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ABSTRACT

Connexins (Cxs) and gap junction (GJ)-mediated communication have been linked with the regulation of cell cycle traverse. However, it is not
clear whether Cx expression or GJ channel function are the key mediators in this process or at what stage this regulation may occur. We
therefore tested the hypothesis that enhanced Cx expression could alter the rate of cell cycle traverse independently of GJ channel function.
Sodium butyrate (NaBu) or anti-arrhythmic peptide (AAP10) were used to enhance Cx expression in HeLa cells stably expressing Cx43 (HeLa-
43) and primary cultures of human fibroblasts (HFF) that predominantly express Cx43. To reduce GJ-mediated communication, 18-a-
glycyrrhetinic acid (GA) was used. In HeLa-43 and HFF cells, NaBu and AAP10 enhanced Cx43 expression and increased channel function,
while GA reduced GJ-mediated communication but did not significantly alter Cx43 expression levels. Timelapse microscopy and flow
cytometry of HeLa-WT (wild-type, Cx deficient) and HeLa-43 cells dissected cell cycle traverse and enabled measurements of intra-mitotic
time and determined levels of G1 arrest. Enhanced Cx43 expression increased mitotic durations corresponding with a G1 delay in cell cycle,
which was linked to an increase in expression of the cell cycle inhibitor p21"¥2"/<*! i both HeLa-43 and HFF cells. Reductions in Cx43
channel function did not abrogate these responses, indicating that GJ channel function was not a critical factor in reducing cell proliferation
in either cell type. We conclude that enhanced Cx43 expression and not GJ-mediated communication, is involved in regulating cell cycle
traverse. J. Cell. Biochem. 110: 772-782, 2010. © 2010 Wiley-Liss, Inc.
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|\ ’I any classical tumour cell lines, including HeLa and Cé6

glioma cells, are deficient in connexin (Cx) expression and
are generally referred to as ‘communication deficient’. Introduction
of Cx genes can ‘normalise’ cell growth leading to proposals that
these proteins have tumour suppressor like characteristics and can
exert growth regulatory control [Zhu et al., 1992; Mesnil et al., 1995;
Hellmann et al., 1999]. Such systems have provided extensive

information on the role of Cxs in cell growth responses and
numerous studies now suggest that Cx43 may play a major role in
proliferative disorders including diverse carcinomas [Kanczuga-
Koda et al., 2006], vascular diseases such as atherogenesis
[Johnstone et al., 2009; Kwak et al., 2003] and in non-healing
diabetic wounds [Wang et al.,, 2007]. Indeed a recent review
documented over 70 alterations in Cx expression and signalling
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properties attributed to cellular proliferative disorders [Mesnil et al.,
2005].

Cxs are the constitutive proteins of gap junction (GJ) channels
that permit the exchange of small metabolites and signalling
molecules between neighbouring cells. The most widely expressed
Cx is Cx43, which in addition to being highly permissive to solutes,
has an expression pattern that appears to follow the cell cycle. For
example, during normal cell cycle progression, Cx43 expression is
decreased, the protein internalised and differentially phosphory-
lated at sites on its carboxyl terminus [Solan et al., 2003; Solan and
Lampe, 2009]. Furthermore Cx43 GJ-mediated communication
decreases during the G1 stage of the cell cycle [Lampe et al., 1998;
Lampe and Lau, 2004]. However, based on current literature there is
no consensus as to the importance of expression over GJ channel
function in cell cycle-mediated events with varying reports in
different systems [Sanchez-Alvarez et al., 2006; Avanzo et al.,
2007]. For example, in mouse lung carcinoma models the
maintenance of GJ-mediated communication is important in
tumour suppression [Avanzo et al., 2004] and a decrease in GJ
channel function, linked to improper assembly and targeting of
(Cx43, promotes cancer progression in mouse skin carcinogenesis
models [Holden et al., 1997]. Conversely, decreases in Cx43
expression have been associated with increased cell proliferation
in cervical and metastatic breast carcinoma cell lines [Aasen et al.,
2005] and Cx43-mediated rescue of the malignant phenotype of
metastatic breast cancer cells have been shown to be independent of
GJ function [McLachlan et al., 2006]. Further studies suggest that
protein interactions independent of Cx43 GJ-mediated commu-
nication may be important in the suppression of cell growth [Olbina
and Eckhart, 2003], with cytoplasmic localisation of Cx43 inhibiting
cellular proliferation [Moorby and Patel, 2001]. Control over the cell
cycle is exerted by proteins classed as tumour suppressor proteins
including p21waf1/ “P1 and retinoblastoma proteins [Schafer, 1998]
and Cx43 is considered by many as a tumour suppressor protein
[Zhang et al., 2003; Avanzo et al., 2004; Mesnil et al., 2005].
However, the precise mechanism and signalling pathways through
which Cx43 mediates cell cycle traverse is currently unknown.

In the present work we adopted a timelapse microscopy approach
of multiple parameters to dissect the impact of enhanced Cx43
expression over GJ-mediated communication on cell cycle events
in both HeLa cells transfected to express Cx43 (HeLa-43) [Mesnil
et al., 1995] and primary human foreskin fibroblasts (HFF) that
predominantly express Cx43 [Wright et al., 2009]. The data reveal
that enhanced Cx43 expression delays mitotic durations and
this correlates with an accumulation of cells in the G1 stage that
is associated with increased levels of the cell cycle inhibitor
p21"aft/eiPl By contrast, inhibiting channel function had no effect
on mitotic fate regardless of enhanced Cx43 expression. These data
provide strong evidence for the hypothesis that Cx43 can mediate
cell cycle traverse in a non-GJ-dependent manner.

CELL CULTURE
Non-transfected HeLa-WT cells, which do not express Cxs,
were maintained in Dulbecco’s modified Eagle’s media (DMEM)

supplemented with 10% (v/v) FBS, penicillin/streptomycin 100 g/
ml and L-glutamine 2 mM (cDMEM). HeLa cells stably expressing
Cx43 (HeLa-43) under the control of the SV40 early promoter were
maintained in ¢cDMEM supplemented with puromycin (0.5 wM,
Sigma) [Mesnil et al, 1995]. Dermal fibroblasts (HFF) which
predominantly express Cx43, were derived from human infant
foreskin tissue sections using standard techniques for explant
culture, cells were cultured and maintained in cDMEM [Wright et al.,
2009]. Tissue sections used in this study were obtained with the
appropriate ethical approval (Yorkhill Research Ethics Committee,
dermatological research version 6, 3 July 2001) and with patient/
parental consent. All cells were maintained and used at 60-80%
confluency.

DRUG TREATMENTS

All agents were diluted in pre-warmed media at their final
concentrations; sodium butyrate 0.5mM (NaBu, Sigma) which
enhances transcription through the SV40 early promoter in the
HeLa-43 cells, 18-a-glycerrhetinic acid 25 uM (GA, Sigma), anti-
arrhythmic peptide 50 nM (AAP10, Zealand Pharma [Easton et al.,
2009]) and Colcemid 0.5 pg/mL (Gibco [Marquez et al., 2003]). The
levels of NaBu, GA and AAP10 used were non-toxic to the cells and
did not alter cell morphology following 24 h exposure where < 1% of
cells took up propidium iodide (data not shown). All treatment time
courses were as indicated, with the exception of G1 emptying
experiments where cells were pre-treated for 12 h with the relevant
agent prior to addition of Colcemid. In all experiments indicated as
control, cells were grown in their respective media (as described)
without drug treatment, with the exception of G1 emptying
experiments where Colcemid was applied as described.

ANTIBODIES

Immunocytochemistry and Western blot analysis of samples was
performed using primary polyclonal antibodies directed against
Cx43 designated as rCx43 (Kind gift Dr E. Rivedal [Rivedal and
Leithe, 2005]) or polyclonal Cx43 (Sigma [Johnstone et al., 2009]).
Monoclonal antibodies against p21"*/<P! (Calbiochem [Kurash
et al., 2008]) and B-tubulin (Sigma) were also used. Western blot
primary antibodies were visualised using anti-mouse or rabbit
secondary antibodies as required: for chemiluminescent detection
horseradish peroxidise (HRP) (BioRad) was used and for detection
using the LiCor Odyssey imaging system IRDye-680/800 (LiCor)
secondary antibodies were used. For immunofluorescence primary
antibodies were visualised using goat anti-mouse-Alexa 488 or goat
anti-rabbit-Alexa 594 secondary antibodies as required (Invitrogen,
UK).

WESTERN BLOT

All HeLa and HFF cells were grown to 60-70% confluency prior to
treatment in 6-well plates. Cells were lysed in PBS containing SDS
(1% w/v), Na;VO, (20 mM), DTT (1 wM), PMSF (100 uM) and 1x
complete protease inhibitor cocktails (Sigma). Total protein lysates
(100 wg) were separated on 12.5% polyacrylamide gels and
transferred to nitrocellulose before detection with the relevant
primary antibodies. Band densities were quantified on film
(Chemiluminesence, BioRad image analyser FX, BioRad Quantity
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One) or by fluorescence on nitrocellulose membranes using a Li-Cor
Odyssey infrared imaging system and software (LiCor [Johnstone
et al., 2009]). Band intensity was subtracted from background levels
and normalised against B-tubulin levels. Statistical analysis was
performed, using one-way ANOVA with Bonferroni post hoc tests
comparison of density versus controls.

IMMUNOFLUORESCENCE

Cells grown on 16 mm?” coverslips were fixed with ice cold methanol
following treatment, washed in PBS, permeabilised using 0.1% (v/v)
Triton X-100 (Sigma) and blocked using 5% (w/v) milk-PBS.
Proteins were detected using primary and secondary antibodies (as
described). All images were captured on a Zeiss Axiovert 200
inverted confocal microscope linked to a Zeiss LSM 510 Meta laser
scanning system as previously described [Easton et al., 2009]. Image
capture and processing was performed using Carl Zeiss AIM
software and semi-quantitative analysis of fluorescence of plaque
sizes was performed using MetaMorph software (Universal Imaging
Corp. [Singh et al., 2005]).

To determine significance for each treatment compared to
controls, values from three fields of view per slide per treatment
(n=3) were used. Channel thresholds remained constant for
analysis and regions around all plaques and immunofluorescent
staining were created automatically by the software. The area
(pixels) and fluorescent intensity (0-255nm) were recorded and
logged for each image and pixel sizes converted to wm for analysis.

MICROINJECTION

Microinjection was performed as previously described [Easton et al.,
2009]. Briefly, HeLa-43 cells were grown to 80% confluency on
60 mm? culture dishes and exposed to either NaBu and or GA or in
combination for 24 h. HFF cells were exposed to AAP10 for 5h.
Individual cells were microinjected with Alexa 594 dye (charge —2,
Mw 759 Da (Invitrogen)), using an Eppendorf 5120 femtojet system
linked to a Cairns monochromator with ~50 cells injected per plate
for each experimental group. After 5 min cells were washed in PBS
and fixed in 3.75% formaldehyde. Data are presented as the
percentage of injected cells per plate transferring dye to <4, 5-9 or
>10 neighbouring cells+ SE. In each grouping, comparisons to
non-treated control levels were made using one-way ANOVA with
Dunnets multiple comparison analysis. Experiments were repeated
in triplicate in one sitting and then on two further occasions with
~50 cells injected per experiment, giving n=3, in each case
*P<0.05 and ""P<0.01.

TIMELAPSE ANALYSIS

Experimental set-up for timelapse was performed as previously
described [Errington et al.,, 2005]. Briefly, media containing
treatments was replaced in wells immediately before the plate
was placed on a timelapse microscope (Zeiss Axiovert 100,
with heated motorised stage, a mounted incubator unit and
humidified CO,). Static phase contrast images were recorded every
5 min for 24 h at three regions per well on each 6-well plate using a
microscope mounted CCD camera (Nikon Eclipse TS120). Image
capture was controlled by AQM 2000 software (Kinetic Imaging Ltd,
Nottingham, UK). Images from timelapse capture were analysed

using MetaMorph image analysis software (Universal Imaging
Corp.). Measured parameters included (1) total cell numbers, (2) the
number of mitotic events, (3) intra-mitotic duration (IrMD), (4) the
occurrence of polyploid nuclei and (5) apoptotic/necrotic occur-
rences [Marquez et al., 2003].

Statistical analysis was based on approximately 3,000-4,000
mitotic events for each treatment (n = 3) and cell type, with all data
expressed as the mean + SE. The IrMD (defined by cells rounding up,
splitting and flattening back down) was determined for all cells in
view (Fig. 2).

CELL CYCLE ANALYSIS

Cells grown to 60-70% confluency were pre-treated for 12 h with
the appropriate drug. Following incubation, media was changed
with fresh media containing Colcemid plus required experimental
treatments. At the specified time points cells were harvested by
trypsinisation and cell pellets recovered by centrifugation at 0.5g
for 5min followed by re-suspension in PBS and fixed overnight at
4°C in 70% ethanol. Fixed cells were washed in PBS and
approximately 1 x 10° cells resuspended in a solution of PBS plus
Trion X-100 (0.1%, v/v), RNase (200 p.g/mL) and propidium iodide
(20 pg/mL). Cells (n=5,000) were collected by FACS (BD
FACScalibre) and sequential gating was applied to FSC/SSC then
FL2-A/W plots for analysis of cell cycle (as described [Saragovi
et al., 1999]). The rate of release from G1 was determined on FL2-H
plots using FlowJo software [Jaksch et al., 2008].

CELL MIGRATION AND PROLIFERATION

Fibroblasts were seeded at 1 x 10° cells in 6-well plates and
grown to confluence. Prior to experimentation the media on
cells was replace with serum free media for 60 min, followed by
application of the appropriate drug treatments 90 min prior to
wounding. Scrape wounds (~600 pum) were introduced using
100 pl pipette tips, through the centre of the monolayer and
images recorded by timelapse microscopy (as above, 15min
capture for 48 h). Media with fresh treatments was replaced every
12h throughout experimentation. Determination of wound
closure was performed using MetaMorph analysis software at
12 h timepoints images. At each timepoint regions were created
around the edge of the wound. Region measurements (in pixels) of
the total area inside the wound were normalised to starting wound
areas and comparisons were made between control and treated
cells at 12h timepoints. Statistical analysis of differences was
measured using one-way ANOVA test with Dunnets post-test,
“P<0.01.

SODIUM BUTYRATE ENHANCES Cx43 EXPRESSION AND FUNCTION
IN HeLa-43 CELLS

To investigate whether enhanced Cx43 expression mediates cell cycle
traverse we first determined the effects of NaBu and GA on Cx43
expression and function. Following 24h exposure to GA, Cx43
expression in HeLa-43 cells was comparable to control cells (Fig. 1A).
By contrast, treatment of HeLa-43 cells for 24 h with NaBu signi-
ficantly increased Cx43 protein expression levels (2.56 +0.51 fold)
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Cx43 expression and function in HeLa-43 cells following exposure to NaBu and/or GA. Representative Western blots from HeLa-43 cells demonstrate alterations in

Cx43 protein expression following 24 h treatments (as labelled) with B-tubulin used for loading controls (A). In B representative immunofluorescent images show Cx43
expression and sub-cellular localisation in HeLa-43 cells following treatments (as labelled). Arrows indicate GJ plaques, bar =20 um and are representative for all panels.

Differences between the total size of GJ plaques following treatments were assessed using MetaMorph software (C). In D dye transfer in HeLa-43 cells was measured following
treatments (as indicated). HelLa-43 cells were microinjected with Alexa 594, data are expressed as the percentage (of total cells) transferring dye to: 0-4; 5-9;
>10 neighbouring cells (n =3, with ~50 cells injected per sitting). Data of the mean & SE were analysed for significance compared to controls “P< 0.05, “**P< 0.01.

which was not altered in cells co-treated with NaBu and GA
(1.8540.27 fold, Fig. 1A). Under control conditions immunofluor-
escent analysis identified Cx43 at points of cell to cell contact that
measured on average 0.46 +£0.01 um in plaque size. The size and
localisation of these plaques were not altered as a result of exposure
to GA, with plaques measuring on average 0.46 + 0.04 wm (Fig. 1B).
The relative size of GJ plaques at areas of cell-to-cell contact were
significantly enhanced following exposure to NaBu alone and
in combination with GA as compared to the amount of Cx43
detected at membrane locations in control cells (0.86 +0.03 and
0.74 4+ 0.05 pm, respectively, Fig. 1B,C). Expression of Cx43 was not
detected in HeLa-WT cells (data not shown).

To assess Cx43 channel function following exposure to NaBu
and/or GA, cells were microinjected with the fluorescent tracer
Alexa 594. Under control conditions 15% of injected HeLa-43 cells
transferred the dye to >10 neighbouring cells (Fig. 1D). Exposure to
NaBu significantly increased dye transfer with ~75% of injected

cells transferring dye to >10 cells (Fig. 1D). By contrast, treatment of
the cells with GA or NaBu in combination with GA attenuated
coupling with ~90% of cells exhibiting restricted transfer to <4
neighbouring cells (Fig. 1D). HeLa-WT cells did not transfer the
Alexa 594 under any of the conditions (data not shown). Thus,
although GA had no impact on the level of Cx43 expression it
effectively attenuated dye transfer under control and NaBu
conditions. Cell viability following 24 h exposure to NaBu and
GA was confirmed by PI uptake and FACS analysis where no
significant alterations were observed between control and treated
conditions (data not shown).

Cx43 EXPRESSION INCREASES INTRA-MITOTIC DURATIONS
INDEPENDENTLY OF GJ CHANNEL FUNCTION

To determine the impact of Cx43 expression on cell cycle traverse
we initially adopted a timelapse microscopy approach that enabled
tracking of cell cycle progression at the single cell level. Cells were
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imaged every 5min for up to 24h under control or treated
conditions. The IrMD for each cell in the field of view was calculated
as the time taken for a cell to enter mitosis, split into two daughter
cells and flatten back down, providing a graphical analysis of
the mitotic duration throughout the course of the experiment
(Fig. 2A,B). To enable direct comparisons to be made between cell
types, for example HeLa-WT and HeLa-43 and treatment groups the
IrMDs were grouped according to their duration and expressed as a
percentage of the overall mitotic events (Fig. 2C), thus permitting the
mean IrMD to be extracted and direct comparisons between cell
types and treatment groups to be made (Fig. 2; see the Materials and
Methods Section for further details). This initial analysis revealed
that HeLa-WT cells had a shorter IrMD duration than HeLa-43 cells
(Fig. 2C). The mean IrMD of HeLa-43 cells under control conditions
was approximately 70 min which was unaffected by blocking GJ-
mediated communication with GA (Fig. 3A). Following exposure to
NaBu, and upregulation of Cx43 expression, the [rMD increased to
80min in the presence or absence of GA (Fig. 3A). To control for
effects of both these agents in the absence of Cx43 expression
equivalent experiments were performed in parental HeLa-WT cells.
IrMD was significantly shorter in these cells at approximately
60 min and was not affected by exposure to NaBu or GA (Fig. 3B).
Together these results indicate that Cx43 expression can delay cell
cycle progression by extending the time taken to progress through
mitosis by a mechanism that depends on the level of Cx43
expression and not channel function. These data support the

emerging concept that enhanced Cx43 expression can slow down
cell growth rates independently of channel function [lonta et al.,
2009] and dissects this for the first time at a single cell level.

ENHANCED Cx43 EXPRESSION INDUCES G1 ARREST

The impact of altered Cx43 expression on cell cycle dynamics was
further dissected by analysis of G1 traverse by capturing cells in G2/
M following colcemid treatment and flow cytometry analysis.
Following colcemid treatment of HeLa-WT cells the population of
cells in G1 was reduced to 5.6 4= 0.4% of the starting population after
24N (Fig. 4A). Exposure to GA and or NaBu did not alter the rate of
emptying of the G1 pool (Fig. 4A), with 50% of cells exiting G1 by
7 h. Under control conditions in HeLa-43 cells, colcemid treatment
reduced the G1 population to 6.9 + 0.2% after 24 h (Fig. 4B), with
50% of cells exiting G1 by ~7 h and this was not altered by exposure
to GA (Fig. 4B). By contrast, treatment of HeLa-43 cells with NaBu
significantly reduced the rate of G1 traverse with 34.7 +2.6% of
cells remaining in G1 following colcemid exposure and required
up to 12h for 50% of cells to be released from G1. Inhibiting
GJ-mediated communication with GA did not alter the rate of
emptying of the G1 pool (Fig. 4B). This G1 delay was associated with
a significant increase in the expression of Cx43 and the cell cycle
inhibitor protein p21%2/<! (Fig. 5A B). By contrast, HeLa-WT cells
under control conditions did not express p21%2/<p!
with NaBu induced only low levels of p2 expression
(Fig. 5A,B). Thus enhanced Cx43 expression produced a G1 delay in
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Extraction of intra-mitotic duration from timelapse analysis of HeLa cells. Cells plated in 6 well dishes were visualised on a Zeiss Axiovert microscope with heated stage

and mounted incubator to maintain 5% CO, and 37°C. In A, a small group of HeLa-43 cells from a field of view are shown, black arrow points to a dividing cell recorded as going
through mitosis. Collated images were analysed using MetaMorph and the intra-mitotic duration (IrMD) was calculated as the time taken for a cell to enter mitosis, split into
two daughter cells and flatten back down for every cell in view (A). Mitotic event end frames were recorded against the start frame of each corresponding event, the difference
converted into a time format and plotted against the timecourse of the experiment (B). The IrMDs were grouped according to their duration (i.e. 1-10 min, 11-20 min, etc.),
taken as a percentage of the overall mitotic events and then plotted in a line graph in Prism to allow comparison of the IrMD between treatment groups (C). In C plots of HeLa-

WT and Hela-43 cell IRMDs are shown.
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and suggests that the G1/S checkpoint is induced by enhanced Cx43
expression independently of channel function.

ENHANCED Cx43 EXPRESSION REDUCES RATES OF

CELL CYCLE TRAVERSE

To further examine the effects of enhanced Cx43 expression on the
rate of cell cycle traverse HeLa cells were treated with AAP10, a
peptide that post-translationally enhances Cx43 expression [Easton
et al.,, 2009], as opposed to NaBu which exerts transcriptional
control. Timelapse microscopy analysis revealed that exposure of
the HeLa-43 cells to AAP10 over 24 h significantly reduced the rate
of cell cycle traverse with an elongation in IrMD, producing similar
results to that observed following exposure to NaBu (Fig. 6A).
Treatment of HelLa-43 cells with AAP10 resulted in a transient
upregulation of Cx43 protein expression (Fig. 6B,C) and enhanced
targeting of Cx43 to regions of cell-to-cell contact (data not shown,
e.g. [Easton et al., 2009]). A significant but transient increase in the
expression of p21waf1/°ip' was also observed, that reduced in line
with Cx43 expression (Fig. 6B,C). AAP10 treatments produced
no alteration on p21"2™/P! expression levels in HeLa-WT cells,
(Fig. 6B,C).

To demonstrate these effects were not restricted to the behaviour
of exogenously expressed (x43 we characterised the effects of
AAP10 in primary human dermal fibroblasts (HFF) that primarily
express Cx43 [Wright et al., 2009]. Microinjection analysis
determined that exposure of HFF cells to AAP10 enhanced GJ-
mediated communication with ~400% of cells transferring Alexa 594
to >10 cells compared to only 5% of non-treated cells (Fig. 7A). We
have previously reported that GA can block AAP10 induced GJ-
mediated communication [Clarke et al., 2006; Easton et al., 2009].
Following introduction of a ‘scrape wound’ [Wright et al., 2009] to a
confluent monolayer of HFF cells, cell migration and proliferation
into the ‘gap’ was monitored over 48 h. Cells treated with AAP10
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Fig. 4. Cell cycle analysis in HeLa-43 and HeLa-WT cells. Cell cycle was assessed using flow cytometry of cells treated with NaBu and/or GA and co-incubated with colcemid.
Data of percentage cells (+SE) in G1 at specified timepoints were plotted for each treatment in HeLa-WT cells (A) and Hela-43 (B).
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Fig. 5. The effect of NaBu on Cx43 and p21 expression in Hela cells.
Representative Western blots show Cx43 and p21 expression in HelLa-WT
and Hela-43 cells treated with NaBu over a 24 h timecourse (A). Levels of Cx43
and p21 protein expression as compared to controls were determined for each
treatment, with B-tubulin was used as an internal standard control, (n =3, B).
In each experiment ““P< 0.01, n=3 for all treatments.

took up to 6h longer than control cells to achieve 50% ‘scrape
wound’ closure, illustrating delays in cell migration and or
proliferation potential (Fig. 7B). Similar effects were seen following
treatment of HFF cells with NaBu. These events correlated with
a transient increase in Cx43 and pZIW"“/Cipl expression levels,
peaking at 15h (~2.5- and ~4-fold, respectively) (Fig. 6D,E), again
reinforcing the concept that enhanced Cx43 expression delays cell
proliferation events in diverse cell types.

Finally, to correlate the observed NaBu and GA effects in HeLa-43
cells, HFF cells were treated with NaBu or AAP10 in the presence or
absence of GA and Cx43 and p2 Waft/Cipt expression levels assessed.
Exposure of the cells to NaBu or AAP10 for 15h enhanced Cx43
expression with corresponding increases in p21waﬂ/ Cipl expression
(Fig. 7C). Treatment of these cells with GA corresponded to a slight
reduction in Cx43 expression. Exposure of the cells to NaBu or
AAP10 in the presence of GA maintained elevated levels of Cx43
and p21"af/CP1 (Fig. 7C). These data further suggest a correlation
between Cx43 expression and p21waf1/Cipl as seen in the HelLa-43
cells.

In pathophysiological states such as carcinogenesis, atherosclerotic
disease and chronic wound healing events, Cx43 expression is

altered suggesting that it may be a factor in pathological cell
proliferation [Wang et al., 2007 ; Johnstone et al., 2009; Wright et al.,
2009]. Alterations in both Cx43 protein expression and its ability
to pass low molecular weight fluorescent dyes (i.e. GJ-mediated
communication) have been implicated in control of cell growth
responses yet it remains unclear what the key factors are in
controlling cell cycle events. In the present work we increased Cx43
protein expression and simultaneously downregulated channel
function, thus dissecting individual effects on cell cycle progression.
Using timelapse microscopy we demonstrated that while Cx43
protein expression could be enhanced by transcriptional activation
using NaBu or post-translationally using AAP10, both correlated
with reduced mitotic delivery rates independently of Cx43 channel
function; these studies identified that this delay in cell cycle
traverse corresponded with (1) increased p21“af!/ciP!
(2) accumulation of cells in G1 phase and (3) an increase in cellular
mitotic duration.

Throughout our studies we used NaBu to increase Cx43
expression, in keeping with previous studies that the HDAC

expression,

inhibitor can exert transcriptional activation of Cx43 in immorta-
lised and primary cells [Martin et al., 2001; Khan et al., 2007]. Using
our model systems we confirmed that NaBu can enhance Cx43
expression via the SV40 early promoter in HeLa-43 and from the
endogenous Cx43 gene in HFF cells, and that this correlated with
enhanced channel function, in keeping with previous studies
[Martin et al., 2001]. Further, our data also show that enhanced Cx43
expression correlated with a delay and eventually an arrest in the G1
phase of the cell cycle. Previous investigations have shown that
cell cycle specific changes in Cx43 expression are typified by
internalisation and specific phosphorylation of sites on the Cx43
carboxyl tail resulting in significantly decreased GJ function in GO
[Xie et al., 1997; Solan et al., 2003]. The carboxyl tail of Cx43 may
play an important role in its ability to inhibit cell proliferation, with
emphasis on the MAPK phosphorylated sites including Serines 262/
279/282 [Dang et al., 2006; Johnstone et al., 2009]. In keeping with
our findings, previous studies by Alexander et al. [2004] also
demonstrated that re-introduction of Cx43 protein rescued growth
control independently of GJ function, further emphasising that
Cx43 expression is more important than channel function in control
over cell proliferation events. Our studies show that cell cycle
inhibition and upregulation of p21waf” €1 protein expression
associated with increased Cx43 expression was not affected by
attenuating channel function. Indeed, treatment of cells with GA,
reducing GJ-mediated communication, did not alter p21"2/<iP1 jp
either NaBu or AAP10 treated cells in keeping with previous reports
[Park et al., 2008]. This further implicates enhanced Cx43 expression
but not GJ-mediated communication as an important factor in
reducing cell proliferation rates. Our data therefore strongly suggest
a link between Cx43 upregulation as an inhibitor of cell cycle
through enhanced p21"Ver UCPL and confirm previous findings that
p21waﬂlCipl expression associated with reduced Ki67 expression in
Cx43 over-expression models regulates cell proliferation [Herrero-
Gonzalez et al., 2009]. While p21W*/SP! i generally considered
a cell cycle inhibitor protein, low levels of p21"V3/CP! may act
to promote cyclin-cdk complex formation and aid progression
through the cell cycle, potentially explaining why p21WVaft/Cipl
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Fig. 6. The effect of AAP10 on IrMD, Cx43 and p21 expression profiles in Hela cells and primary fibroblasts. HeLa-43 cells treated with AAP10 were analysed by timelapse
microscopy for changes in mean IrMD as compared to non-treated cells (A). Representative Western blots show induction of transient increases in Cx43 expression following
AAP10 treatments in both HeLa-43 cells (B,C) and to a lesser extent in HFF cells (D,E). In both cases this was associated with transient increases in p21 expression, which was not
found in HeLa-WT cells (B,C). In B, HeLa-43 cells treated with NaBu and HeLa-Wt cells under control conditions were used as p21+ and p21— controls (respectively) as
previously described (B). In each experiment “P>0.05, “*P< 0.01, n=3 for all treatments.

expression did not correlate with reduced cell proliferation in our
HeLa-WT cells [LaBaer et al., 1997]. The level of p21"2f/CP! present
can significantly affect the binding and kinase activity of these
complexes with high levels acting to inhibit cyclin-cdk interactions
resulting in reduced proliferation in keeping with our data [LaBaer
et al., 1997].

Cx43, p21waf1/ P! and the SV40 early promoter, driving Cx43
expression in the HeLa-43 cells, are regulated through Sp1 binding
sites in their promoter regions, therefore we must consider the
possibility of transcriptional upregulation by the pharmacological
agents as opposed to interaction pathways between (Cx43 and
p21Wall/Cipl TAlprecht et al., 1989; Gartel and Tyner, 1999;
Teunissen et al., 2003]. Our NaBu data were inconclusive in this
regard, but data from AAP10 treated cells clearly demonstrated that
p21Wall/CPT \vas only enhanced when Cx43 was present in HeLa
cells. Furthermore, the transient nature of the Cx43 induction was
mirrored by a transient increase in p21*2f 1/cipt expression. We have
recently demonstrated that Cx43 upregulation via AAP10 is post-
translationally mediated [Easton et al., 2009] and real-time PCR
analysis confirms that there are no transcriptional changes (data not
shown). AAP10 and its stable analogue Rotigaptide have been
intensely studied in the cardiovascular system where their anti-
arrhythmic properties and acute impact on Cx43 coupling were first
observed [Kjolbye et al., 2007]. The acute enhancement of coupling
can be blocked by channel blockers such as GA [Clarke et al., 2006]
and is dependent on a protein kinase C (PKC) mechanism [Easton
et al., 2009]. By contrast, the enhanced expression of Cx43 that
occurs following prolonged exposure to AAP10 is independent of
PKC activity [Easton et al., 2009]. The present data point to the

peptide having further properties in controlling cell growth rates
through maintaining enhanced Cx43 expression, although the
mechanism underlying this event remains unresolved. This adds
credence to suggestions that Cx43 expression may provide a ‘focal
platform’ or hub for controlling and co-ordinating gene expression
networks related to cell growth responses in cellular populations
[Johnstone et al., 2009]. Indeed Cx43 does not exist in the plasma
membrane in a niche of its own, but rather as an integral member of
a complex ‘junctional nexus’ rich in other cell to cell adhesion
proteins including cadherins and occludin, all of which interact with
cytoskelatal linking proteins including Z0-1, Z0-2, alpha and beta
catenins [Laird, 2006]. The rapid half-life of Cx43 may be delayed by
its increased presence thereby having subsequent consequences on
signalling cascades alerting a transition to enter the mitotic state.

Both NaBu and AAP10 treated cells produced increases in
p21Wan ICP1 that correlated not only with reduced proliferation rates
but an increase in IrMD. While p21*af 1Cipt g generally considered
an inhibitor of the G1 phase of the cell cycle, studies by others have
shown that p21waf” CPl_induced cell cycle checkpoints lead to
a reduced ability of cells to enter mitosis [Chang et al., 2000].
Timelapse and necrosis assays demonstrated that NaBu and AAP10
induced p2 1 Waft/Cip1 expression in a cell death-independent manner
in keeping with previous reports that p53-independent pathways
also promote such increases [Miyazaki et al., 2008]. These
observations remain consistent with those shown in Phase 2
clinical trials of the HDAC inhibitors suberoylanidide hydroxamic
acid (SAHA) and NaBu, which enhance p21W2f/“P! expression in
patients and are not associated with alterations in p53, Bax or BCI-2
apoptotic proteins [Duvic et al., 2007].
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Fig. 7. The effect of AAP10 on Cx43 expression, function and cell growth
dynamics in HFF. Dye transfer in HFF cells following treatment with AAP10 was
assessed by the extent of transfer of Alexa 594 following microinjection. Data
of the mean percentage (of total cells +-SE) transferring dye to: 0-4; 5-9; >10
neighbouring cells (n = 3, with ~50 cells injected per sitting) were analysed for
significance compared to controls (A). A ~600 pm scrape wound was intro-
duced to confluent monolayers of HFF cells in the presence or absence of
AAP10 or NaBu and wound closure monitored over 48 h by timelapse micro-
scopy with wound closure was assessed at 5 h intervals (B). Both AAP10 and
NaBu significantly impeded fibroblast wound closure rates with the time to
reach 50% closure (dotted lines) increased by 6 and 30h (respectively) as
compared to control cells (B, n =3 and **P< 0.01). HFF cells exposed to NaBu
or AAP10 in the presence or absence of GA for 15 h were analysed by Western
blot for the expression of Cx43, p21 and B-tubulin as a loading control
determined (C).

Previous lines of investigation suggest that decreased (x43
expression results in increased neoplastic cell growth in mouse lung
pneumocytes isolated from Cx43 heterozygous mice [Avanzo et al.,
2007]. The consequences of a loss of these interactions can be clearly

seen with decreased Cx43 expression resulting in uncontrolled
cellular proliferation in Cx43 knockout mice [Avanzo et al., 2007],
by Cx43-siRNA in cell culture [Herrero-Gonzalez et al., 2009] and in
many forms of cancer [Mesnil et al., 2005]. Taken together with the
data presented, we propose that upregulation of Cx43 expression
delays the rate of cell cycle traverse by inhibiting the rate of delivery
from G1 thereby extending the time between mitotic events and in
so doing reducing cell proliferation rates.

In conclusion, our data support the hypothesis that Cx43 is an
important regulator of cell cycle progression. Furthermore, by
dissecting these events at the single cell level we show for the
first time that this is related to increased mitotic durations and not
to changes in gap junctional communication. Understanding
how Cx43 regulates pZIW““/Cipl expression and other cell cycle
inhibitors will be important in dissecting the mechanisms under-
lying aberrant cell proliferation in a variety of pathophysiological
conditions including carcinogenesis, atherogenesis and a variety of
epidermal hyperproliferative disorders.
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