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Staphylococcus aureus impairs cutaneous wound healing by activating
the expression of a gap junction protein, connexin-43 in keratinocytes
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Abstract

Chronic wounds have been considered as major medical problems that may result in expensive healthcare. One of the com-
mon causes of chronic wounds is bacterial contamination that leads to persistent inflammation and unbalanced host cell
immune responses. Among the bacterial strains that have been identified from chronic wounds, Staphylococcus aureus is
the most common strain. We previously observed that S. aureus impaired mouse cutaneous wound healing by delaying re-
epithelialization. Here, we investigated the mechanism of delayed re-epithelialization caused by S. aureus infection. With
the presence of S. aureus exudate, the migration of in vitro cultured human keratinocytes was significantly inhibited and
connexin-43 (Cx43) was upregulated. Inhibition of keratinocyte migration by S. aureus exudate disappeared in keratinocytes
where the expression of Cx43 knocked down. Protein kinase phosphorylation array showed that phosphorylation of Akt-S473
was upregulated by S. aureus exudate. In vivo study of Cx43 in S. aureus-infected murine splinted cutaneous wound model
showed upregulation of Cx43 in the migrating epithelial edge by S. aureus infection. Treatment with a PI3K/Akt inhibitor
reduced Cx43 expression and overcame the wound closure impairment by S. aureus infection in the mouse model. This may
contribute to the development of treatment to bacterium-infected wounds.
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Introduction

Unlike most regular wounds, chronic wounds are a com-
mon and costly clinical problem due to their unpredictable
amount of healing time. 1-2% of Americans are estimated
to develop chronic wounds within their lifetime and related
annual healthcare spending is upwards of $32 billion [1].
Chronic wounds were long recognized to be caused by sev-
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in these wounds and mounting literature suggests that
they are prime actors in the creation and maintenance of
chronic wounds [2-5]. Like other known bacterial infection-
related diseases, chronic wounds are persistent, unrespon-
sive to antimicrobial therapy and resistant to host immune
eradication.

Among a number of bacteria that can colonize chronic
wounds, Staphylococcus aureus, Pseudomonas aeruginosa,
p-hemolytic streptococcus, and anaerobes are the most
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common causes of delayed healing [6]. S. aureus is the pre-
dominant strain of these chronic wound-associated bacteria
[7]. As a Gram-positive coccus, S. aureus is known to colo-
nize the wound beds with the assistance of secreted pro-
teases and toxins [8]. However, a few authors have explored
the mechanism of the impairment caused by the presence of
bacterial infection.

Most typical chronic wounds have an essential feature:
lacking the ability in epidermis restoration, which is pri-
marily directed by the migration of keratinocytes. Introduc-
ing bacterial infections in the wound disrupts the balance
in re-epithelialization and increases the complexity of the
factors determining the migration of keratinocytes. Several
studies suggest that colonization of bacteria in the wound
bed results in excessive inflammation producing a great
amount of pro-inflammatory factors [9, 10]. However, fully
colonized bacteria may produce an extracellular polymeric
substance (EPS) to protect themselves from being eliminated
by immune cells [4] which consequently leads to prolonged
bacterial clearance resulting in a non-healing chronic wound.

The migration of keratinocytes in epidermal wounds was
described as the collective movement of a group of cells in
the in vivo [11-13] and in vitro models [14]. During cell
migration, a number of cell—cell junction proteins demon-
strated a similar expression pattern including cadherin [13],
occludin [12], and connexins [11]. Earlier studies suggested
that connexins are involved in keratinocyte migration in
wounded sites [15].

Connexins (also known as gap junction proteins, GJPs)
are a large family of transmembrane proteins that have both
channel dependent and independent functions and play a role
in cell growth, differentiation, and signaling. A wide variety
of connexins have been identified from cells in different tis-
sues including skin. The roles of these various types of con-
nexins in the skin are not completely clear, but the impor-
tance of these connexins has been recognized, since many
of them are associated with skin diseases, such as hystrix-
like ichthyosis with deafness, keratitis-ichthyosis-deafness
syndrome, Vohwinkel syndrome, and erythrokeratodermia
variabilis [16—19].

Among all the connexins detected in skin, Cx43 is the
subtype most prominently expressed in epidermis and has
been shown to impact keratinocyte proliferation, migration,
and differentiation [20]. In normal wound healing, Cx43 is
downregulated at the skin margins early in the process mark-
edly reducing the number of gap junctions and enabling cell
migration [20-22]. Knockdown of Cx43 expression by gene
knockout or Cx43 antisense oligonucleotide was shown to
accelerate wound closure in mouse epidermis [23, 24]. Con-
versely, Cx43 has been shown to be upregulated in human
chronic lower extremity ulcers and diabetic wounds, suggest-
ing that downregulation is vital to normal wound healing and
that dysregulation of this channel protein is involved in the
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delayed closure observed in chronic wounds [25-27]. Under-
standing the mechanism of this dysreguation will lead to
better understanding of how bacterial infections subvert the
normal wound-healing scheme and give rise to new thera-
peutic targets for wound healing.

Considering the facts that Cx43 is involved in the migra-
tion of several types of cells [28-30] and S. aureus is found
to impair wound closure [31], we investigated the relation-
ship between the presence of S. aureus and Cx43 regulation
in keratinocytes using both an in vitro cell migration model
and an in vivo mouse cutaneous wound repair model. We
also explored the possibility of manipulating wound closure
of S. aureus-infected cutaneous wounds by interrupting the
pathway for Cx43 production. Our work thus far sheds light
on a mechanism for impaired wound closure observed in S.
aureus-affected wounds and a candidate topical therapy that
may improve the management of bacteria-affected wounds.

Materials and methods
Bacterial preparation

UAMS-1, a clinical S. aureus isolate, was grown on tryp-
tic soy agar overnight. A single colony was selected and
cultured in tryptic soy broth at 37 °C until the exponential
growth phase was achieved. Bacteria were then centrifuged
and resuspended in phosphate-buffered saline (PBS).
Exudate from in vitro grown S. aureus was prepared with
a microfluidic platform based moderate-throughput in vitro
BioFlux 200 system (Fluxion Biosciences, South San Fran-
cisco, CA) that is based on a microfluidic platform [32, 33].
This system allows the growth of bacteria in vitro mimicking
host physiological conditions. Continuous culture medium
perfusion was created in this system to support the growth
of S. aureus. Meanwhile, the metabolic end products of S.
aureus were removed at a low shear force. To enhance the
attachment of S. aureus to the system, each flow channel of
the BioFlux microplate was coated with 10 pg/ml human
collagen type I (BD Bioscience, Bedford, MA) overnight at
4 °C prior to the inoculation of bacteria. The concentration
of S. aureus inoculation was diluted to 0.1 of OD600. Fifty
microliters of diluted S. aureus suspension was inoculated
in the BioFlux 200 system. The inoculated S. aureus was
allowed to grow in the system for 2 h. Thereafter, a brain
heart infusion (BHI) medium supplemented with 1% glucose
and 2% sodium chloride was applied to the system with a
shear flow rate at 0.55 dyn/cm?. The system was incubated
at 37 °C overnight to create a S. aureus bacterial film in
each channel. After the bacterial film was formed, 500 ml of
medium flow-through was collected as exudate of in vitro S.
aureus culture and filtered with 0.22 um Bottle Top Vacuum
Filter (Corning Inc., Corning, NY) to remove the bacteria
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and debris. The collected medium was concentrated with
3 K MWCO Pierce™ Protein Concentrator (ThermoFisher
Sci. Waltham, MA) and re-dissolved in 1 ml of PBS.

Keratinocyte migration assay

An immortalized human keratinocyte cell line, HaCaT, was
used for the keratinocyte migration assay. HaCaT cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
medium-containing 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. HaCaT cells were seeded on
12-well culture plates at a density of 5x 10° cells per well
and allowed to reach 95% confluence. Cells were treated
with 10 pg/ml of mitomycin C for 3 h followed by a wash
with PBS.

To monitor keratinocyte migration, a fresh medium was
added to each well and a single scratch was created with a
micropipette tip across the center of the cell sheet. Photos
were taken of the gap in each well under the microscope
immediately after the creation of the scratch (time 0). Photos
for each well were taken at five spots along the scratch and
the spots were marked at the back of the plate. Medium in
each well was then removed and PBS was added to wash the
cell sheet and remove the floating cells. After the removal
of PBS from each well, a fresh culture medium with 0.2%
PBS (Control) or S. aureus exudate (SaE) was added in each
well. The plate was incubated at 37 °C with 5% CO, for 16 h.
Photos for the scratch in each well at the marked spots were
taken again after 16-h incubation. The closure rate of each
scratch on each cell sheet was calculated with the equation
Gap closure rate = (GO — G16)/GO0, where GO is the area
of the gap in each photo at time 0 and G16 is the gap area
at 16-h post-incubation. The area of each gap was measured
with Image] [34].

To analyze the expression of Cx43 in migrating keratino-
cytes under the challenge of S. aureus exudate, we created
scratch grids on each cell sheet. The width of each scratch
was approximately 500 um and the distance between two
scratch marks was 500-1000 pum. Cells were treated with
DMEM containing 0.2% PBS or S. aureus exudate for 1 or
2 days. Six replicates were harvested at each time point for
RNA extraction. The relative expression levels of Cx43 in
PBS- or SaE-treated cells at each time point were compared
using quantitative PCR. Primers for Cx43 and internal refer-
ence (GAPDH) are listed in Table 1.

Cx43 knockdown in HaCaT cells using RNA
interference (RNAi)

Functional analysis for Cx43 in keratinocytes was accom-
plished by RNAi. Short hairpin RNA (shRNA) was designed
based on the mRNA sequence of human Cx43 (Table 2) and
the validated shRNA sequence from the Millipore-Sigma

Table 1 gPCR primers used in this study.

Targeting gene Sequence

GAPDH Forward
5" TGTTGCCATCAATGACCCCTT-3’
Reverse
5'-CTCCACGACGTACTCAGCG-3'
Forward
5'"TCAAGCCTACTCAACTGCTGG-3'
Reverse

5" TGTTACAACGAAAGGCAGACTG-
3 r

Cx43

Table 2 Sequence information used for RNAi

Targeting gene Sequence

Cx43 Forward:

5'-CCGGGCCCAAACTGAT
GGTGTCAATCTCGAGATT
GACACCATCAGTTTGGG(

TTTTTG-3'

Reverse:

5'-AATTCAAAAAGCCCAA
ACTGATGGTGTCAATCTC
GAGATTGACACCATCAGT
TTGGGC-3'

MISSION® shRNA database (TRCN0000059773). Dou-
ble-stranded shRNA was synthesized by Integrated DNA
Technologies (IDT DNA, Coralville, IA) and cloned into
pLKO.1 puro lentiviral vector (Addgene, Cambridge, MA).
The production of lentivirus and transduction of lentiviral
particles into host cells were performed according to the
standard protocol specified by Addgene. The selection of
transduced HaCaT cells was achieved by 2 ug/ml puromycin.
The knockdown of Cx43 in HaCaT cells was confirmed by
western blotting.

In vivo S. aureus infection in the mouse splinted
excisional wound model

All the mice used in this study were housed at the Center
for Comparative Medicine (CCM) at the Northwestern
University, Feinberg School of Medicine. Procedures on
experimental mice have been reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC).
8—10-week-old male C57BL/6 mice were obtained (Jackson
Laboratory, Bar Harbor, ME) and housed in temperature and
humidity controlled facility with a 12-h light—dark cycle,
with food and water provided ad libitum. All experiments
were conducted in accordance with the National Institutes
of Health Guide for the care and use of laboratory animals.
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Mice were anesthetized with inhaled isoflurane then
shaved and depilated on the dorsum. A circular silicone
splint with an 8-mm inner diameter was attached to the
dorsal skin using n-butylcyanoacrylate adhesive and then
sutured in place using interrupted 6-0 nylon suture. A ster-
ile, disposable 6-mm punch biopsy instrument was utilized
to mark the boundaries of the wound and iris scissors were
utilized to excise a 6-mm diameter of skin down to the level
of the panniculus carnosus. One wound was created on the
dorsal area of each mouse. Each S. aureus-infected wound
was inoculated with 107 colony-forming units (CFU) of S.
aureus. Sterile control wounds were inoculated with the ster-
ile PBS vehicle. Animals in the intervention group received
a topical wound inoculation of LY294002 (Cell Signal-
ing Technology, Danvers, MA) in DMSO solution, a PI 3
Kinase inhibitor, at the same time as bacterial inoculation
(30 pg/wound). DMSO alone was used as the sham control.
S. aureus-infected control animals received a topical wound
inoculation with DMSO vehicle at the time of bacterial
inoculation. The treatment and control were repeated every
2 days until the mice were harvested. Mouse bacterium-
infected wound was created as previously described [35].
All wounds were covered with a semi-occlusive dressing
(Tegaderm, 3 M, St. Paul, MN). Coban dressing was applied
over the Tegaderm for protection from splint dislodgement.
On the postoperative day (POD) 1, mupirocin ointment was
applied to each wound to eradicate the non-adherent plank-
tonic bacteria and the semi-occlusive dressing and Coban
were replaced. On POD 3 an absorbent, non-adhesive dress-
ing was applied to the wound bed to wick away exudate
and Tegaderm and Coban were replaced. This dressing was
replaced every other day until the day of the wound harvest.

Wounds were harvested on POD 7. After each animal
was euthanized, full-thickness wounds were excised with a
4-mm diameter of unwounded tissue surrounding the wound
bed. Each specimen was fixed in formalin phosphate 10% for
at least 24 h. After appropriate fixation, the wounds were
carefully bisected, paraffin-embedded, sectioned into 5 um
slices, and affixed to glass slides. For the measurements of
epithelial gaps, granulation tissue areas, and newly gener-
ated epidermis during wound closure (neo-epidermis), slides
were stained with hematoxylin and eosin and imaged using
the Nikon Eclipse 50i bright-field microscope (Nikon Instru-
ments, Melville, NY) and measured using ImageJ [36-38].
Five mice were used in each treatment and control group
(n=95).

Immunofluorescence (IF)
Immunofluorescence was used to detect the production of

Cx43 in both keratinocytes and mouse skin. PBS- or SaE-
treated HaCaT cells with a single scratch was washed with
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PBS and fixed in 4% paraformaldehyde at room tempera-
ture for 1 h. Following the removal of paraformaldehyde
and three washes with PBS, cell samples were used for
immunofluorescent staining using rabbit anti-human Cx43
polyclonal antibody (Sigma-Aldrich, St. Louis, MO) at
1:500 dilution in PBS following a standard IF protocol.

IF on animal tissues fixed by 10% formaldehyde was
performed with the 5 um sections. Briefly, the slides with
paraffin-embedded tissue sections were first deparaffinized
with 100% xylene followed by rehydration with serially
diluted ethanol in PBS. Rehydrated sections were then
incubated in antigen retrieval buffer (10 mM Sodium cit-
rate, 0.05% Tween 20, pH 6.0) in a steamer for 20 min.
Samples were then processed following the standard IF
protocol. Cx43 antibody (Sigma-Aldrich) was diluted
1:500 with PBST (PBS containing 0.3% Triton X100),
while the rabbit anti-human pAkt-S473 (Cell Signaling
Technology) was diluted 1:200 with PBST. Secondary
antibodies labeled with Alexa 488 or 594 (ThermoFisher
Scientific) were applied with a 1:400 dilution for cell and
tissue samples. Samples were observed under EVOS® FL
Imaging System (ThermoFisher Scientific) and the images
were taken with the integrated software.

Quantifications were done with the IF images of the
HaCaT cell migration assay. Using the Image] software
[34], the total Cx43 signal intensity of each image was
measured and the total cell number in the same image was
counted. The average Cx43 signal intensity in each cell
was then calculated. The average Cx43 signal intensity
in control group was used as the reference and the fold
change of the average Cx43 signal intensity in S. aureus
exudate-treated group was calculated and used to construct
the bar graph.

Western blotting

Western blotting was used to check the efficiency of Cx43
knockdown in HaCaT cells. Whole-cell extracts were
prepared using radioimmunoprecipitation assay buffer
(50 mM Tris, 150 mM NaCl, 1% Triton X-100, 0.1% SDS,
and 0.5% sodium deoxycholate, pH 7.5). Electrophoresis,
transmembrane blotting, and antibody incubation were
performed following standard protocols. Cx43 antibody
was diluted 1:1000 with PBS containing 0.05% Tween20.
Rabbit anti-human f-actin antibody (Sigma-Aldrich) was
used as an internal reference with a 1:5000 dilution. Horse-
radish peroxidase-conjugated anti-rabbit immunoglobulin
G (IgG) was used as a secondary antibody with a 1:5000
dilution. The signal of each band was translated into the
total intensity by ImageJ. The values of signal intensities
were used to show the difference in gene expression.
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Protein kinase phosphorylation array with HaCaT
cells

Human Phospho-Kinase Antibody Array kit (R&D Sys-
tems) was used to detect the keratinocyte protein kinase
phosphorylation with the stimulation of S. aureus exudate.
Wild-type HaCaT cells were seeded in an 8-well rectangular
dish (ThermoFisher Scientific) and incubated with serum-
free DMEM medium-containing 1% antibiotics at 37 ‘C
for overnight. The scratch grids were created as described
above following the treatment of 10 pug/ml of mitomycin C.
SaE (0.2%) or PBS containing DMEM media was added as
treatment and control respectively. HaCaT cells with both
SaE treatment and control were harvested at 0, 30, 60, and
120 min post-treatment using cell lysis buffer provided by
the kit. The procedures for protein kinase phosphoryla-
tion analysis were done according to the manufacturer’s
instruction. The developed film for each array membrane
was scanned and analyzed using Imagel. The signal inten-
sity for each dot was digitalized by ImageJ] and normalized
with positive controls on each membrane. For each protein
kinase, the relative phosphorylation level was calculated as
the ratio of SaE treatment and control samples. A heat map
of the overall relative phosphorylation levels of all kinases
was constructed using Genesis [39]. The average values of
each kinase were calculated with the four biological repli-
cates of this experiment (n=4).

Statistical analyses

For the comparisons in mRNA abundance (qQPCR), the sig-
nificance in difference was calculated by Student’s ¢ test
analysis. For the multiple comparisons in cell migration
rate (HaCaT migration assay) and wound closure (mouse
splinted wound assay), one-way ANOVAs with post hoc
Tukey’s tests were used. The p values less than 0.05 were
considered to be significantly different. The standard error
of means (SEMs) were used in the figure to represent the
error bars. The number of biological replicates (n) used in
the analyses was described in the relevant figure legends.

Results

Cx43 expression is upregulated in migrating
keratinocytes by S. aureus exudate

In vitro scratch assay showed that the migration of HaCaT
covered 59.9 +2.5% of the gap that was created by the
scratch after 16-h migration in the control condition. A sig-
nificant delay of HaCaT migration was observed by 0.2% S
aureus exudate treatment; 37.8 +2.8% closure (Fig. 1a). IF
staining demonstrated a higher level of Cx43 production in

the cells along the migrating edge of the scratch in the pres-
ence of S. aureus exudate compared to control (Fig. 1b).
gqPCR analysis showed upregulation of Cx43 in HaCaT by
S. aureus exudate at day 1 and day 2 post-scratch, 3.0 +0.31-
and 3.1 +0.51-fold, respectively (Fig. 1c). In addition, the
relative Cx43 protein productions at day 1 post-treatment
were estimated using the IF imaging analysis. The average
Cx43 protein signal in S. aureus-treated HaCaT cells was
5.2 +2.09-fold higher than control HaCaT cells during gap
closure (Fig. 1d).

Delayed migration of keratinocytes by S. aureus
exudate is dependent on Cx43 expression
in keratinocytes

We investigated whether Cx43 mediates the delay of
keratinocyte migration in response to S. aureus exudate.
We knocked down the expression of Cx43 in HaCaT cells
with shRNA carried by lentivirus (Fig. 2a). Western blot
analysis showed that the expression of Cx43 was reduced
by 68% by shRNA mediated knockdown (Fig. 2a). The
in vitro scratch assay showed that the migration of HaCaT
cells was not affected by the Cx43 knockdown (Fig. 2b).
Wild-type and Cx43 knockdown HaCaT cells showed that
56.3+2.7% and 62.1 +2.3%, respectively, of gap closure
(Fig. 2c) at 16-h post-wounding. Treatment of S. aureus
exudate in the culture medium inhibited the migration of
wild-type HaCaT cells (21.8 +7.8% gap closure). Interest-
ingly, the migration of HaCaT was not inhibited by S. aureus
exudate in Cx43knockdown HaCaT, 54.8 +7.1% gap closure
(Fig. 2c). These data suggest that Cx43 is a key molecule
mediating the delay of keratinocyte migration caused by S.
aureus exudate.

Akt and ERK1/2 are involved in the response
of keratinocytes to S. aureus exudate

Previous studies showed that the activation of Cx43 chan-
nels is mediated by kinase phosphorylation [40, 41]. Thus,
we investigated protein kinase phosphorylation by S. aureus
exudate (Fig. 3a). Among the 45 protein kinases tested in
this study, Akt-S473 and ERK1/2 showed consistently
upregulated phosphorylation levels by S. aureus exudate dur-
ing HaCaT cell migration (Fig. 3b). Phosphorylation levels
of Akt-S473 increased by 86.8, 78.3, and 133.7% after 30,
60, and 120 min S. aureus exudate treatment, respectively,
compared to control (Fig. 3b). Phosphorylated ERK1/2 in
S. aureus exudate-treated migrating HaCaT cells demon-
strated 50.1, 60.2, and 64.5% increases at the three-time
points, respectively, compared to controls (Fig. 3b). Other
protein kinases, such as PRAS40, also showed a consistently
upregulated phosphorylation profile with the treatment of S.
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a Keratinocyte migration

Control

b cx43 /1 DAPI

DMEM +
Control

DMEM +
S. aureus
exudate

Fig.1 S. aureus exudate upregulates Cx43 expression in migrating
keratinocytes. a, b In vitro scratch assay. Closure rates were estimated
at 16-h post-scratching and comparisons were made between control
(PBS) and S. aureus exudate-treated HaCaT (n=6) (a). Expression
of Cx43 protein was estimated by immunofluorescent staining with
the anti-Cx43 antibody at 16-h post-scratching (b). ¢ Cx43 mRNA
expression. Multiple scratches (grids) were made on HaCaT cul-

aureus exudate; however, it did not show a statistical differ-
ence from that in control.

Inhibition of Akt phosphorylation enhances
the closure of S. aureus-infected wound

A previously established splinted mouse skin excisional
wound model [36] was adopted in this study (Fig. 4a).
Wound healing was quantified by measuring epithelial
migration on the H&E stained sections (Fig. 4b and Sup-
plementary Fig. 1). Sterile wounds without S. aureus infec-
tion showed a 90.7 +3.2% closure at POD 7 (Fig. 4b, c).
S. aureus infection significantly delayed the closure of the
wound, 47.7 £2.0% closure at POD 7 (p <0.001) (Fig. 4b,
¢). The topical treatment of PI3K/Akt inhibitor, 30 pg per
wound, did not affect sterile wound closure, 95.0+ 1.6%
wound closure (Fig. 4b, c). In contrast, the application of
PI3K/Akt inhibitor significantly accelerated the wound
closure in S. aureus-infected wounds (74.7 +5.9% closure)
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DMEM +
Control
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Relative Cx43 signal
intensity in HaCa
oN &

ture, and control (PBS) or S. aureus exudate was treated. Cells were
harvested at day 1 and 2 post-treatment and expression of Cx43 in
S. aureus exudate-treated HaCaT was compared to control that is set
as 1 (n=6). d Cx43 protein expression. The expression of Cx43 pro-
tein in S. aureus exudate-treated HaCaT cells was compared to con-
trol HaCaT cells at day 1 by measuring the signal intensities of the IF
images (n=35). Scale bar: 100 pm. *p <0.05, **p <0.01

compared to the infected wounds without PI3K/Akt inhibitor
(p=0.007) (Fig. 4 b, ¢).

The area of granulation tissue was significantly increased
in S. aureus-infected wound (1.76 +0.13 mm?) compared
to the sterile wound (0.96 +0.12 mm?, Fig. 4d). The appli-
cation of PI3K/AKkt inhibitor to the S. aureus-infected
wound reduced the area of granulation tissue significantly
(0.65+0.16 mm?, Fig. 4d). The length of new epidermis
generated during wound closure (neo-epidermis) of the
wound beds showed a similar pattern to the wound closure
rate (Fig. 4e). The S. aureus-infected wounds showed the
least neo-epidermis (1.08 +0.21 mm) among all treatment
groups, while the lengths of neo-epidermis in sterile wounds
without and with the treatment of PI3K/Akt inhibitor were
3.14+0.57 mm and 3.12 +0.66 mm, respectively. The appli-
cation of the PI3K/Akt inhibitor rescued the generation of
neo-epidermis to 2.29 +0.27 mm.

The effects of PI3K/Akt inhibitor on keratinocyte migra-
tion was further tested in the in vitro scratch assay. Appli-
cation of the PI3K/Akt inhibitor reversed the inhibition of
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Fig. 2 Inhibition of keratinocyte
migration by S. aureus exudate a
is not shown in Cx43 knock-

Wild type HaCaT Cx43 KD HaCaT

Quantificaton of Western Blot
14

down cells. a Cx43 knockdown
in HaCaT. Whole-cell extract of
wild type and Cx43 knock-
down HaCaT were analyzed

by Western blot analysis using
Cx43 specific antibody. f-actin
was used as a loading control.
The intensities of the bands
were quantified using Imagel
(n=4). b In vitro migration
scratch assay. Migrations of
wild-type and Cx43 knockdown
HaCaT cells was compared in
the presence (or absence) of S.
aureus exudate. ¢ Quantification
of migration. The differences in
cell migration were calculated
using one-way ANOVA with
Tukey’s test for multiple com-
parisons (n=6). WT: wild type;
KD: knockdown; SaE: S. aureus
exudate. Scale bar: 100 um.
*p<0.05, **p<0.01
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HaCaT cell migration, which was caused by S. aureus exu-
date, from 18.9 +3.2 to 60.2 + 1.8% (Supplementary Fig. 2).

Administration of PI3K/Akt inhibitorin S.
aureus-infected mouse wound inhibited

not only the phosphorylation of Akt-5473

but also the expression of Cx43 in the wounding
area

In normal conditions, the sterile mouse excisional skin
wound showed a low level of Akt-S473 phosphorylation in
the epidermis of wound edges (Fig. 5a, labeled as sterile,
which was treated with DMSO only). The phosphorylation
level of Akt-S473 in the epidermis of the wound bed was
significantly elevated with an infection of S. aureus (Fig. Sa,
labeled as S. aureus, which was treated with S. aureus and
DMSO). A 94.2+7.7% of increase of pAkt signal inten-
sity was found in S. aureus-infected wounds compared to
the sterile wounds (Fig. 5c). Repeated topical administra-
tion of the PI3K/Akt inhibitor in the wounding area signifi-
cantly decreased the phosphorylation level of Akt-S473 in

CX43 KD

" Wild type + SaE  CX43 KD + SaE

the migration epithelial edge of S. aureus-infected wounds
(Fig. 5a, labeled as S. aureus + PI3K/Akt inhibitor, which
was treated with S. aureus and PI3K/Akt inhibitor in
DMSO). Quantification showed that a reduction of phos-
phorylated Akt by the PI3K/Akt inhibitor treatment in S.
aureus-infected wounds; 42.4 +6.8% of S. aureus-infected
wounds (Fig. 5¢).

Next, we analyzed the expression level of Cx43 that is
downstream of Akt. The upregulation of Cx43 production
was observed in the epidermis of S. aureus-infected wounds
compared to sterile ones; 1.94 +0.24-fold increase (Fig. 5b,
d). Inhibition of Akt-S473 phosphorylation by the PI3K/
Akt inhibitor in the S. aureus-infected mouse wound bed
also downregulated the expression of Cx43, which results
in a level of 95.0 +5.5% in the sterile wounds (Fig. 5b, d). A
control experiment showed that the application of the PI3K/
Akt inhibitor marginally decreased production of Akt phos-
phorylation (Fig. 5a, c) or Cx43 expression (Fig. 5b, d) in the
sterile wounds, which is statistically insignificant. Overlay
of the IF images showed that most epidermal cells expressed
both Cx43 and pAkt (Supplementary Fig. 3).
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Fig.3 Phosphorylated Akt and
ERK1/2 were upregulated by S.
aureus exudate. Protein kinase
phosphorylation array. The
whole-cell extract was prepared
from in vitro scratched HaCaT
that was grown in the presence
of S. aureus exudate for 0, 30,
60, and 120 min. Phospho-
rylation of protein kinases was
analyzed using a protein array
that contains 45 protein kinases.
The level of phosphoryla-

tion was compared to control,
HaCaT grown in the absence
of S. aureus exudate. a Heat
map. Green and red represent
upregulation and downregula-
tion, respectively, compared

to control (n=4). b Quantifi-
cation of phosphorylation of
Akt-S473 and. ERK1/2. SaE: S.
aureus exudate. n=4 *p <0.05,
*#p<0.01

o
=]
o

Ctrl-30m
Ctrl-60m
Ctrl-120m
SaE-0
SaE-30m
SaE-60m
SaE-120m

Q
-
-
=
o

We further verified the in vivo results in vitro cultured
HaCaT cells. Application of PI3K/Akt inhibitor did not
change the expression levels of Cx43 at the migrating edge
of the sterile HaCaT cell culture (Supplementary Fig. 4 a, b,
e). Treatment of S. aureus exudate increased the expression
of Cx43 by 5.2 +2.1-fold compared to sterile control. PI3K/
Akt inhibitor treatment lowered the Cx43 expression in S.
aureus exudate-treated HaCaT (Supplementary Fig. 4c—e).

Discussion

Among the over 20 members of the connexin protein fam-
ily, many of them in recent years have been shown to be
involved in the control of cell migration. It has been shown
in vitro that several connexins play critical roles in cell
migration in a variety of cells, such as brain-derived cells
[42, 43], fibroblast cells [44, 45], endothelial and endothelial
progenitor cells [46, 47], epithelioid cells [46], and cardiac
cells [48]. In vivo studies showed a high expression of Cx43
present in migrating neural crest cells which are involved
in brain and heart development [49, 50]. Moreover, Cx43
was also found to be highly expressed in migrating endothe-
lial cells during wound closure [51, 52]. We are, therefore,
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particularly interested in studying the roles of Cx43 in regu-
lating keratinocyte migration during wound repair.

The upregulation of Cx43 expression in keratinocytes
was observed when the cells were treated with S. aureus
exudate that inhibited the collective migration of keratino-
cytes. However, it is noteworthy that inhibition of Cx43
production did not significantly enhance the keratinocyte
migration in the normal condition (Fig. 2). Previous studies
demonstrated that the downregulation of Cx43 in keratino-
cytes at the skin margins was observed during normal wound
healing [20-22]. This probably can be used to explain why
knockdown of Cx43 in keratinocytes did not affect much
in collective cell migration. In contrast, when keratinocyte
migration was significantly delayed by S. aureus exudate,
the expression level of Cx43 at the edges of migrating cells
was upregulated. Therefore, inhibition of Cx43 expression
results in the delay of migration only in S. aureus-infected
keratinocytes but not wild-type keratinocytes.

Phosphorylation array performed on the HaCaT cells in
our in vitro experiments showed a marked increase in Akt
phosphorylation in cells from the scratch-wound margins
exposed to S. aureus exudate compared to controls. Akt (also
known as Protein kinase B, PKB) is a serine/threonine-pro-
tein kinase known to regulate a variety of cellular processes
including growth, metabolism, survival, proliferation, and
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Fig.4 Inhibition of PI3K/Akt enhances wound healing of S. aureus-
infected wound. Sterile or S. aureus-infected wounds were treated
with 30 pg/wound of PI3K/AKkt inhibitor (LY294002). a Photograph
of wounds at day 7. Scale bar: 3 mm. b Histological analysis of
wounds. H&E staining was performed on sectioned wound samples.
Migrating epithelial edges of the wound were indicated by arrow-
heads. Scale bar: 1 mm. ¢ Measurement of the wound healing rate.
The distance of the epithelial gap in each wound was measured and

angiogenesis. Akt has been shown to phosphorylate Cx43 on
serine-369 and serine-373 residues and has been implicated
as a prime regulator of Cx43 activity and gap junction stabil-
ity [53, 54]. The previous findings suggested that Akt-medi-
ated phosphorylation of Cx43 exerted greater control over
gap junctional stability and turnover than the ubiquitination
of the protein itself [54]. Replacement of the protein’s ubiq-
uitination sites did not affect the localization of gap junc-
tional size. However, Akt phosphorylation enhanced stabil-
ity via regulating the size of gap junctions. The blockade of
Akt activation resulted in a greater turnover of gap junctions
and reduced gap junctional size [54]. In vivo, there was also
more robust immunofluorescent staining for phosphorylated

inhibitor

presented as the percentage of wound closure. d Quantification of
graluation tissues. e Quantification the total length of the newly gen-
erated epidermis during wound closure (neo-epidermis). All meas-
urements were done with ImageJ. The differences in wound closure
rates, granulation tissue areas, and neo-epidermis length were calcu-
lated using one-way ANOVA with Tukey’s test for multiple compari-
sons (n=5), *p <0.05, **p<0.01

Akt in S. aureus-infected wounds compared to controls. The
blockade of Akt phosphorylation also diminished the signal
of Cx43 in the wound bed epidermis. This indicated that
the function of Cx43 may be disrupted by interrupting the
PI3K/Akt pathway.

We applied the Akt inhibitor to disrupt the function of
Cx43 and accelerate epithelial keratinocyte migration that
is impaired by S. aureus infection. As we expected, the
S. aureus exudate-treated HaCaT cells with Akt inhibitor
lead to statistically significant improvement in keratino-
cyte migration compared to the S. aureus exudate cells
without Akt inhibitor treatment (Supplementary Fig. 2).
Additionally, we applied topical Akt inhibitor to our S.
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Fig.5 Increased expression of
p-AKT and Cx43 by S. aureus
exudate is lowered by PI3K/Akt
inhibition. S. aureus-infected
wounds were treated with 10 ug
of LY294002. a, b Expres-

sion of phosphorylated Akt (a)
and Cx43 (b) was analyzed in
sterile, LY294002-treated, S.
aureus-infected, and LY294002-
treated S. aureus-infected
wounds with their specific
antibodies. The signal was
visualized with a fluorescence-
labeled secondary antibody.
The migrating epithelial edge of
each wound was indicated by an
arrowhead. The basal layer of
the epidermis was indicated by
dashed white lines. (c, d) The
immunofluorescent images of
phosphorylate Akt (c) and Cx43
(d) were quantified by ImageJ
(n=5). SaE: S. aureus exudate.
**p <0.01. Scale bar: 100 um
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aureus-infected splinted dorsal wounds in C57BL/6 mice
and found improved re-epithelialization and wound closure
compared to those exposed to S. aureus only.

The Akt inhibitor used in our study, LY294002, is a com-
monly used pharmacologic inhibitor that selectively inhibits
the phosphoinositide 3-kinase-Akt nexus. It has been used
in many PI3K/Akt pathway-related studies. For example,
LY?294002 inhibited the growth, migration, and invasion
of human osteosarcoma cells [55]. This inhibitor also dem-
onstrated the capability of altering the expression of IL-10
and TNF-a in macrophages [56]. Our study showed that
the application of LY294022 on S. aureus-infected mouse
cutaneous wounds significantly reduced the number of
Cx43 in the epidermis of the wound area. It also dramati-
cally enhanced the wound closure of the S. aureus-infected
wounds. However, the effects of the inhibitor on the stromal
cells in the dermis, such as fibroblast cells, endothelial cells,
and macrophages, were not investigated in the present study.
Given that the PI3K/Akt pathway is employed by many cell
types [57], it is likely that the application of the PI3K/Akt
inhibitor will also interfere with the cellular process of other
types of cells in the wound bed. Another study demonstrated
the inhibition of wound closure by a PI3K/Akt inhibitor
in rat sterile wounds through the prevention of fibroblast
cell contraction in wounding areas [58]. In our study, the
effects of the PI3K/Akt inhibitor on wound repair were not
observed in sterile wounds. However, it improved the wound
closure in S. aureus-infected wounds, which suggested that
this method may only benefit the cutaneous wounds with
increased inflammatory conditions. It can, therefore, be
potentially used as a new therapeutic strategy for the treat-
ment of bacteria-infected human wounds.

Funding Internal funding from the Division of Plastic and Reconstruc-
tive Surgery.
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