion. Reciprocal links between GJIC-dependent and 
GJIC-independent Cx43 functions may, at least partly, account for 
the formation of invasive subsets within the prostate tumor cell mass 
in vivo. Actually, scarce subpopulation(s) of invasive AT-2 cells iden-
tified in this study can be responsible for low, but detectable, AT-2 

Fig. 6. Feedback loops between Snail-1 signaling and Cx43 in AT-2 cells. (A) Cx43 expression was transiently silenced in AT-2_Fi2 cells by esiRNA GJA1 as 
described in Materials and methods and Snail-1 expression levels were estimated at the indicated timepoints with immunoblotting (left panel). TEI (expressed 
as % of seeded cells; middle left) was estimated by transmigration tests at the indicated timepoints (see Figure 5B). Error bars represent SEM. **P ≤ 0.01 
(Student’s t-test). Nanomechanical elasticity of AT-2_Fi2 cells was probed after 48 h with AFM (right, see Figure 5B). E values represent Young’s modulus 
given in kilopascals (kPa). (B) Motility of AT-2_Fi2 cells was estimated by time-lapse videomicroscopy (see Figure 5B). Statistical significance tested by the 
non-parametric Mann–Whitney test (**P ≤ 0.01). Inserts depict cell morphology visualized by IMC. Scale bar: 50 µm. No effects of empty siRNA-A on cell 
parameters were observed throughout the experiments. (C) Clarified lysates from AT-2_Fi2 and AT-2_Ep1 cells were subjected to immunoprecipitation with 
anti-Cx43 antibody and then analyzed by immunoblotting with the indicated antibodies. (D) pmTurquoise2-α-Tubulin and eYFP-Cx43 was expressed in AT-2_
Fi2 and AT-2_Ep1 cells, and FRET SE was estimated after 48 h. TGF-β (10 ng/ml) was added to AT-2_Ep1 cells 30 min. before the measurement. Each point 
represents an averaged single cell measurement from the region of interest indicated in Supplementary Figure S6, available at Carcinogenesis Online. **P ≤ 0.05 
(Student’s t-test). (E) AT-2_Fi2 (left), AT-2_Ep1 (control, middle) and TGF-β-treated AT-2_Ep1 cells (10 ng/ml; 30 min; right) were fixed/permeabilized with FA/
Triton X-100 and stained against p-Smad2. Scale bar: 25 µm. All results are representative of three independent experiments.
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tumorigenicity (48). Thus, the applied AT-2 model is adequate for 
investigating the Cx43-dependent mechanisms underlying the meta-
static behavior of prostate cancer cells. Preselection and expansion 
of phenotypically distinct cellular subpopulations under conditions 
imitating different steps of the metastatic cascade helped us to nego-
tiate the barriers and limitations imposed by the phenotypic uniform-
ity of genetically engineered cellular models. When applied to cell 
populations directly propagated from cancer biopsies, this strategy 
may open new perspectives for the recapitulation of Cx43 prognostic 
significance in other cancers characterized by high latency periods.

Supplementary material

Supplementary Table S1 and Figures S1–S6 can be found at http://
carcin.oxfordjournals.org/
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