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Abstract: Hypertrophic scars are fibroproliferative disorders of excessive wound healing after skin injury. Vascular
endothelial growth factor (VEGF)-induced angiogenesis plays a major role in fibrogenesis and hypertrophic scar for-
mation. Over recent years, there has been a major interest in homeobox gene regulation of VEGF-VEGFR mediated
angiogenesis in dermal tissue. In the current study, we investigated the role of homeobox genes in the epidermis,
for their role in angiogenesis, with a focus on epidermal-mesenchymal interactions. As epidermal stem cells (ESCs)
have a central role in epidermal homeostasis, we tested the hypothesis that these cells play a key role in the patho-
genesis of hypertrophic scars through the HOXA9-VEGF/VEGFR signaling pathways. We found significant differences
in the expression of homeobox A9 in hyperplastic scar tissue during different phases of development. These differ-
ences coincided with similar regulations in VEGF expression and with the distribution of ESCs. HOXA9 is expressed
in cultured human ESCs in vitro. Antisense suppression of HOXA9 expression was found to suppress VEGF levels in
ESCs. Together these findings indicate that homeobox A9 regulates the expression of VEGF in ESCs.
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Introduction

Hypertrophic scars, also named hyperplastic
scars, are the result of pathological wound
healing after skin injury. The detrimental effects
of a hypertrophic scar are dysfunction and
deformation. The exact pathogenesis of hyper-
trophic scar is still poorly understood and an
effective therapy to prevent the formation of
scars or treat existing scars is lacking.

Currently, the role of angiogenesis in the devel-
opment of hyperplastic scar formation is gradu-
ally being clarified [1]. It has been shown that
the VEGF-VEGFR2 axis plays a major role in
scar formation [2, 3]. There are many upstream
factors that regulate VEGF-VEGFR2 transcrip-
tion and expression, such as the hypoxia-induc-
ible factor [4-7]. The effects of homeobox genes
on angiogenesis by regulation of the VEGF-
VEGFR2 pathway are also gradually becoming
evident [8-11]. Homeobox genes are involved in
physiological and pathological conditions in the

skin [12], suggesting that these genes play a
specific role in scar formation.

Wound healing and scar formation involve com-
plex cascades of events involving epidermal,
dermal and endothelial cells, as well as cells of
the immune system. In various stages of tissue
repair, these cells are involved in what is called
the epidermal-mesenchymal interaction [13].
Although many studies have addressed this
interaction, little is known about the epidermal
biology of hypertrophic scars. Skin epithelium is
comprised of epidermis and structures such as
the hair follicles. Epidermal stem cells (ESCs)
play a central role in homeostasis and repair of
the epidermis [14]. We found that homeobox A9
protein was distributed in the basal layer of the
epidermis and coincided with VEGF expression.
ESCs are present in the epidermal basal layer
and in the hair follicle outer root sheath [15].

We hypothesized that during the different
wound healing phases, ESCs, the seed cells of
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the epidermis, regulate angiogenesis by means
of homeobox A9 and VEGF-VEGFR pathways
through epidermal-mesenchymal cellular inter-
actions. Therefore, we investigated the mecha-
nism by which homeobox A9 modulates the
expression of VEGF in ESCs.

Material and methods
Ethics approval

The collection of tissue samples of foreskin,
scar and skin tissues was approved by the local
ethical review committee at Sun Yat-Sen
University. All donors, or their parents, provided
informed consent.

Immunohistochemistry and immunofluores-
cence

Hypertrophic scar samples and normal skin
controls from the same individuals (n = 20,
mean age 21.2 + 6.1 years, female/male ratio
11/9) were collected from post-burn or post-
traumatic (1 months to 23 years) patients. The
tissue samples from patients undergoing scar
revision operations were immediately fixed for
6-12 h with 4% paraformaldehyde, subsequent-
ly dehydrated, and embedded into paraffin.
Four-um serial sections were prepared for
analysis.

In order to exclude the influence of endogenous
pigment, sections were treated with 0.5%
potassium permanganate solution and 2%
oxalic acid after dewaxing and hydration.
Immunostaining was performed according to
the instructions of the EnVision™ Detection Kit
(DAKO, Denmark). The primary antibodies used
were anti-HOXA9 (Abcam, UK), anti-VEGF
(Epitomics, USA), anti-integrin B1 (Bioworld,
USA), and anti-cytokeratin 19 (Bioworld, USA).

Optical density measurements were performed
on triplicate peroxidase-stained sections of
hypertrophic scars and matched control skins
(n =20). The densitometry measurements were
performed using Image-Pro Plus 6.0 (Media
Cybernetics, USA) from images acquired by an
Olympus microscope fitted with a CCD video
camera module. A total of at least five high
power fields from each section were analyzed.

Immunofluorescence analysis was performed
according to the instructions of the DyLight488
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kit (Jackson, USA). The primary antibodies used
were anti-P63 (Abcam, UK), anti-cytokeratin
10 (Zymed, USA), anti-integrin 1 (Bioworld,
USA), anti-cytokeratin 19 (Bioworld, USA),
anti—-HOXA9 (Abcam, UK), and anti-VEGF (Epi-
tomics, USA).

Cell culture and siRNA transfection

The foreskin tissue samples from patients
undergoing circumcision operations were used
to isolate the ESCs. ESCs were isolated and cul-
tured according to the procedure described by
Rong-Hua Yang [16]. Scrambled siRNA (5
AGCGUGUAGCUAGCAGAGG-3’) and siRNA (5™-
UGCUGAGAAUGAGAGCGGC-3’) [17] correspo-
nding to the human HoxA9 sequence were
transfected in ESCs using Lipofectamine 2000
(Invitrogen, USA) according to the manufactur-
er’'s instructions.

RNA isolation, real time-PCR and ELISA

Total RNA was prepared using an RNeasy mini
kit according to the manufacturer’s protocol
(Qiagen Sciences, MD). Total RNA was prepared
from cells transfected with HOXA9 or scram-
bled siRNA, and complementary DNA was
obtained with SuperScript Il (Invitrogen, CA).
Two microliters of each complementary DNA
reaction was used for real-time PCR using SYBR
Green (Takara Bio, Japan).

The primers specific for HOXAQ (forward primer,
5-CAGAACTGGTCGGTGATTTAGGTAG-3" and re-
verse primer, 5-CAACTGAAGTAATGAAGGGCA-
GTG-3’) and VEGF (forward primer, 5-CGCA-
GCTACTGCCATCCAAT-3’ and reverse primer,
5-GTGAGGTTTGATCCGCATAATCT-3’) included
intronic sequences to avoid amplifying genomic
DNA. PCR was performed using the Light Cycler
system (Roche, CH) with a 95°C denaturation
step for 10 seconds, followed by 40 cycles of
denaturation at 95°C (10 seconds), annealing
at 55°C (20 seconds), and extension at 72°C
(15 seconds). HOXA9 and VEGF expression was
normalized to that of actin. The PCR products
were subjected to melting curve analysis, and
the data were analyzed and quantified using
Light Cycler software. Data are shown means +
standard deviation of two biological replicates
(3-5 technical replicates each). The results are
relative to the expression levels of intact con-
trols.
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Figure 1. Immunohistochemical localization of HOXA9, VEGF, B1 integrin and CK19 expression in hypertrophic scars
and control skin. Arrows indicate the specific staining. HOXA9 expression (A-C) shows a relative increase in the
proliferative HS (B) compared with the mature HS (C) and the control skin (A). Counter staining was performed with
hematoxylin. VEGF was expressed in both the epidermis and dermis. Differences in VEGF expression (D-F) mirrored
the HOXA9 expression. Staining with an antibody against integrin B1 (G-1). CK19 was expressed in the epidermis

(J-L). Scale bar = 250 pm.

Cultured 24 h, 48 h and 72 h, the medium fluid
was aspirated, then stored under -20°C, ELISA
method determined the concentration of VEGF
(OD values were measured at an optimal wave-
length of 450 nm).

Western blot

Cell lysates were run by SDS-PAGE (10% gels)
and proteins present in the gels were trans-
ferred onto PVDF membranes. After blocking
non-specific binding using 1% milk in TBS,
Western-blots were probed with a 1:300 dilu-
tion of a monoclonal antibody against HOXA9
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(Abcam, UK) or VEGF (Epitomics, USA), followed
by a 1:1000 dilution of HRP conjugated goat
anti-mouse secondary antibody (Zymed, USA).
Excess antibody was removed by extensive
washing, and blots were developed by ECL che-
miluminescence (Thermo, USA).

Statistical analysis
The data were expressed as mean + standard
deviation. The student’s t-test was used for

analyzing acquired data. Significant statistical
difference was defined as P < 0.05.
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Table 1. Comparison of the optical density at different stages of scar

formation

characteristics. Several
molecules such as B1 in-

Different optical density in each group

tegrin, a6 integrin, P63,

Skin (n = 4)

Proliferative HS (n = 4)

Mature HS (n = 16) Cytokeratin-15 (CK15),

HOXA9 0.00179 + 0.00305 0.01100 + 0.00496" 0.00433 £ 0.00526"
VEGF 0.00724 + 0.00904 0.02294 + 0.00715"
integrin 1  0.00834 + 0.00947 0.02866 + 0.01235" 0.01220 + 0.01403*
CK19 0.00173 + 0.00167 0.00673 + 0.00345" 0.00298 + 0.00304*

Cytokeratin-19  (CK19),
and B-catenin have been
reported as putative ESC
markers [18]. We used

0.01239 + 0.00857#

“P < 0.05 when compared with the skin group, #*P < 0.05 when compared with the prolif-

the markers B1 integrin
and CK19 to locate the

erative HS group. Results are expressed as mean + standard deviation.

Results

Modulation of homeobox A9 and VEGF in hu-
man scar and normal skin tissues

Histological analysis of hypertrophic scars by
H&E confirmed the clinical diagnosis with the
characteristic abnormal dermal collagen arra-
ngement being found in all cases. Hypertrophic
scar (HS) samples were divided into two groups:
the proliferative HS group (N = 4) and the
mature HS group (N = 16). The H&E staining
showed an increased density of microvessels
and compact collagen arrangement in the pro-
liferative HS tissues, as compared to the nor-
mal skin tissues. Most of the microvessels
were compressed and sometimes even occlud-
ed. In the mature HS group, the majority of
microvessels were collapsed or occluded.

Homeobox A9 expression was mainly located in
the basal layer of the epidermis in both hyper-
trophic scar tissues and in the normal skin tis-
sues, while rarely expressed in the dermis. In
proliferative HS (Figure 1B), the expression of
HOXA9 was observed to be clearly stronger as
compared with control skin (Figure 1A, P <
0.05, Table 1). In mature HS (Figure 1C),
decreased HOXA9 expression was observed
when compared with proliferative HS (P < 0.05,
Table 1).

VEGF was expressed in both the epidermis and
dermis, mainly located in the basal layer of the
epidermis and dermal blood vessels. The stain-
ing differences between the experimental
groups were comparable to the homeobox A9
expression levels (Figure 1D-F, Table 1).

Distribution of ESCs in hypertrophic scar and
normal skin tissue

Because specific markers for identification of
ESCs are not available, there is the need to
combine multiple markers with the biological

3001

ESCs in the epidermis.

In normal skin tissue, integrin 1 mainly locat-
ed in the epidermal ridges, this result is consis-
tent with Michel M et al [19]. In proliferative HS
(Figure 1H), there was stronger staining of inte-
grin B1 in the basal layer of the epidermis when
compared with control skin (Figure 1G, P <
0.05, Table 1). In contrast, a significant
decrease in integrin B1 expression of the
mature HS (Figure 1l, P < 0.05, Table 1) was
observed when compared with hypertrophic
HS.

CK19 was expressed in both epidermis and
skin apendages [20]. The staining differences
between the experimental groups were compa-
rable to the integrin B1 expression levels
(Figure 1J-L, Table 1).

ESC morphology and identification

Isolated ESCs in culture show adherent and
polygone cells with a pebble-like appearance
(Figure 2A). The cells were observed to have
large round nuclei and little cytoplasm (Figure
2B), meeting the general characteristics of
stem cells. We used the second passage of the
cells for our studies. Immunofluorescence of
ESCs with antibodies against integrin f1 and
CK19 revealed staining for both integrin B1
(Figure 2C) and CK19 (Figure 2D). The nuclei
expressed P63 (Figure 2E), while CK10 was not
observed in the cells (Figure 2F).

Suppression of HOXA9 results in decreased
levels of VEGF expression

We observed that HOXAQ protein was constitu-
tively expressed in cultured human ESCs
(Figure 3A). We addressed the role of HOXA9 in
the induction of VEGF in ESCs by transfection of
HOXA9-specific siRNA to ablate HOXA9 protein
levels. Transfection of ESCs with HOXA9 siRNA
led to an efficient partial suppression (60%) of
HOXA9 mRNA expression compared to ESCs
transfected with scrambled siRNA (Figure 4A).

Int J Clin Exp Pathol 2014;7(6):2998-3007
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Figure 2. Morphology of ESCs in culture. (A) ESC colonies in a primary 6-day culture (x40). (B) ESCs from second
passage of culture. Small polygone shaped cells are observed to have a pebble-like appearance (x200). Cells
positive for integrin B1, CK19 and P63 are considered ESCs. Integrin B1 (C), CK19 (D) were expressed in both the
nucleus and cytoplasm. P63 (E) was mainly localized in the nucleus. CK10 (F), a marker for terminal differentiation
of epidermal cells, was not observed to be expressed. Original magnification x100 (C-F). The red arrow indicates nu-
clear staining, while the white arrow indicates the target protein staining. The yellow arrow indicates fusion staining.

Transfection of ESCs with HOXA9 siRNA result-
ed in a significant reduction of VEGF mRNA
(75%, Figure 4A). Western blot analysis showed
a similar tendency at the protein level (Figure
4B). Consistent with the above data, we
observed a significant downregulation of VEGF
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protein in supernatant when the ESCs were
treated with HOXA9 siRNA compared with
scrambled siRNA (Figure 4C).

The present results demonstrate that HOXA9
protein is constitutively expressed in human

Int J Clin Exp Pathol 2014;7(6):2998-3007
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Figure 3. HOXA9 and VEGF protein are expressed in cultured human ESCs. HOXA9 (A) and VEGF (B) expression were
observed in both the nucleus and cytoplasm. Original magnification x100. The red arrow indicates nuclear staining,
while the white arrow indicates the target protein staining. The yellow arrow indicates fusion staining.

ESCs and that it is required for induction of
VEGF gene expression.

Discussion

The etiology of hypertrophic scar formation is
not fully known. Factors that are known to be
involved are genetic factors (race, gender, etc.),
cell proliferation and apoptosis in abnormal
wound healing, abnormal secretion and action
of cytokines and their receptors, metabolic dis-
orders of the extracellular matrix, local biologi-
cal stress, abnormal inflammation and other
factors [21].

Recent studies present scar pathogenesis as a
disorder of the dermis and do not consider a
role for the epidermis [22]. However, reports on
in-depth studies speculate on the fact that
pathological scars result from abnormalities in
the epidermal-mesenchymal interaction, rather
than from isolated disorders in the dermis [23].
Epidermal-mesenchymal interactions occur at
various stages of embryonic skin development
and in response to injury during tissue repair
[24]. Such cellular interactions are mediated by
soluble growth factors and cytokines produced
directly in an autocrine or a paracrine way [13].

In normal wound healing, the role of keratino-
cytes has been extensively studied. Activated
keratinocytes are a feature of the early stages
of wound healing, and produce growth factors
that influence fibroblasts, endothelial cells, and
cells of the immune system [23]. Thus, abnor-
mal differentiation and proliferation of kerati-
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nocytes will cause a significant increase in epi-
dermal thickness, and the formation of hyper-
trophic scar tissue [25]. In trauma or burn
wounds, expression of the TGFB-, FGF- and
VEGF families of cytokines were described to
be increased in keratinocytes which regulate
re-epithelialization of epidermal cells and
regeneration of dermal tissue by the autocrine
or paracrine mechanism [26, 27]. Recent evi-
dence indicates that mesenchymal-epithetlial
interactions play a critical role in the regulation
of skin homeostasis and this cross-talk is medi-
ated by soluble factors acting as autocrine/
paracrine regulators of fibroblast and keratino-
cyte growth, function, and differentiation [28].

ESCs have a strong regenerative capacity and
are the origin of the epidermal cell pool. ESCs
exist in the epidermal basal layer and in the
hair follicle outer root sheath [15]. ESCs do not
only play a central role in homeostasis and
wound repair, but also represent a major source
of tumor initiation [14]. When the skin is subject
to trauma, ESCs can migrate, proliferate and
secrete different cytokines and growth factors.
These factors are involved in epidermal-mesen-
chymal cellular interactions [29-31]. Zhao et al.
found that ESCs and transit amplifying cells in
mature scars were much less in number than in
normal skin [32]. This report is consistent with
our findings. The results indicated that the self-
renewal ability of the scarred epidermis was
disturbed and the differentiation process was
in disorder. This may be a reason for the abnor-
mality of structure and function of the epider-
mis in scar tissue [32]. We found that more 1

Int J Clin Exp Pathol 2014;7(6):2998-3007
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Figure 4. HOXA9 induces VEGF expression in human ESCs. Human ESCs were transfected with HOXA9 siRNA or
scrambled siRNA. HOXA9 and VEGF mRNA (A), isolated from both the HOXA9 siRNA group and scrambled siRNA
group, was measured by real-time PCR. The percent change was calculated relative to that of scrambled siRNA-
transfected ESCs. Each mRNA expression level was normalized to that of actin mRNA expression. Data represent
the mean + SD for three replicate experiments. VEGF and HOXA9 protein levels (B) were detected in ESC whole cell
lysates of both HOXA9 siRNA and scrambled siRNA groups by Western blot analysis. The blots were subsequently
reprobed for actin as an internal loading control. The protein levels were quantified by densitometry. Secreted VEGF
was measured by ELISA (C). The supernatant was taken 24, 48 and 72 hours after transfection. *P < 0.05 versus
mock transfected cells.

integrin- and CK19-positive cells are present in of embryogenesis, adult tissue remodeling and
proliferative scar, as compared to normal skin the pathogenesis of the skin [35-37]. The
and mature scar tissue. This observation is genes encoding the Hox proteins, which con-
also consistent with the clinical phenomenon of tain a 180-bp homeodomain that facilitates
proliferative scar hyperkeratosis. DNA binding, are arranged in four major clus-

ters (A through D), on four chromosomes, with
In the skin and in scar tissue, VEGF is mainly each cluster containing between nine and thir-
secreted by macrophages, endothelial cells, teen genes [35, 38]. Transcriptional targets of
keratinocytes, and fibroblasts [33]. The expres- the Hox genes in both embryogenesis and in
sion of VEGF is closely and positively related adult tissues include genes associated with the
with vascular density and negatively with matu- cell cycle and cell-ECM interactions [39-41].
ration of scar tissue [34]. We found that in the Homeobox genes play an important role in the
early post-injury scar, expression of VEGF in the development of the cardiovascular system dur-
basal layer of the epidermis is significantly ing embryogenesis as well as vessel remodel-
increased, as compared to normal skin. With ing in adults [8, 9]. Sustained expression of
the maturation of hypertrophic scars, VEGF HoxA5 in endothelial cells leads to downregula-
staining gradually decreased to levels below tion of many pro-angiogenic genes including
those seen the normal skin. VEGFR2, ephrin A1, Hif1 and COX-2. In addition,

HoxA5 also upregulates expression of anti-
In recent years, there has been great interest in angiogenic genes, including thrombospondin-2
role of the homeobox gene family in the control [42]. For HoxD10-overexpressing human endo-
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thelial cells, it was demonstrated that they
failed to form new vessels when implanted into
immunocompromised mice [43]. Also, several
previous studies show that Homeobox genes
can participate in the development, differentia-
tion and tumorigenesis of the epithelium [12,
37, 44].

HoxA9 is expressed in multiple fetal and adult
tissues [36]. It directly regulates a variety of key
endothelial genes that are involved in the func-
tional maturation and activity of endothelial
cells [45]. For example, HOXAQ regulates endo-
thelial cell proliferation, migration and angio-
genesis via NK-kB [46], EphB4 [17] and other
downstream genes. Although many studies
investigated this angiogenesis link, the role
that HOXA9 plays in the epidermis is much less
addressed.

In summary, we have demonstrated that HOXA9
is involved in the transcriptional up-regulation
of the VEGF gene in ESCs. The results of this
study show that in addition to its multi-differen-
tiation potential and highly proliferative proper-
ties, the molecule has an effect on ESCs result-
ing in regulation of dermal remodeling and
homeostasis through the secretion of cyto-
kines. These findings do not only contribute to a
better understanding of scar formation, but
also provide potential pathways for therapeutic
intervention.
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