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Abstract

Orchidectomy in rodents and lower testosterone levels in men are associated with improved
cutaneous wound healing. However, due to the adverse effects on skeletal and sexual tissues,
systemic androgen blockade is not a viable therapeutic intervention. Accordingly, we tested the
hypothesis that topical application of an androgen antagonist would elicit accelerated wound
healing without systemic androgen antagonism. Full-thickness cutaneous wounds were created on
adult C57BL6/J mice. Daily topical application of androgen receptor antagonist, flutamide,
resulted in improved gap closure similar to orchiectomized controls and faster than
orchidectomized mice treated with topical testosterone. In vivo data showed that the effects of
androgen antagonism on wound closure primarily accelerate keratinocytes migration without
effecting wound contraction. Consequently, mechanisms of testosterone action on
reepithelialization were investigated in vitro by scratch wounding assays in confluent
keratinocytes. Testosterone inhibited keratinocyte migration and this effect was in part mediated
through promotion of nuclear translocation of p-catenin and by attenuating transforming growth
factor-p (TGF-B) signaling through B-catenin. The link between Wnt and TGF beta signaling was
confirmed by blocking p-catenin and by following TGF-B-induced transcription of a luciferase
reporter gene. Together, these data show that blockade of B-catenin can, as a potential target for
novel therapeutic interventions, accelerate cutaneous wound healing.

Nonhealing wounds affect 6.5 million patients with an annual cost of 25 billion dollars in the
US alone.12 Impaired wound healing is associated with frequent hospitalizations, and
increased morbidity and mortality. Therefore, therapeutic agents that promote wound closure
are desirable.
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The healing of cutaneous wounds is affected by endogenous gonadal steroids, testosterone,
and estrogen.3-> Gender differences in the rates of wound healing have been attributed to the
higher levels of testosterone in men than in women® with a positive correlation between
nonhealed wound area and testosterone levels.” The skin can synthesize androgens de novo
from cholesterol or by local conversion of circulating precursor steroids.8 Androgens,
produced in the testes or locally in the skin, associate with androgen receptor (AR)
expressed in epidermal keratinocytes, sebocytes, dermal fibroblasts,%1% and in blood cells
including macrophages, B cells, and neutrophils.11:12 Androgens inhibit cutaneous repair by
affecting multiple processes in the wound healing cascade.”13-15> Gonadectomy or systemic
treatment with an AR antagonist such as flutamide promotes wound healing.>716-18
However, systemic androgen deprivation is associated with adverse health effects, including
sexual dysfunction, and loss of muscle and bone mass, and is not a viable therapeutic option
to promote cutaneous healing.

Here we show that local inhibition of AR signaling by topical application of an AR
antagonist improves wound closure without the adverse effects of systemic androgen
blockade. We also demonstrate that while there is significant contraction in the wounds,
topical androgen antagonism accelerates closure without effecting contraction. Because of a
significant increase in wound length epithelium in flutamide-treated wounds and the lack of
studies on the effects of androgens on the reepithelialization phase of wound healing, in this
paper, we focused our investigation on keratinocyte that plays an important role in this
critical process. For the first time, we showed that testosterone impairs keratinocyte
migration in part by activating Wnt-f catenin signaling and by inhibiting transforming
growth factor-p (TGF-B)/ Smad pathway through B catenin. These new mechanistic findings
unveil B-catenin and other steps in the signaling cascade as potential targets for the
discovery of novel molecules that promote wound healing.

METHODS AND MATERIALS

In vivo wound healing

All procedures involving animals were approved by Boston University’s animal use
committee. Two full-thickness excision wounds (6 mm in diameter) were made through the
skin and the panniculus carnosus muscle on the back of 8-week-old C57BL/6J mice. A
subgroup of mice underwent castration (Cx) or sham operation 2 weeks before creation of
cutaneous wounds. The wounds were treated topically daily with 100 pL testosterone (10
ug), flutamide (30 pg) or vehicle (petroleum jelly). A digital image of each wound with a
calibration scale was recorded, and the open wound area determined using MetaMorph
software (Universal Imaging, Downington, PA). For the contraction experiments, the skin
adjacent to the margin of the wound, was permanently tattooed using an animal lancet (3
mm), dipped in a green tattoo ink paste (Ketchum Manufacturing Inc, Brockville, Ontario,
CA). A template was used to standardize the size of each tattoo, and wounds were then
placed equidistant from the 8 points of the tattoo. Wounds were photographed daily using a
digital camera. A plastic template containing a 15 mm x 15 mm circular window was used
to briefly hold the anesthetized mice. Digital images of the wounds were analyzed using
Spot™ image analysis software (Diagnostic Instruments, Sterling Heights, M1).
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Histopathological analysis

Cell cultures

After euthanasia, the wounds were excised along with a 10 mm margin, fixed in 10%
buffered formalin. Specimens were coded so that the evaluators were unaware of treatment
assignment. From paraffin-embedded specimens, 4 um sections were stained with
hematoxylin and eosin. The length of the wound epithelium was calculated measuring the
distances between the edges of the noninjured dermis, recognized by the last hair follicle,
using sections from the middle of 6-10 wounds. The length of the wound epithelium
provides an indication for the extent of keratinocyte migration in the wound tissue. Pictures
were taken at 2x, 4x, and 10x magnifications.

Human keratinocyte cell line, HaCaT, was grown in Dulbecco’s Modified Eagle’s Medium
(DMEM, Cellgro, Manassas, VA) supplemented with 5% fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA), 0.05 U/mL penicillin, and 0.05 pg/mL streptomycin, and
incubated at 37 °C in 5.0% CO,. Twenty-four hours before intervention, the cells were
switched to Dulbecco’s modified Eagle’s phenol red-free medium and 5% charcoal-stripped
serum (Gemini Bio-Products, West Sacramento, CA). Cells hyperexpressing human Smad3
from the pBabe puro retrovirus (HaCaT/pBabe-Smad3) and vector control (HaCaT/pBabe)
were maintained in DMEM with 5% FBS and 5 ug/mL puromycin.

In vitro scratch/wound assay

The keratinocyte migration was measured using a scratch migration assay. HaCaT cells (2 x
10%/well) were seeded in 24-well plates and grown until confluent. Each monolayer was
scratched using a sterile pipette tip to generate a cross-shaped cell-free zone (0.8-1 mm).
After washing with DMEM, the cells were incubated for 24 hours with testosterone (100
nM) and/or flutamide (1 uM). Every experiment had its own internal control, and to evaluate
migration, the cells were imaged immediately after wounding using a Nikon Eclipse TE
2000U phase-contrast microscope (Nikon Instruments, Inc., Melville, NY); the same field
was imaged after 16 or 24 hours. The extent of migration was analyzed using Spot™ image
analysis software.

Cell proliferation

Cell suspensions (2,000 cells/well) were plated in growth medium alone or medium
containing testosterone and/or flutamide for 48 hours. After a 4-hour incubation in 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (5 mg/mL in phosphate
buffered saline solution [PBS]) at 37 °C, formazan was dissolved in 150 pL
dimethylsulfoxide, and absorbance was measured at 550 nm (At = 630 nm), using SAFIRE
plate reader (Tecan, Durham, NC). In the CYQUANT® Cell Proliferation Assay (Invitrogen,
Carlsbad, CA), fluorescence measurements were made with excitation at 485 nm and
emission detection at 530 nm using SAFIRE plate reader. Cell number was calculated from a
calibration curve established in the same assay.
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Silencing of RNA (siRNA) and viral vectors

Antibodies

Pretested duo-pack RNAI oligonucleotides for p-catenin and nonspecific control
oligonucleotide were purchased from Invitrogen (Carlsbad, CA) and transfected into HaCaT
cells using the Lipofectamine protocol (Invitrogen). Type 5 adenovirus encoding -catenin
with eGPF tag was obtained from VectorBiolab (Philadelphia, PA). Confluent HaCaT cells
were washed twice with PBS, and growth medium was replaced with DMEM containing 1%
FBS. Adenoviral particles (4 x 109) were diluted in 100 pL PBS containing 0.4 mM
polyethyleneimine (PEI) and incubated for 20 minutes at room temperature. The viral-PEI
complex was added to HaCaT cells for 18 hours. After infection, cells were washed twice
with PBS, scratched and incubated in growth medium. B-catenin nuclear translocation was
visualized using fluorescence microscopy (Nikon Eclipse TE 2000U). A counterstain 4”,6-
diamidino-2-phenylindole (DAPI) was used to localize the nuclei.

The number of cells with p-catenin nuclear staining was expressed as a percent of the total
number of cells counted in corresponding phase-contrast images.

Retroviral human Smad3 construct (pBabe-Smad3) was purchased from Addgene Inc
(Cambridge, MA). Parental vector pBabe and retroviral packaging helper vector gap and
ENV were a gift from Dr. Zhijun Luo (Boston University). pBabe-Smad3 and pBabe were
each cotransfected into HEK293T with helper vectors gap and ENV. After selection with
puromycin, HEK293 cells stably expressing Smad3 or empty vector were incubated in
serum-free medium overnight. The retroviral stocks thus generated were mixed with
polybene (8 pg/mL final concentration) and added to exponentially growing HaCaT cells for
4 hours. The cells were washed and replenished with growth medium. Transfected HaCaT
cells were selected by puromycin. Ectopic expression of Smad3 was confirmed by Western
analysis (not shown).

The antibodies for p-Smad3, B-tubulin, and p-catenin were obtained from Calbiochem,
Santa Cruz Biotechnology (Santa Cruz, CA), and Invitrogen (Carlsbad, CA), respectively.

Western analysis

HaCaT total cell and nuclear lysates were prepared in radio-immunoprecipitation assay
buffer, containing protease and phosphatase inhibitors (Sigma, St. Louis, MO). Protein
content was measured by the Bradford method, and equal amounts of protein were loaded
for electrophoresis on a 4-20% gradient gel. The protein expression was detected by
chemiluminescence, quantified by densitometry, and expressed as fold-change vs. control.

Luciferase reporter assays

Transfections were carried out using Lipofectamine 2000 (Invitrogen, Carlsbad CA). HaCaT
cells were transfected in 24-well plates using a 3TP-lux construct (Dr. Y. Mochida, Boston
University). The experiment was conducted in triplicates and performed with two
independent transfections.
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Data analysis

RESULTS

Data are shown as mean + SEM. The data were analyzed using analysis of variance
(ANQVA; for multiple groups) or Student’s ¢test (for two independent samples). If ANOVA
revealed an overall effect, then intergroup differences were analyzed using Newman-Keuls
test. Statistical significance was set at 0.05.

Topical application of an AR antagonist accelerates cutaneous wound healing without
systemic androgen deprivation

Eight-week old male mice were assigned to one of four groups: sham-operated, intact mice
treated with vehicle; sham-operated, intact mice treated with topical flutamide (30 pg/day)
ointment; orchiectomized mice treated with vehicle; and orchiectomized mice treated with
testosterone (10 pg) ointment. Six-mm punch wounds were created on the dorsal surface of
the trunk under isoflurane anesthesia. The wounds were imaged daily, and the wound area
was digitized and quantitated using Metamorph™ morphometry program. The wound area
was significantly smaller in vehicle-treated, orchiectomized mice than in intact controls (p <
0.001) or in orchiectomized mice treated with topical testosterone (o < 0.001) for 6 days
(Figure 1A). Intact mice treated with topical flutamide, an AR antagonist, also had smaller
wound area than intact mice treated with vehicle (p < 0.001) or orchiectomized mice treated
with testosterone (p < 0.001).

Additional experiments were performed to confirm if in castrated mice local testosterone
synthesis elicited an additional inhibitory effect on wound healing. Castrated mice treated
with flutamide did not show any additional improvement in wound healing (data not shown).

Histological examination of sections obtained from wounds harvested on Day 6 confirmed
the acceleration of wound healing after topical flutamide application. Flutamide-treated
wounds showed significantly accelerated reepithelialization compared with intact controls,
as indicated by the reduced epithelial gap (Figure 1B). To prove that keratinocyte migration
is involved in the accelerated healing after topical blockade of AR, we conducted
morphometric analysis of the length of the wound epithelium. As shown in Figure 1C, the
length of the wound epithelium was increased in the wounds treated with flutamide
compared with the ones treated with the only vehicle.

To determine whether topical flutamide had systemic effects, we treated intact sham-
operated mice with two doses of flutamide (30 ug: FLT1 and 300 pg: FLT?2) for 6 days and
compared the wet weights of androgen-sensitive organs—Ievator ani, seminal vesicles, and
kidneys (Figure 2A) with those in orchiectomized or sham-operated, vehicle-treated mice.
As expected, the levator ani muscle, seminal vesicle and kidney weights in the
orchiectomized mice were significantly lower than those in the sham-operated mice (p <
0.001). The weights of these androgen-sensitive organs in mice treated with topical
flutamide did not differ significantly from those in sham-operated, intact controls. Thus,
topical flutamide improved wound healing without systemic antiandrogen effects.
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To verify that the action of topical flutamide was confined only to the application site, we
created two excision wounds on the dorsal surface of androgen-replete intact mice. The
wound on one side was treated with flutamide ointment and the wound on the other side
with vehicle. The wounds treated with topical flutamide healed faster than those treated with
vehicle alone, confirming that the effect of androgen blockade did not extend to other
regions of the skin remote from the application site (Figure 2B).

Topical flutamide application does not increase wound contraction

In rodents, because of the presence of the panniculus carnosus muscle in the subcutaneous
tissue, contraction plays a major role in wound closure.19:20 In order to establish if wound
contraction was involved in the acceleration of cutaneous healing during local blockage of
AR, we performed a series of in vivo experiments after tattooing the skin at the periphery of
the wound. A template was used to standardize the size of each tattoo, and wounds were
then placed equidistant from the 8 points of the tattoo. A plastic template (T) containing a 15
mm x 15 mm circular window was used to briefly hold the mice (Figure 3A). On the 6th
day, hair was removed by Nair cream (Church & Dwight Co, Inc. Princetown, NJ) to
visualize the tattoos before euthanasia (Figure 3B). Digital images of the wounds were
analyzed, and daily measurements of the size of the wounded area (W) and the area between
the tattoos (C) were recorded as degree of wound reepithelialization and contraction,
respectively. To account for animal to animal variability, ratios of wound size and
contraction for treated and untreated wounds were calculated. As shown in Figure 3C, local
application of the AR antagonist flutamide, increased wound healing mainly increasing
reepithelialization, without affecting wound contraction.

AR activation impairs keratinocyte migration

The closure of epidermal wounds involves migration and proliferation of keratinocytes for
reepithelialization. To determine whether flutamide affects keratinocyte migration or
proliferation, we used a scratch assay in confluent HaCaT cells, which represent human
immortalized keratinocytes. These cells display a migration index similar to that of primary
human keratinocytes and have been used widely as an in vitro model of keratinocyte-
mediated gap “wound” closure.21-23

HaCaT cell cultures were grown to confluence and incubated for 2 hours with mitomycin C
to inhibit proliferation. A cross-shaped wound was created and the cells were treated with
100 nM testosterone with and without 1 uM flutamide. This testosterone concentration was
selected because in dose-response studies, 100 nM testosterone induced submaximal
suppression of gap closure in HaCaT cell scratch assay (Figure 4A), and because this is
within the range of concentrations that have been used in studies of androgen effects in
vitro.24-26 Keratinocytes migration was significantly decreased after 24 hours of incubation
with testosterone relative to incubation with medium alone (p < 0.001; Figure 4B). The
inhibitory effect of testosterone on gap closure in this model was blocked by flutamide.
Flutamide alone had no significant effect on gap closure.
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Keratinocyte proliferation is not affected by AR activation

The observed effects of testosterone on gap closure in the scratch assay could be due to
inhibition of either keratinocyte migration or keratinocyte proliferation. Besides using
mitomycin C in our scratch assay, we also determined the effects of testosterone and
flutamide on HaCaT cell proliferation, using two complementary quantitative assays, the
tetrazodium dye (MTT) assay and the Cyquant assay. Keratinocyte proliferation was not
affected by either testosterone or flutamide (Figure 4C and D), suggesting that the effects of
testosterone on gap closure in the scratch assay were not due to its effects on cell growth.
Therefore, we infer that testosterone impairs gap closure in the scratch assay primarily by
inhibiting keratinocyte migration.

AR activation impairs keratinocyte migration by increasing p-catenin nuclear translocation

To determine the mechanism by which AR activation inhibits keratinocyte migration, we
focused on two signaling pathways that are known to play a role in keratinocyte migration:
[B-catenin/Wnt pathway and TGF-p/Smad pathway. Previous studies have shown that -
catenin activation is an important inhibitor of keratinocyte migration.27.28 Accordingly,
nuclear lysates, collected from the scratched plates at different time points after treatment
with testosterone and/or flutamide, were subjected to Western blot analyses using anti-f-
catenin antibody. Testosterone increased the level of nuclear B-catenin after 1 hour (Figure
5A); this effect was blocked by flutamide. Flutamide alone had no significant effect on
nuclear p-catenin expression. The expression level of phospho-GSK3b was not altered by
the presence or the absence of testosterone or flutamide (data not shown).

To confirm the role of B-catenin in mediating the inhibitory effect of testosterone on
keratinocytes migration, we evaluated the effects of testosterone on p-catenin nuclear
translocation, a hallmark of canonical Wnt activation, using a p-catenin-green fluorescent
protein (GFP) fusion construct. HaCaT cells were infected with an adenovirus vector
carrying a recombinant p-catenin-GFP construct. After 24 hours, the cell monolayer was
scratched to create a cross-shaped wound and treated either with regular growth medium,
medium containing 100 nM testosterone, or medium containing 2 mM lithium chloride
(LiCl) as a positive control (Figure 5B). As expected, LiCl induced the nuclear translocation
of B-catenin. Testosterone also induced B-catenin translocation in HaCaT cells that were
close to the scratch, confirming that testosterone activates canonical Wnt/B-catenin pathway.

Subsequently, we knocked down B-catenin using small interfering RNA (siRNA) that
targeted p-catenin (Figure 5C). To minimize the possibility of nonspecific, off-target effects,
we used siRNA oligonucleotides targeting two different segments of p-catenin mRNA. A
random siRNA was used as a control. The knockdown of B-catenin blocked testosterone’s
effects on keratinocyte migration (Figure 5D), confirming an important role of p-catenin in
mediating testosterone’s effects on keratinocyte migration.

AR activation impairs keratinocyte migration by blocking TGF-$ action

TGF-p plays an important role in wound healing through its effects on a number of
processes including reepithelialization.2%-32 To investigate the possible interaction between
testosterone and TGF-p signaling during keratinocyte migration, we performed the scratch
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assay after treating HaCaT cell with 10 ng TGF-p and ascending doses of testosterone (30,
100, or 300 nM). Co-incubation with testosterone significantly attenuated the effects of
TGF-p on keratinocyte migration in a dose-dependent manner (Figure 6A).

Many effects of TGF-P are mediated by canonical signaling through Smad3. Accordingly,
we determined the effects of testosterone on Smad3 phosphorylation. Western blot analysis
revealed that testosterone reduced the levels of p-Smad3 (Figure 6B); testosterone’s effect
was blocked by co-incubation with flutamide. Total Smad-3 was not affected.

In separate experiments, we performed the scratch assay after hyperexpression of wild type
Smad3. The inhibitory effects of testosterone on HaCaT cell migration were significantly
attenuated by constitutive Smad3 expression (Figure 6C).

We determined the effect of testosterone on TGF-B-induced transcriptional activity by using
a TGF-B-responsive luciferase reporter construct, 3TP-lux,33 in the presence or absence of
B-catenin siRNA. Incubation of HaCaT cells with 10 ng/mL TGF-p significantly increased
luciferase reporter (3TP-lux) activity compared with control (p < 0.0001; Figure 7). Co-
treatment with testosterone (100 nM) significantly attenuated the induction of luciferase
transcriptional activity by TGF-B (p < 0.001), reducing it by nearly 50%. The inhibitory
effect of testosterone on TGF-p-induced luciferase activity was not observed when p-catenin
was knocked down (Figure 7). These data provide evidence of the cross-communication
among AR, B-catenin, and TGF-p signaling pathways in mediating the inhibitory effect of
testosterone on keratinocyte migration.

DISCUSSION

Our data provide several novel insights into the mechanisms by which AR antagonists
promote cutaneous wound healing. We show that AR antagonists facilitate
reepithelialization of the wound by promoting keratinocyte migration, without affecting
keratinocyte proliferation. Androgen effects on keratinocyte migration are mediated
activation of the Wnt-p-catenin pathway and cross-communication of the signal to TGF-p/
Smad pathway. These mechanistic insights have important therapeutic implications.

Previous studies in humans and animal models have reported an important role of gonadal
hormones in cutaneous wound healing; the estrogens exert a positive effect on wound
healing, while androgens inhibit wound healing.14-32:34 Systemic androgen deprivation has
been shown to improve wound healing in male animals. However, the adverse effects
associated with systemic androgen deprivation, including sexual dysfunction, loss of muscle
and bone mass, increase in fat mass, and insulin resistance, render this approach untenable
as a therapeutic strategy. Our studies show that by topical application of an AR antagonist, it
is possible to promote cutaneous wound healing by selective blockade of androgen signaling
locally without inducing systemic androgen deprivation.

[B-catenin and TGF- signaling pathways play a pivotal role in molecular events that result in
reepithelialization of cutaneous wounds. In human skin wounds grown as organ culture, p-
catenin impairs keratinocyte motility by altering the expression of the cytoskeletal keratins
K6 and K 16,28 while TGF-B increases motility by inducing the expression of integrins.35:36
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Our data show that p-catenin plays an essential role in mediating androgen effects on
keratinocyte migration. Testosterone induces nuclear translocation of p-catenin in
keratinocytes and knockdown of B-catenin blocks testosterone’s effects on keratinocyte
migration and wound closure. In other organ systems, such as the skeletal muscle and
adipogenic cells, agonist-bound AR has been shown to associate with p-catenin, promoting
its nuclear translocation and activation of downstream Wnt target genes.3” Our data are
consistent with the findings of Gilliver et al.13 that B-catenin is down-regulated in wounds of
rats treated with a steroid 5-alpha-reductase inhibitor (MK-434); however, in that report the
mechanisms of the 5a.-dihydrotestosterone (DHT)-mediated regulation of p-catenin were
not clear. The authors demonstrated that global blockade of DHT biosynthesis markedly
accelerated reepithelialization of incisional and excisional wounds and reduced local
expression of B-catenin. They showed that the effect of DHT was partially rescued by the
co-treatment with an AKT inhibitor, which reduced active -catenin levels, but they do not
explain any mechanisms of how androgens and p-catenin interact together. However, the
authors suggested that the effects of DHT on B-catenin may be indirect because DHT did not
influence keratinocyte expression of active -catenin in vitro.

In the current study, we clearly establish that it is the direct interaction of AR and B-catenin
which regulates dynamics of keratinocyte migration in wound closure assays. We
demonstrate that even without an alteration in f-catenin, flutamide treatment accelerates
wound healing by disrupting AR-mediated nuclear translocation of g-catenin. These novel
findings provide mechanistic insights into the androgenic modulation of wound healing.

TGF-B promotes wound closure by regulating many aspects of wound repair including
reepithelialization, inflammation, chemotaxis, and deposition of extracellular matrix,.38-41
TGF-B receptors are expressed in normal skin and during wound healing.3® We provide
several lines of evidence that testosterone blocks TGF- signaling in keratinocytes. First,
testosterone blocks the effects of TGF-f on keratinocyte migration in a dose-dependent
manner. Second, testosterone down regulates the expression of p-Smad3. Third, Smad3
hyperexpression antagonizes the inhibitory effects of testosterone on wound closure in vitro.
Finally, testosterone blocks TGF-B-stimulated transcription of a TGF-p-inducible luciferase
reporter construct.

Our data show that AR, Wnt/B-catenin, and TGF-p pathways are interconnected and cross-
communicate to regulate cutaneous wound healing in response to androgenic stimulus.
Testosterone binding to AR promotes nuclear translocation of B-catenin and down regulation
of TGF-p-induced transcription. Knockdown of B-catenin blocks testosterone’s inhibitory
effects on TGF-B-induced transcription, suggesting that testosterone’s effects on TGF-p
signaling are mediated through B-catenin, upstream from Smad3. The pivotal role of -
catenin in mediating the effects of testosterone on keratinocyte migration renders it an
attractive therapeutic target for the development of drugs for promoting wound healing.

Our investigation was focused on the effects of androgen signaling on keratinocyte
migration, which plays an important role in reepithelialization of cutaneous wounds and
which was stimulated by flutamide; our data do not exclude additional actions of the
androgen antagonist on inflammation, angiogenesis, and extracellular matrix deposition. We
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recognize that no in vitro or in vivo experimental model can replicate fully the complexity of
the human disease state; the combined application of in vitro and in vivo approaches, as we
have done in this investigation, can enhance the applicability of findings to human disease.
We used excision wounds as a model to study wound healing; chronic ulcers may differ
from acute excision wounds in their path physiology. Also, it should be recognized that
Smad3 null mice exhibit enhanced rates of epithelialization.1® The improved wound healing
in Smad3 null mice seems paradoxical in light of the large body of data showing that TGF-f
promotes cutaneous wound healing. The mechanistic basis of this apparent discrepancy
between the positive effects of TGF-p on wound healing and the enhanced wound healing
reported in Smad3 null mice is unknown. One explanation could be that gene inactivation
during embryonic life may be associated with adaptations that may not be observed after
gene inactivation in adult life, but most importantly, SMAD3 knockout animals have castrate
levels of testosterone.16 Therefore use of SMAD3 knockout model in examining androgen
action can be confounded by the inherent hypogonadal state. Additional experiments should
be performed with SMAD3 knockout animals, in which testosterone levels are replete for an
extended period to reach a sustained steady state before wounds are created.

In summary, our findings indicate that testosterone inhibits keratinocyte migration by
facilitating p-catenin nuclear translocation and by cross-communication of the signal to the
TGF-p pathway, which is blocked by testosterone. Topical application of an androgen
antagonist promotes cutaneous wound closure without the systemic adverse consequences of
androgen deprivation. Multiple steps in the androgen signaling cascade uncovered by this
investigation provide logical targets for drug discovery and merit additional validation for
facilitating drug discovery; their topical application is an attractive, broadly applicable
approach for increasing the benefit-to-risk ratio. Future work will be directed to further
explore the role of the local modulation of androgen action in model of pathological wound
healing.
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AR Androgen receptor

Cx Orchidectomized

FLT Flutamide

LiCl Lithium chloride

lux Luciferase

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

p-Smad 3  phospho-Smad3

SIRNA Small interfering RNA
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Figure 1.
Effect of topical blockade of androgen receptor on wound healing. (A) Mean + SEM

unhealed wound area after 6 days in vehicle-treated castrated (Cx), sham-operated (Intact),
testosterone-treated castrated (CX + Test), and flutamide-treated sham-operated (Intact +
FLT). n=12/group. lllustrative photographs of the wounds on Days 0 and 6 from each
treatment group are shown in the lower panel. (B) Histological analysis of wounds. Pictures
were taken at 2x, 4x, and 10x magnifications. Intact: Scale crust (C) overlying the ulcer bed
(between arrows). The base of the ulcer shows fibrin (F) and necrotic debris. A large
epithelial gap is apparent with substantially less reepithelialization than in the flutamide-
treated wound, underlying granulation tissue (G). Flutamide: Scale crust overlying the ulcer
bed (between arrows). The base of the ulcer shows minimal fibrinous exudate (F) and
marked granulation tissue. (C) Morphometric analysis of the length of the wound
epithelium.
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Figure2.
Topical application of androgen antagonist is not associated with systemic androgen

blockade and its effects are confined to the site of application. (A) Topical application of
flutamide does not induce a state of systemic androgen antagonism. Two doses of flutamide
(Intact + FLT1: 30 pg; Intact + FLT2: 300 ug) were applied topically on the wounds of intact
animals. The weights of the androgen-sensitive tissues (seminal vesicles, kidneys, and
levator ani muscle) were similar among intact mice treated with the vehicle and those treated
with either of the two doses of flutamide. (B) Two wounds were created on the back of intact
mice. One side was treated with placebo (Intact = CNT) and the other with flutamide (FLT,
30 pg). Topical flutamide significantly accelerates wound healing. Data are mean £ SEM; n
= 8/group. CX, castrated.
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Topical application of androgen antagonist is not associated with wound contraction. (A)

Schematic of the Contraction area (C) and Wound area (W). A plastic Template (T)

containing a circular window was used to briefly hold the mice. (B) Representative pictures
of the wounds on Days 0 and 6 of control and flutamide (FLT)-treated intact animals (n = 6/
group). (C) Effect of topical flutamide on wound healing and wound contraction. Data were

expressed as a ratio between treated and not-treated wounds (n = 6/group).
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Figure 4.
Effects of testosterone in an in vitro scratch assay. (A) HaCaT monolayers were scratch-

wounded and treated with increasing concentrations of testosterone (10 nM-10 pM); gap
closure was measured after 24 hours. (B) Flutamide (FLT) blocks the effects of testosterone
in the in vitro scratch-wound assay. Testosterone treatment (100 nM) delayed gap closure
compared with control. Co-incubation with flutamide (1 uM) blocked the inhibitory effects
of testosterone. The right panel shows illustrative photographs of the HaCaT cell monolayers
at baseline, and after 24 hours of incubation in respective treatments. (C, D) Testosterone
does not affect HaCaT cell proliferation. HaCaT cells were treated for 48 hours with
testosterone (100 nM) with or without flutamide (1 pM), and cell growth was determined
using the MTT (C) or CYQUANT® Cell Proliferation Assay (D).
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Figureb.

Testosterone increases nuclear p-catenin translocation. (A) HaCaT cells were treated for 1
hour with testosterone (100 nM) with or without flutamide (1 uM), and analyzed for -
catenin expression. Densitometric analysis shows that cells incubated with testosterone had
higher level of nuclear p-catenin. (B) HaCaT cell infected with type 5 adenovirus encoding
[B-catenin with eGPF were scratch-wounded and treated with medium, testosterone (100
nM), or lithium chloride LiCl (2 mM). Extent of B-catenin nuclear translocation was
monitored after 1 hour; 4" 6-diamidino-2-phenylindole (DAPI) counterstain was used to
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localize the nuclei. Three independent experiments were performed, and representative
photographs are shown. (C) p-catenin small interfering RNA siRNA decreases the
expression levels of B-catenin. HaCaT cells were transiently transfected with specific p-
catenin siRNA (Bcat-siRNA) and representative densitometric data of one of multiple
independent experiments are shown. (D) Bcat-siRNA attenuates testosterone’s effect on gap
closure. HaCaT cells, transfected with either nonspecific oligonucleotide (c-siRNA) or
specific Bcat-siRNA were incubated with or without testosterone (100 nM).

Wound Repair Regen. Author manuscript; available in PMC 2017 June 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Toraldo et al.

Page 21

A
100+
= Control
EE Test
g BB TGFp
8 - E2 TGF-p+Test 10nM
& p<002 [ TGF-B+Test 100nM
o % 2 TGF-+Test 300nM
ES
B 1.5 p-smad3
%1.0- = T
NS Control Test Test+FLT E
E 0.5+
p-smad3 NS e |
i Control  Test Test+FLT
Total-smad 3 | - 151 Total smad3
'] == 1= ==
o e
[*]
v
E 0.54
0.0 T T T T
NS Control Test Test+FLT
(]
100+
=3 Control
o : . | = Test
5 ns | E==5 pBabe
- il
K-} o001 " J— E= pBabe-smad3+ Test
3] P e
n. .l = -
] o
o :
ES e =
s

Figure 6.
(A) Testosterone inhibits the effects of transforming growth factor-p TGF-f on keratinocyte

migration in a dose-dependent manner. HaCaT cell monolayers were scratch-wounded and
treated with TGF-p (10 ng/mL) with our without testosterone (10 nM to 300 nM). Gap
closure was measured 16 hours after treatment. No significant difference was observed
between control and cells treated with TGF-p + 300 nM of testosterone. (B) The effects of
testosterone on p-Smad3 expression in HaCaT cell monolayer. HaCaT cells were treated
with testosterone (100 nM) with or without flutamide (1 uM) for 1 hour after which the cells
were analyzed for p-Smad3 and total-Smad3 expression. NS = nonscratched control.
Respective densitometric analyses are shown in the right panels. (C) Smad3 hyperexpression
partially blocks the effect of testosterone on keratinocyte migration in HaCaT cell scratch
assay.
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Figure7.
B-catenin small interfering RNA siRNA attenuates the effects of testosterone on

transforming growth factor-f TGF-p-induced luciferase reporter activity HaCaT cell were
co-transfected with 3TP-Lux and B-catenin siRNA. After 48 hours of -catenin silencing,
cells were scratched and incubated with testosterone (100 nM), TGF- (10 ng/mL), or both.
Mean + SD luciferase activity from two separate experiments conducted in triplicates is
shown.
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