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Abstract

During early wound healing (WH) events Connexin 43 (Cx43) is down-regulated at wound margins. In chronic wound margins, includ-
ing diabetic wounds, Cx43 expression is enhanced suggesting that down-regulation is important for WH. We previously reported that
the Cx43 mimetic peptide Gap27 blocks Cx43 mediated intercellular communication and promotes skin cell migration of infant cells
in vitro. In the present work we further investigated the molecular mechanism of Gap27 action and its therapeutic potential to improve
WH in skin tissue and diabetic and non-diabetic cells. Ex vivo skin, organotypic models and human keratinocytes/fibroblasts of young
and old donors and of diabetic and non-diabetic origin were used to assess the impact of Gap27 on cell migration, proliferation, Cx43
expression, localization, phosphorylation and hemichannel function. Exposure of ex vivo WH models to Gap27 decreased dye spread,
accelerated WH and elevated cell proliferation. In non-diabetic cell cultures Gap27 decreased dye uptake through Cx hemichannels and
after scratch wounding cells showed enhanced migration and proliferation. Cells of diabetic origin were less susceptible to Gap27 dur-
ing early passages. In late passages these cells showed responses comparable to non-diabetic cells. The cause of the discrepancy
between diabetic and non-diabetic cells correlated with decreased Cx hemichannel activity in diabetic cells but excluded differences in
Cx43 expression, localization and Ser368-phosphorylation. These data emphasize the importance of Cx43 in WH and support the con-
cept that Gap27 could be a beneficial therapeutic to accelerate normal WH. However, its use in diabetic WH may be restricted and our
results highlight differences in the role of Cx43 in skin cells of different origin.

Keywords: wound healing @ gap junctions ® hemichannels ® migration  proliferation @ skin

Introduction

Connexins are single protein subunits of gap junctions (GJs),
cell-cell junctions important for direct cell-cell communication.
Six connexins oligomerize to form a connexon (connexin
hemichannel [CxHc]), two CxHcs from neighbouring cells dock to
form functional GJ channels permitting direct exchange of small
molecules (<1.8 kD) between adjacent cells [1]. Prior to forming
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GJ channels, CxHcs can, under specific physiological conditions,
be induced to open providing a pathway for the cell to release
paracrine messengers into the extracellular space [2]. Cxs play
important roles in proliferation, migration and differentiation of
keratinocytes and fibroblasts and are involved in wound healing
(WH) [3]. Connexin 43 (Cx43), the most prominent Cx in the
epidermis, is down-regulated at the wound margins during early
WH [4-6] and is abnormally expressed at wound margins of
chronic ulcers. Hence targeting of Cx43 in chronic wounds has
recently attracted interest [6-8].

The positive effect of Cx43 down-regulation on normal WH has
been shown using antisense DNA and gene knock-out studies in a
number of mouse models [5, 8-11]. Recently, we described a
beneficial effect of Gap27 on scratch wound closure rates that

doi:10.1111/j.1582-4934.2010.01057.x

Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



correlated with decreased gap junctional intercellular communica-
tion (GJIC) in cultured human keratinocytes and fibroblasts from
young healthy donors [12]. Gap27 is a small synthetic connexin
mimetic peptide with a sequence homology to the second exira-
cellular loop of Cx43 [13, 14] and is a benign, specific and
reversible inhibitor of Cx43 mediated direct cell-cell communica-
tion [13], which does not influence Cx43 expression levels [15].

However, an effect of such Cx43-targeting mimetic peptides in
whole tissue and in adult human skin cells — which will be the
main targets in wound therapy — has yet to be determined.
Furthermore, the molecular mechanisms of Gap27 action in skin
cells have to be further elucidated.

We have previously shown that Cx43 down-regulation is also
impaired at the wound margins of diabetic wounds and Mori and
colleagues found positive effects of a Cx43 antisense gel on WH in
rats with streptotocin induced diabetes [6, 10]. As diabetic foot
syndrome is a major complication in diabetes and causes sub-
stantial lower-limb amputation rates [16] new therapies are imper-
atively needed in this field. Cx43-mimetic peptides might, along
with Cx43 antisense gels, be promising therapeutic options for
this disease. To verify this hypothesis we investigated the influ-
ence of Gap27 on diabetic compared to non-diabetic cells.

We show for the first time that Gap27 is effective in enhanc-
ing wound closure in porcine and human ex vivo skin and organ-
otypic models and also demonstrate its influence on migration
and proliferation in human skin cells from adult donors.
Functional studies reveal that Gap27 influences hemichannel
gating and GJIC-related phosphorylation while Cx43 protein lev-
els and localization were not changed. Surprisingly, diabetic cells
were less susceptible to Gap27 treatment in the first passages
concerning cell proliferation, migration and hemichannel gating.
Interestingly, in late passages diabetic cells showed behaviour
comparable to non-diabetic cells, suggesting diabetic cells
exhibit a memory of their origin but loose this diabetic pheno-
type over time in culture.

Materials and methods

Cell sources

This study was approved by the Ethics committee of the University of
Magdeburg, Germany. Informed consent was obtained from 10 diabetic
patients [two women and eight men aged 66 * 9 years, diabetes (type 2)
duration 11 = 5 years, A1C 7.23 = 1.2 (amount of glucosylated haemo-
globin)] and 11 non-diabetic healthy volunteers (four women and seven
men aged 52 =+ 10 years, A1C 6.61 = 0.3). Human skin tissue for WHM
was obtained from three donors (women, aged 39 = 2 years) after plastic
surgery, skin samples from infant donors (<5 years) used for cell culture
was obtained following medical circumcisions. Their use was approved by
the ethics committee of the Aerztekammer Hamburg (060900). For 3D
organotypic cultures cells were derived from paediatric foreskins dis-
carded at surgery following informed consent with ethical approval by
Yorkhill Hospital Trust Research Ethics Committee, Glasgow, UK [12].
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Connexin mimetic peptides

Lyophilized connexin-mimetic peptide Gap27 directed to the second extra-
cellular loop of Cx43 (SRPTEKTIFII) and control peptide Gap 18 directed to
cytoplasmic regions of Cx43 (MGDWSALGKLLDKVQAC) (Peptide
Specialty GmbH, Heidelberg/Germany, or Zealand Pharma, Glostrup,
Denmark) were reconstituted as recently described [12]. Gap 18 was pre-
viously shown to be a valuable control for Gap27 [17].

Cell culture

Human fibroblasts and keratinocytes were isolated from foreskin and skin
biopsies and cultured according to a method modified from Rheinwald and
Green [18]. Keratinocytes were maintained in serum-free KGM-2
(Promocell, Heidelberg/Germany) with defined growth supplement and
100 wg/ml P/S. Fibroblasts were maintained in Roswell Park Memorial
Institute (RPMI) containing 10% FCS, 2 mM L-glutamine and 100 p.g/ml
P/S. Experiments were carried out in passages 2 to 5 (early passages) and
12 to 15 (late passages). Peptides were added to serum-free medium to
final concentrations of 0.6, 0.1, 0.06 or 0.006 mM as required. Comparison
of the influence of Gap18 and PBS did not show any differences. Therefore
some experiments were performed only with PBS control due to limita-
tions of the amount of cells and peptide.

For organotypic cultures keratinocytes and fibroblasts were prepared
and maintained as previously described [12]. Three-dimensional human
organotypic cultures were derived from the method successfully devel-
oped for mouse models in our laboratory [15] and cultured in Epilife®.
Once stratification was complete (up to 2 weeks culture) a scratch wound
was introduced through the stratified keratinocytes using a sterile tip.
Following wounding Gap27 (0.1 mM) was added to the lower chamber of
the transwell and replaced at 18 hr intervals as previously described [15].
Wound widths in control- and peptide-treated cultures were subsequently
measured at regular intervals as previously described [12].

Porcine and human ex vivo WHM (granted patent
DE 10317400) and evaluation of reepithelization

To investigate the effect of Gap27 on reepithelization and dye spread,
porcine or human WH models were used as described previously [6].
Porcine skin was obtained from a local slaughter house. After washing and
disinfecting the pig’s ears, punch biopsies with a diameter of 6 mm were
taken from the plicae of the ears. Fat, subcutis and parts of the dermis were
removed. Subsequently, wounds were generated by removing the epider-
mis and the upper dermis from the centre of the biopsies with a 3 mm
biopsy device. These ex vivo WHM were placed dermis side down on gauze
into culture dishes filled with DMEM supplemented with hydrocortisone,
foetal calf serum, penicillin/streptomycin and cultured on ‘air-liquid inter-
face’ for up to 48 hrs (10% CO2, 37°C). This time period was evaluated in
previous experiments to show most pronounced effects. Five microlitres of
peptide (0.6 mM) or PBS, respectively, were applied into each WHM
directly after wounding and treatment was repeated after 24 hrs. The sam-
ples were then snap-frozen in isopentane pre-cooled in liquid nitrogen and
stored at —80°C. Cryostat sections (6 wm) of the middle of each WHM were
HE-stained for evaluation. Reepithelization at both wound margins from
two different sections was appraised using a DMLS light microscope
(Leica GmbH, Wetzlar/ Germany) and evaluation performed as previously
described [19].

© 2011 The Authors
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Cell migration assays

Cells were seeded at 1 x 10° (keratinocytes) or 0.8 X 108 (fibroblasts)
cells in 12-well plates and grown to confluency. Cell proliferation was
inhibited by x-ray radiation (30 Gray). Peptide treatment was performed for
1.5 hrs in serum-free medium, followed by introduction of a scrape wound
of around 500 pwm using a 100 pl pipette tip. Migration was monitored
over the following 48 hrs and the cell scratch width was measured using
ImagedJ software (NIH). Peptide treatment (0.06 mM for non-diabetic cells,
0.6, 0.06 and 0.006 mM for diabetic cells) was repeated every 24 hrs to
maintain peptide efficacy as we have previously shown that Gap27 loses its
GJ inhibitory capacity after 12 hrs in culture [12]. Three-dimensional cul-
tures were similarly treated and analysed as previously described [12].

Cell proliferation assays

Cells were grown on cover slips to confluent monolayers, scratched and
treated with Gap27 (0.06 mM for non-diabetic cells, 0.6, 0.06 and 0.006
mM for diabetic cells) or PBS every 24 hrs. Cells were fixed at 24, 48 hrs
and 72 hrs after wounding and immunostained for Ki67. Proliferation was
determined by counting Ki67™" cells at the scratch margins in comparison to
total cell number. Three visual fields per sample were counted for evaluation.
In WHM, the proportion of Ki67" cells compared to the total number of
cells was determined at wound margins, in the regenerating epidermis and
in unaffected epidermis.

Propidium iodide uptake assays

Dye uptake assays were performed by a method modified by those
reported by Contreras et al., Braet et al. and Schalper et al. [20-22]. Cells
were seeded on cover slips placed in 24-well plates at 5 X 10 cells (ker-
atinocytes) or 2.5 X 10* cells (fibroblasts) per well and grown overnight.
These low cell numbers resulted in scattered localization of the cells and
widely prevented formation of cell-cell contacts. Prior to dye uptake exper-
iment cells were treated with Gap27 or Gap18, respectively (0.06 mM), for
1 hr in low Ca®"-medium. Stock solutions of dyes were prepared in
Cca?*/Mg?*-free PBS, diluted in keratinocyte basal medium (KGM-2 with-
out supplements) or serum-free RPMI to their final concentration (2.5 mM
propidium iodide, 0.1 wM calcein-AM (Invitrogen GmbH, Karlsruhe/
Germany), 25 mM TRITC dextran (4 kD [Sigma-Aldrich, Steinheim/
Germany]) and added to the cells for 5 min. at room temperature.
Subsequently, cells were washed with PBS containing Caz*/Mg2+ to shut
the hemichanels and evaluated immediately; the number of labelled cells
was determined. Experiments were repeated in triplicate per setting and on
three separate occasions.

Ex vivo dye transfer experiments
and image analysis

Directly after wounding, WHM were treated with PBS or 0.6 mM Gap27 or
Gap18, respectively, and incubated for 1 hr. Afterwards, substances were
removed from the wounds via pipette and Lucifer Yellow (Sigma-Aldrich,
4%w/v in PBS) and TRITC dextran (Sigma-Aldrich, 25 mg/ml) applied to
the wounds followed by 5 min. of incubation. Dye spread was examined by
using Axiophot Il fluorescence microscopy (Zeiss, Go6ttingen/Germany).

© 2011 The Authors
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Gain and exposure time were kept constant during image acquisition.
Digital RGB images were analysed using ImageJ software (NIH). By apply-
ing the ‘segmented lines’ tool the extent of dye transfer or ‘travelling dis-
tance’ was aligned individually for each image and an intensity graph
across that range was generated. A grey level intensity below 50% of the
highest intensity (wound margin) was arbitrarily taken as the limit to which
Lucifer Yellow had spread. Four sections were analysed from each WHM.

Immunofluorescence

Immunostaining was performed as previously described (for tissues and
cultured cells see [6], for organotypic models see [15]). Antibodies were
used as follows: Anti-Cx43 (clone C13720, Transduction Laboratories,
Lexington, KY, USA; 1:50 (cells and tissue), polyclonal Cx43 antibody,
kindly provided by Dr. E Rivedal [12] 1:500 (3D organotypic)), anti-Ki-67
(clone M7240, DAKO, Glostrup/Denmark) 1:50 (tissues), 1:20 (cells).
Nuclei were stained with DAPI (1:1500 in PBS).

Western blot analysis

Cultured cells were washed with PBS and subsequently lysed in buffer
containing 1% v/v NP-40, 0.5% v/v deoxycholate, 0.1% w/v SDS, 5 mM
ethylenediaminetetraacetic acid, 140 mM NaCl, 50 mM Tris pH 8.0 and a
cocktail of protease inhibitors. Equal amounts of total protein were sepa-
rated by SDS-PAGE and transferred to nitrocellulose. After blocking for
1 hr with 5% w/v dry milk powder in tris-buffered saline + tween 20 (TBST)
buffer, membranes were probed with the antibodies as follows: Anti-a
tubulin (clone CP06, Calbiochem, Gibbstown, NY, USA) 1:300, anti-Cx43
(clone C13720) 1:250, anti-Phospho-Cx43 (#3511, Cell Signaling
Technology, Danvers, MA, USA) 1:100. For detection, horseradish peroxi-
dase coupled secondary antibodies directed against mouse or rabbit,
respectively, were used (1:5000, Dianova, Hamburg, Germany).

Statistical analysis

Statistical tests were performed on data using one-way analysis of variance
with Student’s t-test (paired and unpaired) and Dunnett’s post-test as
appropriate. Statistical significance was inferred at P < 0.05.

Results

Beneficial effect of Gap27 on reepithelization
in 3D skin models

To date beneficial effects of Gap27 on WH were only demonstrated
in 2D monocultures and in a mouse 3D organotypic model [15].
To further investigate the influence of Gap27 in 3D systems of
higher mammals, wound closure of in vitro human organotypic
models and ex vivo total skin wound healing models (WHM) was
monitored after treatment with Gap27 or a control peptide. Gap27
significantly accelerated wound closure in human organotypic
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Fig. 1 Effect of Gap27 on wound closure in human in vitro organotypic models and porcine ex vivo WHM. (A), (B) Following scratching of the epider-
mal layer, migration rates of cells closing the in vitro wound in human organotypic models were significantly increased over 3 days by 0.1 mM Gap27.
(C) Comparison of reepithelization in porcine WHM treated with 0.6 mM Gap27 or Gap18, respectively, normalized to PBS-treated control models
48 hrs after wounding (pw). (D), (E) Haematoxylin and eosin staining of frozen sections of WHM treated with PBS (D) and 0.6 mM Gap27 (E) 48 hrs
after wounding. Note the clearly extended regenerating epidermis in the Gap27-treated model. (F) Comparison of the proportions of proliferating cells
at the wound margins and in the regenerating epidermis of WHM treated with 0.6 mM Gap27 or Gap18, respectively, normalized to PBS-treated
control models. (G) Areas in which keratinocyte proliferation was quantified by counting Ki67" cells: unaffected epidermis, wound margin, regenerating
epidermis (n = 9; *P < 0.05, values represent mean = S.E.M. Scale bar = 50 pm.).

models at 24, 48 and 72 hrs (Fig. 1A, B) as well as in porcine WHM  results were also found in human WHM but due to the low sample
at 48 hrs (Fig. 1C-E). The doses used (0.1 mM for organotypic  number without statistical significance (data not shown).

models, 0.6 mM for ex vivo models) have been defined before to Investigation of Ki67" cells in porcine WHM revealed a
be most effective ([12], [15]; unpublished data Hamburg). Similar  significantly higher rate of proliferating cells in the regenerating
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epidermis after treatment with 0.6 mM Gap27 compared to
control models (Fig. 1F). It had no significant effect on ker-
atinocyte proliferation at wound margins (Fig. 1F) and in areas
of the epidermis distant from the wound (‘unaffected epider-
mis’; data not shown).

Gap27 decreases connexin mediated signalling
events in WHM

In order to investigate the effect of Gap27 on spread of a fluores-
cent dye which is able to pass through GJ channels as well as
hemichannels (CxHcs) [4, 20], the extent of Lucifer Yellow (LY)
spread into the porcine WHM epidermis was examined following
exposure to Gap27, the control peptide Gap18 or PBS for 1 hr.
This revealed a significantly reduced spread of LY into the
epidermis of WHM treated with Gap27 compared to control
(Fig. 2A=C). To check whether the first cells at the wound mar-
gins were damaged and were therefore able to take up LY and
pass it to other epidermal cells via GJ channels, TRITC dextran
was additionally applied to the wounds. TRITC dextran entered
(damaged) cells at the wound margins but due to its molecular
mass (4 kD) had restricted permeability and was unable to dif-
fuse into other cells via GJs and was therefore only detectable in
cells at the wound margins (Fig. 2B, C). Therefore, the LY dye
spread can be mediated by GJ channels. However, as LY can
pass through CxHcs the dye spread can also reflect the uptake of
LY via hemichannels.

Gap27 influences hemichannel function
in cultured keratinocytes and fibroblasts

The dye spread experiment described above in WHM cannot dis-
tinguish between GJIC from cell to cell and the release and uptake
of dyes to and from the extracellular space reflecting communi-
cation via CxHcs. We have recently determined that Gap27 is able
to attenuate GJIC in human keratinocytes and fibroblasts [12]. In
addition, it is an effective inhibitor of CxHxs in endothelial and air-
way cells [2]. In order to analyse whether Gap27 also affects
Cx43 hemichannels in skin cells we investigated dye uptake of the
cationic probe propidium iodide. Significantly less propidium
iodide positive cells were found in Gap27-treated fibroblast and
keratinocyte cultures compared to Gap18 treated or untreated
cells, strongly suggesting that Gap27 affects Cx43 hemichannels
in skin cells (Fig. 2D, E). To control for cell viability which might
influence the uptake of dye tracers the 4 kD TRITC dextran which
cannot pass through intact plasma membranes and is therefore
only found in damaged cells was used. In addition, we used the
membrane-permeant dye calcein AM which can enter cells
through the plasma membrane. The absence or presence of both
dye tracers was similar in all cell cultures indicating the specific
influence of Gap27 on CxHcs (Fig. 2D, E).

© 2011 The Authors
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Gap27 accelerates migration and proliferation
in infant and adult human skin cells

Formation of granulation tissue followed by reepithelization is
important for effective wound closure. Accordingly, migration of
fibroblasts and keratinocytes is crucial in the WH process.

Cell cycle arrested fibroblasts and keratinocytes of different donor
age were treated with PBS or Gap27 (0.06 mM) shortly before the
introduction of a scratch wound. Enhanced cell migration occurred
ininfant fibroblast cultures and in adult fibroblasts, although this was
less pronounced (Fig. 3A, B). Infant and adult keratinocytes also
showed significantly accelerated migration (Fig. 3C, D).

Furthermore the number of proliferative cells at the wound
margins after scratch wounding was clearly increased in infant
and adult non-diabetic fibroblasts and keratinocytes treated with
Gap27 (Fig. 4A-D).

Diabetic cells are less susceptible to Gap27

Strikingly, migration of fibroblasts and keratinocytes derived from
diabetic donors, maintained in euglycaemic conditions, was less
susceptible to treatment with 0.06 mM Gap27 in passages 2 to 5
(early passages, Fig. 3E, F). Increasing the dose of peptide to
0.6 mM had no effect on migration rates (data not shown). The
same was true for lower concentrations (0.006 mM, data
not shown). However, this observation changed during longer
cultivation: In late passages (passages 12 to 15) exposure to
0.06 mM Gap27 also led to enhanced migration rates in cells of
diabetic origin (Fig. 3G, H).

Similar results were observed for proliferation. Cell cultures of
diabetic origin were less susceptible to Gap27 in early passages
while proliferation significantly enhanced at scratch margins
following treatment with Gap27 in late passages (Fig. 4E-H).

Cx43 protein levels, localization and
phosphorylation is not altered in diabetic cells

To elucidate the putative causes for differences between non-
diabetic and diabetic cells in early passages concerning cell migration
and proliferation we investigated Cx43 protein levels, localization
and phosphorylation status. Cx43 localization was reduced at
wound margins in the 3D organotypic cultures (Fig. 5A, B) and in
agreement with our previous work [6] a similar effect was seen in
our ex vivo WHM (Fig. 5C). Following exposure to Gap27 this
reduction at the wound margins in the WHM was maintained
(Fig. 5D). Similar effects were seen in the organotypic models (not
shown). Immunoflourescent analysis determined that the localiza-
tion of Cx43 was the same in control and diabetic keratinocytes
(Fig. 5E and F) and fibroblasts (not shown). Western blot analysis
indicated similar levels of Cx43 protein expression between the
different cell groups (Fig. 5G, H).
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Fig. 2 Effect of Gap27 on dye transfer and dye uptake.

A (A) Statistical evaluation of Lucifer yellow dye spread
1hGap27 - into the epidermis of ex vivo WHM directly after
wounding (0 hr) and after 1 hr of incubation with PBS,

* 0.06 mM Gap18 or 0.06 mM Gap27, respectively

(n=6; *P < 0.05, values represent mean + S.E.M.).

1hGap18 — - % (B, C) Fluorescence microscopy of the dye spread of

Lucifer Yellow (green) and TRITC dextran (red) into
wound edges of WHM after 1 hr of incubation with
1hPBS __ Gap18 (B) or Gap27 (C) (Scale bar = 50 pm).
(D, E) Investigation of Cx-hemichannel permeability:

Proportion of tracer positive cells (left: propidium

oh _ iodide, middle: Calcein AM, right TRITC Dextran; (D)
fibroblasts (E) keratinocytes) normalized to the total
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Phosphorylation of the serine residue 368 on the carboxyl tail  Diabetic cells show reduced hemichannel function
of Cx43 has previously been shown to be involved in GJIC [23, 24]

and WH [25]. Indeed, application of Gap27 for 24 hrs resulted in A significantly lower number of fibroblasts and keratinocytes of
an induction of Cx43 phosphorylation at serine residue 368 in  diabetic origin showed uptake of propidium iodide via Cx
non-diabetic cells of young and adult donors. However, this was  hemichannels in comparison to control cells (Fig. 6A, B). These
also observed in diabetic cells (Fig. 5G, H). results suggest that, despite similar Cx43 protein levels and
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Fig. 4 Effect of 0.06 mM Gap27 on fibroblast and keratinocyte proliferation. Human primary infant and adult non-diabetic and adult diabetic fibroblasts
and keratinocytes were grown to confluence on cover slips, scratch wounded and cultured in the presence of PBS or Gap27, respectively. Cover slips
were fixed after 24, 48 and 72 hrs and immunostained for Ki67. The amount of proliferating cells at scratch margins was counted and normalized to
the total amount of cells in the visual field. Effect of Gap27 on proliferation of (A, C) infant, (B, D) adult non-diabetic fibroblasts (A, B) and keratinocytes
(C, D), respectively. Effect of Gap27 on proliferation of adult diabetic fibroblasts (E, G) and keratinocytes (F, H) in early (E, F) or late passages (G, H),
respectively (n = 10; (fibroblasts) n = 14 (keratinocytes) *P < 0.05, **P < 0.01, values represent mean = S.E.M.).

Fig. 5 Cx43 protein levels, localiza-
tion and serine368-phosphorylation
in organotypic cultures, ex vivo WHM
and cell cultures. (A) Phase contrast
image showing a scratch wound
in a human organotypic model.
(B) Z-stacks of Cx43 staining of
unwounded and wounded organ-
otypic models showing the natural
Cx43-down-regulation at the lip
of wound. (G, D) Effect of Gap27
on Cx43 localization in WHM.
Immunofluorescence microscopy
of porcine WHM showing the
immunolocalization of Cx43 at the
wound margins in the presence of
PBS (C, C’) or 0.6 mM Gap27 (D, D’)
18 hrs after wounding [(C, D) epiflu-
orescence; (C', D’) overlay of epiflu-
orescence and phase contrast
pictures]. Note the down-regulation
at wound margins in PBS- and
Gap27-treated models (Scale bar =
50 wm). Immunolocalization of Cx43
in non-diabetic (E) and diabetic (F)
keratinocyte cultures. Western blot
analysis of (G) keratinocytes and (H)
fibroblasts of different origin that
were cultured in the presence (+) or
absence (-) of 0.06 mM Gap27 for
24 hrs with antibodies specific for
Cx43 and Cx43 phosphorylated at
serine residue 368 (PS368-Cx43).
Equal amounts of proteins were
loaded and «-tubulin was used as gel
loading control (representative blots
of four replicated experiments). Note
the similar amounts of Cx43 in cells
of different origin and the influence
of Gap27 on Cx43 phosphorylation
while total amounts of protein were
not altered (ndiab: non-diabetic adult
cells, diab: diabetic adult cells).

© 2011 The Authors
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Fig. 6 Propidium iodide (PI) uptake in keratinocytes and fibroblasts of non-diabetic and diabetic origin. Proportion of PI* fibroblasts (A) and
keratinocytes (B) of different origin normalized to the amount of PI* cells of non-diabetic origin (ndiab: non-diabetic cells, diab: diabetic cells).
Proportion of PI* fibroblasts (C) and keratinocytes (D) of different origin after treatment with 0.06 mM Gap18 or 0.06 mM Gap27, respectively, nor-
malized to the amount of PI™ untreated control cells (n = 9, *P < 0.05, **P < 0.01, values represent mean = S.E.M.).

localization of Cx43 at points of cell to cell contact, there are dif-
ferences in hemichannel functionality between cells of different
origin. Exposure of non-diabetic cells to Gap27 significantly
reduced dye uptake compared to treatment with the control pep-
tide Gap18, confirming hemichannel activity. By contrast dye
uptake was only slightly reduced by treatment with Gap27 in cells
of diabetic origin (Fig. 6C, D). Control experiments determined no
significant changes for calcein and TRITC dextran staining (data
not shown).

Discussion

In the present work we show for the first time that the Cx43
mimetic peptide Gap27 enhances wound closure of 3D tissues, i.e.
in vitro organotypic models and ex vivo WHM of higher mammals
and inhibits connexin mediated dye spread in WHM. Additionally,
Gap27 increases not only human infant but also adult keratinocyte
and fibroblast migration. Furthermore, we also demonstrate an
effect of Gap27 on skin cell proliferation ex vivo and in vitro.

870

Surprisingly, cells derived from diabetic patients showed an
impaired susceptibility to Gap27 treatment resulting in little
change in migration or proliferation in the early passages of cul-
tures, revealing putative differences in the role of Cx43 in wound
repair in diabetic and non-diabetic cells.

Gap27 accelerates wound closure in WHM
and enhances cell proliferation and migration

The acceleration of wound closure in human organotypic models
and porcine/human WHM after application of Gap27 reinforces our
previous 2D in vitro findings in human and mouse keratinocytes
and fibroblasts [12, 15]. Further, this data fits well with findings of
Qiu et al. and Mori ef al. who treated wounds in mouse skin with
Cx43-specific antisense gel and observed enhanced wound closure
[9, 10]. Additionally, Cx43-deficient mice have been shown to
exhibit accelerated wound closure compared to wild-type controls
[11]. These results indicate that, despite the difference in epidermal
Cx expression profiles that exists between species [26, 27], down-
regulation of Cx43 function is universally important for WH.

© 2011 The Authors

Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



To identify putative mediators for accelerated WH following
Gap27 treatment, we investigated cell proliferation and migration
events. We observed an increased number of proliferating ker-
atinocytes in the regenerating epidermis of Gap27-treated WHM.
In addition, we found elevated numbers of proliferative cells at
margins of scratch wounds of infant and adult keratinocytes and
fibroblasts treated with Gap27. The peptide did not affect the pro-
liferation of cells distant from the wound in WHM, indicating that
observations were specific and not due to culture conditions.
Gap27 also enhanced Ki67 staining in mouse epidermal models
(Martin et al., unpublished observations). The present data also
agree with Mori et al. showing that the application of Cx43 anti-
sense gel leads to enhanced keratinocyte proliferation in the
regenerating epidermis of mice [10].

In order to specifically address Gap27 effects on migration,
cells were cell cycle arrested. Enhanced migration occurred in both
infant and adult skin cells following exposure to Gap27. Similar
effects have previously been reported in non-proliferation inhibited
human foreskin keratinocytes and fibroblasts treated with Gap27
[10, 12] and a non proliferation-inhibited murine fibroblast cell line
(3T3 cells) treated with Cx43 antisense gel [10]. These data further
re-enforce the concept that connexin mediated signalling events
play an important role in modulating cell movement. Indeed, Cx43
has recently been shown to be directly involved in cell migration by
mediating adhesion of neuronal cells [28]. The impact of Gap27 on
mediating such events remains to be explored.

Taken together with other published data our data show that
both, targeting Cx43 at the RNA-expression level and at the pro-
tein-function level, results in increased proliferation and migration
and that Gap27 influences adult as well as infant cells.

Gap27 influences Cx43-Ser358-phosphorylation

and hemichannel function but not expression
and localization

In order to elucidate the molecular mechanism of Gap27 action in
human skin cells we investigated its impact on Cx43 protein
expression and localization, phosphorylation status and
hemichannel activity. Protein levels and the spatial localization of
Cx43 were not influenced by Gap27, agreeing with previous
reports in vascular cells and murine and human keratinocytes [14,
15]. This suggests that down-regulation of Cx43 mediated sig-
nalling events but not loss of the protein is important for normal
WH, irrespective of the cell type and species.

Dynamic changes in the phosphorylation status of Cx43 at
serine residue 368 were demonstrated to be associated with WH:
24 hrs following scratch wounding a dramatic increase in Ser368
phosphorylation is reported to occur in proliferating human fore-
skin keratinocytes near to the wound edge [23, 25]. In the present
work we show that exposure of both fibroblasts and keratinocytes
to Gap27 for up to 48 hrs enhanced cell proliferation at wound
margins. In monolayer cultures of infant and adult keratinocytes
and fibroblasts of non-diabetic origin this correlated with

© 2011 The Authors
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enhanced Ser>® phosphorylation. This novel observation sug-

gests a further mode of action of Gap27 peptide and may be
important as phosphorylation of serine 368 is associated with
specific cell growth mediated events and the functional status of
GJ channels [29]. Thus, the Ser’%® phosphorylation observed here
may provide a further explanation for the effect of Gap27 on GJIC
in skin cells that we previously reported [12, 15].

However, evidence continues to emerge that Cxs are also
directly involved in controlling cell growth, death, differentiation
and gene expression in a GJIC independent manner [30, 31]. Itis
well established that connexin mimetic peptides block CxHcs
faster than GJ channels [2]. Accordingly, we looked for an effect
of Gap27 on hemichannel function. Indeed Gap27 profoundly
reduced hemichannel function in non-diabetic cells. Thus, Cx43-
mimetic peptide Gap27 influences Cx43 channel and hemichannel
function in non-diabetic skin cells.

Diabetic and non-diabetic cells have different
susceptibilities to Gap27

We observed clear differences in the susceptibility of diabetic
keratinocytes and fibroblasts to Gap27 compared to cells of non-
diabetic origin. Peptide treatment did not lead to enhanced migration
and proliferation in cells derived from diabetic patients, suggesting
a ‘diabetic phenotype’ in these cells. Prolonged cultivation
increased their susceptibility to Gap27 to the extent that was com-
parable to that of non-diabetic cells. These observations suggest
that diabetic cells exhibit a memory of their origin but loose this
phenotype over time in culture. This is also supported by the
observation that cells of diabetic origin in early passages showed
strongly reduced proliferation in comparison to non-diabetic cells
while in later passages this phenomenon was less pronounced. An
influence of diabetic origin on the behaviour of fibroblasts and ker-
atinocytes has been described before [32, 33]. It is thought that
systemic alterations such as hyperglycaemia and impaired insulin
signalling may be directly involved in the development of chronic
complications of diabetes by impairing glucose utilization, prolif-
eration and differentiation of skin cells [34]. Indeed these factors
need to be considered when ultimately defining peptide efficacy.
Seeking explanations concerning the altered susceptibility of
diabetic versus non-diabetic cells to Gap27 treatment we investi-
gated Cx43 protein levels, localization and phosphorylation at serine-
residue 368 and hemichannel function. Akin to mRNA levels [33],
Cx43 protein levels were similar in diabetic and non-diabetic cells
and were not changed by Gap27 treatment. In addition, we also
observed an up-regulation of SerSBS-phosphoryIation by Gap27 in
diabetic cells comparable to non-diabetic cells. This suggests that
phosphorylation-mediated alteration of GJIC is not the (only)
cause for Gap27 influence on cell migration and proliferation in
non-diabetic cells and that it does not account for the differences
observed between diabetic and non-diabetic cells. Indeed,
Abdullah et al. showed even higher rates of GJIC in human skin
fibroblasts of diabetic origin which demonstrates the complexity
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of the system [35]. Therefore GJIC-independent causes must be
taken into account. In fact, when focusing on hemichannel
function we found decreased hemichannel permeability in diabetic
keratinocytes and fibroblasts compared to non-diabetic cells. In
addition, Gap27 which profoundly reduced hemichannel function
in non-diabetic cells had only marginal impact in cells of diabetic
origin. Therefore altered Cx43 hemichannel function might be one
important cause for impaired susceptibility of diabetic cells for Gap27.

Implications for the treatment of (chronic) wounds
with Gap27

Accelerating ‘normal’ acute WH could be clinically relevant for
example in conditions of cosmetic surgery, since treatment with
Cx43 specific antisense DNA has been shown to be associated
with reduced scarring as well as accelerated WH [10, 36]. Another
putative application area may be burn wounds, especially when
covering large areas, because an accelerated healing of these
wounds should reduce complications such as infections.

Since Cx43 expression is not down-regulated at chronic wound
margins [6] it is tempting to suggest that targeting of Cx43 with
Gap27 could also be a new and promising approach for the treat-
ment of chronic wounds. This is further supported by our findings
that application of Gap27 is not only beneficial for human infant
skin cells but also for adult cells, which is of importance as
patients with chronic wounds are usually older. Future work will
need to carefully consider how to apply the peptide to an open
wound. In recent reports, Mori et al. have successfully applied
Cx43 specific antisense DNA to wounds embedded in a pluronic
gel. An approach similar to this is envisaged [10].

However, our results suggest a limitation of Gap27 treatment
for diabetic wounds and open intriguing questions of the role of
Cx43 in diabetic WH. Further studies simulating the diabetic envi-
ronment by culturing cells in hyperglycaemic/insulinaemic condi-
tions may further elucidate these effects. It has been shown for
other cell types, including cardiovascular cells, microvascular and
retinal endothelial cells, that Cx43 expression, phosphorylation,
functionality and degradation is altered under different glucose
conditions [37-39] and preliminary results confirm this also for
cultured keratinocytes and fibroblasts (data not shown). Diabetic
hyperglycaemia is reported to directly affect the motility of ker-
atinocytes and dermal fibroblasts, and further contributes to
impaired WH and ulceration by glycation of extracellular matrix
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