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Invasive Cx43high sub-line of human prostate DU145 cells
displays increased nanomechanical deformability*
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Connexin(Cx)43hish cells are preferentially recruited to
the invasive front of prostate cancer in vitro and in vivo.
To address the involvement of Cx43 in the regulation of
human prostate cancer DU145 cell invasiveness, we have
analysed the nanoelasticity of invasive Cx43hish sub-sets
of DU145 cells by atomic force microscopy (AFM). The
Cx43hish DU145 cells displayed considerably higher sus-
ceptibility to mechanical distortions than the wild type
DU145 cells. Transient Cx43 silencing had no effect on
their elastic properties. Our data confirm the relationship
between the invasive potential, Cx43 expression and na-
noelasticity of the DU145 cells. However, they also show
that Cx43 is not directly involved in the maintenance of
DU145 invasive phenotype.
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INTRODUCTION

Metastatic cascade of prostate cancer is initiated by the
expansion of invasive cell sub-populations(s) within a phe-
notypically heterogeneous tumour cell mass (Shibata &
Shen, 2013; Sottotiva e al., 2010). These cells show the pre-
dilection to colonise distant organs, which results from their
relatively high motility, susceptibility to chemotactic, hapto-
tactic, parabaric and juxtacrinic signals (Miekus e# 4/, 2005;
Gupta & Massague, 2000; Langley & Fidler, 2007; Blick e
al., 2008; Friedl & Wolf, 2010), and from their increased
nanoelasticity (IKumar & Weaver, 2009; Suresh, 2007). Phe-
notypic switches regulating the recruitment of cancer cells
to the “invasive front” of prostate tumour are determined
by extrinsic “paracrine” and “parabaric” signals, and by
the “by-stander” effects mediated by connexin-formed gap
junctions (Mol ez al., 2007; Czyz et al., 2012). However, the
links between the function of connexins and the invasive
potential of prostate cancer cells represent a still weakly ex-
plored aspect of prostate cancer progression.

The primary function of connexins is the formation
of membrane channels that link cytoplasmatic compart-

ments of neighbouring cells. They mediate the intercel-
lular exchange of small molecules (<1.5 kDa; gap junc-
tional intercellular coupling; GJIC), thus determining the
tissue homeostasis (Maeda & Tsukihara, 2011). Howev-
er, connexins are also involved in the cancer develop-
ment (Naus & Laird, 2010). Whereas down-regulation of
connexin expression is usually seen in primary tumours
(Leithe ez al., 2006), high Cx43 levels were found in the
cells that constitute the “invasive front” of numerous
cancers (Ito ez al, 2000; Zhang et al., 2003; Pollmann
et al., 2005; Kanczuga-Koda e al., 2006; Ryszawy e/ al.,
2014). We have recently suggested a stage-dependent
role for connexin(Cx)43 in the prostate cancer promo-
tion and progression (Czyz, 2008; Czyz et al, 2012).
For instance, the micro-evolution of highly deformable
prostate cancer AT-2 sub-populations is promoted by a
GJIC-independent cooperative Snail-1/Cx43 signalling
(Ryszawy et al., 2014). Cx43 function in human DU145
prostate cancer cell invasiveness can also rely on its in-
volvement in GJIC between cancer and endothelial cells
(Piwowarczyk e al., 2014). On the other hand, the inter-
relations between Cx43 and the susceptibility of DU145
cells to mechanical distortions (i.e. their sensitivity to ad-
verse mechanical stress during invasion) remained unad-
dressed. Here, we focused on the heterogencity of na-
nomechanical DU145 cell properties and on the role of
Cx43 in regulation of the DU145 cell elasticity.

MATERIALS AND METHODS

DU145 cell culture and transmigration. Human
prostate carcinoma DU145 cells were cultivated in
DMEM-F12 HAM medium supplemented with 10%
FBS and antibiotics (all from Sigma, St. Louis, MO). In
order to establish the invasive DU145 cell sub-sets, mi-
croporous membranes in a Boyden chamber were used
(Corning; pore diameter — 8 um; membrane diameter —
6.5 mm). Native DU145 cells were seeded at the density
of 300 cells per mm? onto the membrane and allowed
to transmigrate for 48 hours. Afterwards, the cham-
bers were placed into another well and the progeny of
DU145 cells that precipitated onto the original well bot-
tom was propagated (giving rise to DU145_48 subset).
The “second wave” of transmigrating DU145 cells was
collected in the next well for 24 hours and their progeny
was propagated (DU145_72 subset). Before further anal-
yses, the DU145 sub-sets were cultivated for at least 15
generation times (5 passages at 1:8) (Szpak ez al, 2011).

Atomic force microscopy. For AFM analysis, cells
were seeded onto Petti dishes at a density of 1000 cells/
cm? and incubated overnight in DMEM supplemented
with 10% FBS, at 37°C in a 5% CO, humidified atmo-
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sphere. Nanomechanical studies were performed using
the Agilent 5500 atomic force microscope (AFM, Agilent
Technologies, Austin, Texas, USA), equipped with a tem-
perature/CO, chamber. Measurements were cartried out in
a fresh PBS containing Mg?" and Ca?" ions and glucose
(1 mg/ml) at 37°C. Optical preview was used duting the
measurements to ensure that the analyses were performed
on cells displaying a typical morphology. Mechanical anal-
ysis was performed in a force spectroscopy mode (Du-
frene, 2003). Force measurements were collected using 2
types of standard silicon nitride cantilevers (Veeco Probes,
USA) with a nominal tip radius of <50 nm and of 20 nm,
respectively. Spring constant calibration of the probes was
made before and after mechanical analysis of cells using
the thermal tune procedure. Before each cell was mea-
sured, its topography was imaged using a tapping mode to
precisely localize the central region of a cell. To prevent
any cell damage and to reduce any substrate-induced ef-
fects, the measurements were collected in the force ranges
resulting in shallow indentations of the cells (<500 nm).
The half opening angle of the AFM tip was 25°, and the
Poisson ratio of the cell was taken to be 0.5, which is
typical for soft biological materials (Touhami e a/, 2003).
Curves from 10 to 20 randomly selected points were col-
lected from the central region of the cell at a rate of 1 Hz.
10 force curves were measured at each point for statistical
analysis. A total number of at least 20 cells was investi-
gated for each DU145 cell population. The values of the
Young’s modulus were estimated from the force curves
by converting force-displacement curves into force-inden-
tation curves and fitting them with the modified Hertz
model (Radmacher ¢ af, 1996). Young’s modulus data
were expressed as means £SEM. Statistical analysis was
petformed using two-sample independent Student’s ~test;
*p=0.05.

Immunocytochemistry and immunoblotting. For
immunocytochemical visualization of Cx43, cells were
fixed with methanolacetone (7:3, —20°C), labeled with

A oh B

300 cell/mm’

48 h

mﬁ
transfer

rabbit anti-Cx43 IgG (Sigma), Alexa Fluor® 488-conju-
gated goat anti-rabbit IgG (Invitrogen, Carlsbad, CA)
and counterstained by 0.5 pg/ml bis-benzimide (Hoechst)
(Baran ef al., 2009). Visualization of Cx43-positive plaques
was performed with a Leica DMIRE2 microscope. For
Western blot analyses, the DU145 cell cultures were dis-
solved in lysis buffer and cellular proteins were applied to
15% SDS-polyacrylamide gels, followed by their transfer
to nitrocellulose membranes. Blots were exposed to pri-
mary trabbit polyclonal anti-Cx43 and mouse monoclonal
anti-o-tubulin antibody (both from Sigma) followed by
detection of the antibodies using HRP-labelled secondary
antibodies (Invitrogen) and a SuperSignal West Pico Sub-
strate (Pierce, Rockford, IL) (Daniel-Wojcik ez al., 2008).
siRNA inhibition of Cx43 expression. DU145 cells
were seeded at a density of 7X10* cells per well in a 12-
well plate in an antibiotic-free DMEM-F12 HAM me-
dium supplemented with 10% FBS and grown overnight
at 37°C. MISSION®esiRNA GJA1 (114 pmol, Sigma) and
Lipofectamine™2000 (Invitrogen) were used for transient
Cx43 silencing in the DU145_48 cells according to the
manufacturer’s protocol (Piwowarczyk es al, 2015). The
efficiency of the inhibition of Cx43 expression was sub-
sequently analysed by using immunoblotting. Endpoint
analyses were performed 48 hours after transfection.

RESULTS AND DISCUSSION

Invasive Cx43hish DU145 cells display relatively high
deformability

We have previously described the heterogeneity of
the basic DU145 traits crucial for their invasiveness, in-
cluding the motility and Cx43 expression (Szpak et al.,
2011). The existence of invasive subpopulations within
the DU145 cell line prompted us to perform single-cell
analyses of long-term relationship between the Cx43

C 72h
m
removal

O

DU145 WT DU145 48

ﬂmewwl

2w

Counts

e e -
DU145_48 DU145_72
J
DU145 72 = =

T o4 *
n1 G =
g" ERER *
& E -

g '

w

2 054

8

1 2 3 4 5
Young’s modulus, E [kPa]

Young s modulus E [kPa]

Youngsmodulus E[kPa] DU145_WT DU145_48 DU145_72

Figure 1. Efficiency of the DU145 cell transmigration correlates with a relatively high nanomechanical elasticity of the DU145 cells.

(A) DU145 cells were seeded onto microporous membranes (pore diameter-8 um) at the density of 300 cells per mma2. The cells were al-
lowed to transmigrate across the pores and the chambers were placed in another well 48 h thereafter (B). After the next 24 h, the inserts
were moved to another well and allowed to transmigrate for 24 h (C). The cells in each well were propagated to obtain the DU145_48
and DU145_72 subset. (D) AFM analyses revealed a significantly increased fraction of deformable cells within the DU145_48 subset (mid-
dle) and a slight enrichment of the DU145_72 subset in deformable cells (right), when compared to the “wild type” DU145 cells (left).
Pictures represent a scan size equal to 45x45 pm (scale bar - 5 um). (E) The average values of Young’s modulus estimated for each
population and given in kilopascals (kPa). Results are representative of 3 independent experiments. *p<0.05 (two-sample independent

Student'’s t-test).
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Figure 2. Cx43 silencing does not affect the nanomechanical elasticity of the DU145_48 cells.

(A) Cx43-positive plaques were more abundant in the DU145_48 and DU145_72 subset than in the wild type DU145 populations. Bar -
25 pum. Transient down-regulation of Cx43 in the DU145_48 cells (B) did not affect their elasticity (C). Values of E represent the Young's
modulus given in kilopascals (kPa). (D) The average values of Young's modulus estimated for the DU145_48 and DU145_72 cells (in
comparison to the DU145_WT cells; open bars) and of the DU145_48 cells after Cx43 silencing (DU145_Cx43si) compared to the control
DU145_48 cells (filled bar). Results are representative of 3 independent experiments. Error bars represent S.E.M. *p<0.05 (two-sample in-

dependent Student'’s t-test).

function and the nanoelasticity of those cells. For this
putpose, sub-lines of the DU145 cells were propagated
from single cells that most readily transmigrated mi-
croporous membranes under isotropic conditions, i.e. in
the absence of chemoattractant gradients (Fig. 1A). We
have established two invasive sub-lines of the DU145
cells: the DU145_48 cells represented the progeny of a
minute (ca. 2%) transmigrating cell population (Fig. 1B).
The DU145_72 sub-set were propagated from the “sec-
ond wave” of transmigrating DU145 cells (Fig. 1C). As
shown previously, such DU145 subsets are characterised
by similar motile activity (Szpak e al, 2011). Therefore,
we further analysed elastic properties of both DU145
subsets with atomic force microscopy (AFM) to estimate
the role of the susceptibility to mechanical distortions in
regulation of the DU145 invasive potential.

Values of Young’s modulus (E) estimated for in-
dividual “wild type” DU145 cells were almost equally
distributed between 1.0 to 3.0 kPa (Fig. 1D). However,
a considerable (roughly 25%) fraction of cells charac-
terized by E>3 kPa could be also discriminated, whilst
only a minute set of wild type DU145 cells displayed
E=0.5-1.0 kPa. Importantly, the DU145_48 cell sub-line
was considerably enriched in “elastic” cells characterized
by E<1 kPa (30%). The fraction of cells displaying E
values between 1.0 to 3.0 kPa (which were dominant in
“native” DU145 populations) was less numerous in the
DU145_48 sub-set. In these analyses, we did not ob-
serve the events of E>3 kPa. The cells that comprised
the “second wave” of DU145 transmigration gave a
progeny (DU145_72), which was characterised by E val-
ues distribution more similar to that observed for the
wild type DU145 populations. It ranged between 0.5 to
4.2 kPa, with several local maxima (1.5 kPa, 2.4 kPa and
3.3 kPa). Moreover, some events of E>3 kPa (absent
in the DU145_48 sub-line) were seen in the DU145_72

populations. The difference in the distribution of E val-
ues observed between the analyzed DU145 populations
is also illustrated by the difference in the averaged values
of Young’s modulus (E) calculated for each population
(Fig. 1E).

Invasive DU145 sub-sets were analysed between the
5th and 15th passage after transmigration. Therefore,
these data show that single DU145 cells can give rise
to progeny characterised by heritably increased deform-
ability, which may potentially facilitate their invasion 7
vivo. They also confirm that microevolutionary processes
that are responsible for the 7z vivo formation of pros-
tate cancer invasive front may be recapitulated iz vitro.
Previously, no differences in the motile activity, mort-
phology and the architecture of actin cytoskeleton were
observed between DU145_48, DU145_72 and “native”
DU145 cells (Szpak et al., 2011). Thus, the nanomechani-
cal elasticity of the DU145 cells is a primary determinant
of their transmigration potential (Friedl & Wolf, 2010;
Kumar & Weaver, 2009). A similar interrelation between
increased susceptibility to mechanical distortions and
the invasiveness was observed in breast cancer cells (Li
et al, 2008). Persistence of cellular invasive phenotype
through multiple cell division cycles is mandatory for
cancer invasion. Phenotypic persistence of the DU145
sub-sets demonstrates that the observed differences in
cell elasticity result from permanent cell reprogramming
rather than from “secular” changes of cell shape and
adhesion (Gupta & Massague, 2006; Langley & Fidler,
2007; Friedl & Wolf, 2010; Ryszawy ef al., 2014).

We have previously shown the involvement of Cx43
in regulation of the nanoelasticity of the rat prostate
carcinoma AT-2 cells (Ryszawy ¢ al, 2014). These cells
reacted to ectopic Cx43 down-regulation with a consid-
erable increase of their mechanical stiffness. Immunoflu-
orescence and immunoblot analyses confirmed that the
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DU145_48 population is characterized by elevated lev-
els of Cx43 in comparison to the “native” DU145 and
DU145_72 cells (Fig. 2A). This observation confirms
that the nanoelasticity Cx4hieh DU145 cells is somehow
linked to the Cx43 function. To elucidate whether Cx43
directly participates in regulation of the nanomechanical
properties of the DU145 cells, we transiently silenced
Cx43 in the DU145_48 cells (Fig. 2B) and analysed their
elasticity by AFM. For this purpose, we used more pre-
cise (20 nm tip) cantilevers to increase the resolution of
the technique. Ectopic Cx43 down-regulation did not
increase the mechanical stiffness of the DU145_48 cells
(Fig. 2C; summarized in Fig. 2D). A similar distribution
of E values was detected by AFM analyses of the control
and Cx43siRNA-transfected DU145_48si cells. These
data stay in agreement with our previous observations
showing that Cx43 silencing and chemical inhibition of
GJIC does not affect the relative abundance of Cx43hieh
DU145 cells in the invasive front (Szpak ez al, 2011).
However, they contradict the suggestions on the Cx43
regulatory role in the regulation of cancer cells’ suscep-
tibility to mechanical distortions (Cronier e al., 2009).
Even though Cx43 has been implicated in the regulation
of AT-2 cell elasticity (Ryszawy ez al., 2014), apparently
it is not involved in the determination of DU145 elastic-
ity. Collectively, Cx43 may accompany the relatively high
deformability of individual DU145 cells, which decreas-
es their sensitivity to adverse mechanical stress factors
during the invasion process. However, it is not directly
involved in its regulation.

CONCLUSION

Microevolution of “invasive” cell subpopulations
characterised by increased susceptibility to mechanical
distortions is crucial for the “metastatic cascade” of nu-
merous cancers (Cross ez al., 2007; Gupta & Massague,
20006; Suresh, 2007; Cai et al, 2010). Cx43 is involved
in the evolutionary processes which are crucial for meta-
static cascade of prostate cancer (Watanabe ez al, 2002;
Mickus ef al., 2005; Langley & Fidler, 2007; Blick et al.,
2008). A selective transmigration of Cx43hih prostate
cancer DU145 cell sub-populations under the conditions
mimicking eatly cancer invasion confirmed our earlier re-
ports on such microevolution in the prostate cancer cell
populations iz vitro. However, an apparently coincidental
nature of the correlation between Cx43Meh phenotype of
the DU145 cells and their susceptibility to mechanical
distortions remains in contrast to our previous observa-
tions on mechanistic involvement of Cx43 in the process
of epithelial-mesenchymal transition (EMT) of the AT-2
cells (Ryszawy ez al., 2014). These contrasting data show
the complexity and tissue-specificity of the relationship
between cell invasiveness, Cx43 expression and the
nanomechanical elasticity of cancer cells, which govern
the metastatic cascade of prostate cancer. They expand
our knowledge on the subtlety of interactions between
Cx43 and cytoskeleton (Prochnow & Dermietzel, 2008;
Cronier et al., 2009; Olk et al., 2009) in the regulation
of cancer cell adhesion, directed motility, susceptibil-
ity to mechanical distortions and sensitivity to adverse
mechanical stress during invasion (Suresh, 2007; Kumar
& Weaver, 2009; Shibata & Shen, 2013). A more com-
prehensive study on Cx43 involvement in the regulation
of the nanoelasticity of prostate cancer cells, performed
on an array of prostate cancer cell lineages derived from
biopsies, is necessary to fully understand the differences
in the relationship between Cx43 levels and invasiveness,

observed between the AT-2 and DU145 lineages. This
should help to fully assess specificity and heterogeneity
of Cx43 functions in the regulation of the metastatic po-
tential of prostate cancer cells.
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