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SUMMARY: Sox18 encodes a member of the Sry-related high mobility group box (SOX) family of developmental transcription
factors. Examination of Sox18 expression during embryogenesis has shown that Sox18 is expressed transiently in endothelial
cells of developing blood vessels, and mutations in Sox18 have been found to underlie the mouse vascular and hair follicle mutant
ragged. In this study we have examined the expression of Sox18 in angiogenesis during wound healing. Full-thickness skin
wounds were created in mice, and subsequent expression of vascular endothelial growth factor (VEGF), the VEGF receptor Flk-1,
a1 (iv) collagen (Col4a1), and Sox18 were studied using in situ hybridization. As has been previously reported, VEGF was
expressed predominantly in the keratinocytes at the wound margins. Sox18 expression was found five days after wounding
during capillary sprouting in granulation tissue and persisted through the proliferative phase of healing, but was not detected in
fully epithelialized wounds 21 days after wounding. Sox18 mRNA expression was detected in capillaries within the granulation
tissue and showed an identical pattern of distribution to Flk-1 and Col4a1 mRNA expression in endothelial cells. Immunostaining
with a polyclonal anti-Sox18 antibody showed SOX18 protein localized in capillary endothelial cells within the granulation tissue.
Capillaries in the subcutaneous tissue of unwounded skin showed no Sox18 expression. Sox18 may therefore represent a
transcription factor involved in the induction of angiogenesis during wound healing and tissue repair, but not in the maintenance
of endothelial cells in undamaged tissue. (Lab Invest 2001, 81:937–943).

T he control of angiogenesis during tissue repair
events is of crucial importance and disturbances

of this process may be implicated in impaired healing
such as that seen in various disease states and in
aging (Swift et al, 1999). The events occurring during
angiogenesis rely on expression of the appropriate
growth factors, the presence of receptors for the
growth factors concerned, and the subsequent induc-
tion of genes encoding factors that are involved in the
cell migration, such as matrix metalloproteinase and
plasminogen activator. Several growth factors in-
volved in the induction of angiogenesis have been
described. These include transforming growth factor
beta (TGF-b) (Kuzuya and Kinsella, 1994), basic fibro-
blast growth factor (bFGF) (Montesano et al, 1986),
and vascular endothelial cell growth factor (VEGF)
(Frank et al, 1995; Nissen et al, 1998).

In this study we have examined the expression in
wound healing of the novel transcription factor gene,
Sox18. Sox genes encode a large family of transcrip-
tion factors with important and diverse roles in embry-

onic development (Wegner, 1999). For example, the
sex-determining gene Sry is critical for the differenti-
ation of Sertoli cells during mammalian testis devel-
opment (Koopman et al, 1991; Sinclair et al, 1990),
Sox9 is required for chondrocyte differentiation (Bi et
al, 1999; Wright et al, 1995) and is defective in the
skeletal dysmorphology syndrome campomelic dys-
plasia (Foster et al, 1994; Wagner et al, 1994), and
Sox10 is required for neural crest development and is
defective in the neural crest disorder Waardenburg-
Hirschsprung disease and the corresponding mouse
model dominant megacolon (Pingault et al, 1998;
Southard-Smith et al, 1998). The high mobility group
(HMG) box characteristic of SOX proteins is a 79
amino acid domain that confers DNA sequence-
specific binding to double-stranded DNA, and several
SOX proteins have been shown to act as transcrip-
tional activators or repressors.

We have previously described the isolation, se-
quence, expression, mapping, and biochemical char-
acterization of the Sox18 gene and corresponding
protein. Sox18 binds sequence-specifically to DNA
and is able to function as a classic trans-activating
transcription factor (Hosking et al, 1995). Sox18 is
expressed in developing blood vessels in mouse em-
bryos (Pennisi et al, 2000) and in adult lung, heart, and
skeletal muscle tissues (Dunn et al, 1995). Expression
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is first detected in the allantois and yolk sac blood
islands at 7.5 dpc and persists at these sites until 8.5
days post coitum (dpc) (Pennisi et al, 2000). Subse-
quently, Sox18 is expressed in the paired dorsal
aortae and the heart. In addition to expression in
vessels formed by vasculogenesis, such as the dorsal
aortae, Sox18 expression is associated with those
formed by angiogenesis, such as the intersomitic
vessels and capillary network. Sox18 expression in the
mouse embryo is indistinguishable from that of the
endothelial marker Flk-1 (Pennisi et al, 2000). These
observations indicate that Sox18 is associated with
vascular endothelial development from the earliest
stages. Sox18 expression is transient in the mouse
embryo, consistent with the possibility that Sox18
protein might act as part of a molecular switch mech-
anism for endothelial cell differentiation. We recently
found that mutations in Sox18 underlie the vascular
and hair follicle mouse mutant ragged, providing clear
evidence for a role for Sox18 in blood vessel develop-
ment and/or function (Pennisi et al, 2000).

Because Sox18 is induced during blood vessel
growth in embryogenesis, we hypothesized that it is

likely to be involved in angiogenesis occurring in adult
life. In this study we report that Sox18 is expressed
during angiogenesis in wound healing in adult mice
and rats but is undetectable in unwounded skin.
Sox18 expression is confined in the granulation tissue
to endothelial cells of sprouting vessels, as shown by
an identical pattern of expression to that shown by
Flk-1 and a1 (iv) collagen (col4a1).

Results

VEGF

VEGF expression was detected in keratinocytes of the
epidermis in all samples studied. There was a marked
increase in the level of VEGF mRNA expression in the
proliferative keratinocytes at the wound margins (Fig.
1a). VEGF expression in keratinocytes of the epider-
mis has been previously reported, as has VEGF ex-
pression in macrophages. In this study we also ob-
served strong labeling for VEGF mRNA in cells present
in the skeletal muscle layer underlying the wound
tissue (Fig. 1b). This has not been previously reported

Figure 1.
Vascular endothelial growth factor (VEGF) expression during wound healing. a, VEGF mRNA expression in a skin wound (five days after wounding) showing a high
level of VEGF mRNA expression in keratinocytes at the wound margin, corresponding to hyperproliferative keratinocytes (arrow). Dark-field micrograph, original
magnification, 3200. b, VEGF mRNA expression was also detected in the skeletal muscle beneath the granulation tissue between muscle fibers (arrows). Dark field
microscopy, original magnification, 3200. c, Immunostaining for the macrophage/monocyte marker ED-1 in rat wound tissue showed a similar distribution of cells
to VEGF mRNA labeling, suggesting cells in the skeletal muscle layer expressing VEGF mRNA may be of the macrophage/monocyte lineage (original magnification,
3200).
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and may represent induction of VEGF expression in
cells present between muscle fibers. Wound tissue
from rats showed the same distribution of VEGF-
expressing cells. High-power magnification suggests
that the VEGF-positive cells in the skeletal muscle
tissue were not capillary endothelial cells. These cells
show a similar distribution to cells labeled with the rat
macrophage/monocyte marker ED-1 (Fig. 1c). Sec-
tions probed with a sense probe for VEGF showed no
labeling above background.

Sox18

Sox18 expression was found in capillary endothelial
cells throughout the granulation tissue but not in
capillaries in unwounded surrounding tissue. Sox18
expression was detectable in capillary endothelial
cells of sprouting vessels in the granulation tissue (Fig.
2a). Both early wound biopsies taken five days after
wounding (Fig. 2b), and wound biopsies taken 16 days

after wounding, when reepithelialization was complete
(Fig. 2c), showed high levels of Sox18 mRNA expres-
sion. Sox18 mRNA expression was identical in pattern
to that of Flk-1 expression and col41a mRNA expres-
sion, strongly suggesting it was confined to capillary
endothelial cells in the granulation tissue. In all of the
wound sections examined, unwounded skin distant
from the wound site was included in the biopsy. Sox18
expression was not observed in capillaries in the
subcutaneous tissue distant from the wound site (Fig.
2d). Similar to the localization of VEGF mRNA, some
Sox18 mRNA expression was detectable in vessels at
the periphery of the skeletal muscle beneath the
granulation tissue (Fig. 3a) and occasionally in larger
vessels at the base of the granulation tissue, such as
the arteriole illustrated in Figure 3b. In wounds that
were fully reepithelialized after 21 days, Sox18 mRNA
expression was undetectable (Fig. 3c). Immunostain-
ing with an affinity-purified anti-Sox18 polyclonal an-

Figure 2.
a, Sox18 mRNA expression was detected in endothelial cells in granulation tissue after wounding (arrows). b, Sox18 expression was detectable early after wounding
(five days after wounding) in many capillaries in the granulation tissue (arrows). Dark-field micrograph, original magnification, 3200. c, Sox18 mRNA expression
was still detected after the wound had reepithelialized at 16 days after wounding (arrows). Dark-field micrograph, original magnification, 3200. d, Capillaries in dermal
tissue distant from the wound site showed no expression of Sox18 mRNA. Dark-field micrograph, original magnification, 3200.
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tibody showed cytoplasmic staining predominantly in
capillaries of the granulation tissue (Fig. 3d). Other cell
types, such as keratinocytes adjacent to the wound,
were unstained and endothelial cells of vessels in
adjacent dermis were unstained (results not shown).

Flk-1

Flk-1 mRNA expression was detected in endothelial
cells of vessels in the granulation tissue at all time
points studied; that is, both early in wound healing
(five days) when capillaries are sprouting (Fig. 4a) and
late in wound healing when reepithelialization is com-
plete (16 days) (Fig. 4b). Capillaries in the dermis
adjacent to the wound remained negative for Flk-1
expression (not shown). Dark-field microscopy of sec-
tions from these two time points, five days after
wounding (Fig. 4c) and 16 days after wounding (Fig.
4d), shows an identical pattern of Flk-1 mRNA expres-
sion to that seen with Sox18. Flk-1 expression colo-

calized with col41a mRNA expression, a marker of
endothelial cells in the granulation tissue as sprouting
capillaries synthesize new basement membrane (not
shown).

Discussion

Angiogenesis is an important component of the tissue
repair process in the skin and other organs. Many of
the growth factors that are involved in angiogenesis
have been identified, as have their receptors. These
include TGF-b (Kuzuya and Kinsella, 1994), bFGF
(Montesano et al, 1986), hepatocyte growth factor
(HGF) (Hayashi et al, 1999), connective tissue growth
factor (CTGF) (Shimo et al, 1999), and VEGF (Frank et
al, 1995; Nissen et al, 1998). To be induced, angio-
genesis also requires the expression of other genes,
examples being the genes involved in cell migration
through the extracellular matrix, such as matrix met-
alloproteinases, tissue inhibitor of metalloproteinase,

Figure 3.
a, Sox18 mRNA was detected in vessels (arrow) within the skeletal muscle layer adjacent to the base of the wound (7 days after wounding). b, In some biopsies,
Sox18 mRNA expression was seen in some larger vessels at the base of the granulation tissue, such as the arteriole shown here (arrow). Dark-field micrographs,
original magnification, 3200. c, In wounds that were fully reepithelialized after 21 days, Sox18 mRNA expression was undetectable. d, Immunostaining with
anti-SOX18 polyclonal antibody shows SOX18 protein present in a capillary (arrow) within granulation tissue biopsied 10 days after wounding.
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and plasminogen activator and its inhibitor (Pepper et
al, 1998). The mechanisms by which these genes are
induced and the transcription factors that regulate
them remain largely unknown.

In this study we have identified expression of a
novel transcription factor gene, Sox18, during angio-
genesis in a mouse model of wound healing, and we
have studied Sox18 expression compared with that of
genes encoding VEGF, Flk-1, and col4a1. VEGF ex-
pression is predominantly localized in keratinocytes at
the wound margins, whereas the receptor for VEGF,
Flk-1, is localized on capillary endothelial cells within
the granulation tissue. VEGF expression was also
observed close to skeletal muscle cells in the layer of
skeletal muscle passing through the subcutaneous
tissue. This has not previously been reported and may
represent VEGF expression in monocyte/macrophage
cells present in this tissue, possibly induced by the
tissue injury and resultant hypoxia. Immunostaining
with a monocyte/macrophage marker of rat wound
sections showed a high number of ED-1–positive cells

in this location, with a similar distribution to the
VEGF-positive cells. Interestingly, there was some
evidence of Sox18 and Flk-1 in this region, suggesting
that vessel sprouting may occur from this site, driven
by locally produced VEGF.

Sox18 expression was localized on capillary endo-
thelial cells in the granulation tissue but not in capil-
laries of the dermis surrounding the wound site. In situ
hybridization detected Sox18 mRNA expression in an
identical pattern to that seen for Flk-1 and col4a1
mRNA expression, confirming that it was expressed
by endothelial cells. These data suggest that Sox18 is
induced only in endothelial cells that are involved in
angiogenesis, that is, endothelial cells that are under-
going proliferation and migration as capillary elonga-
tion occurs. Sox18 expression was maintained in
capillaries of the granulation tissue throughout heal-
ing, being detected at early time points, five days after
wounding, when migration and elongation of capillar-
ies is occurring through a provisional matrix, and was
still detectable at 16 days after wounding, when the

Figure 4.
Flk-1 expression during wound healing. Flk-1 mRNA expression was confined to endothelial cells (arrows) within the granulation tissue and was expressed throughout
healing, shown here in granulation tissue 5 days (a) after wounding and 16 days (b) after wounding. Bright-field micrograph, original magnification, 3200. Dark-field
micrographs of granulation tissue, 5 days (c) and 16 days (d) after wounding when reepithelialization has occurred, show Flk-1 mRNA expression is detectable in
granulation tissue capillaries with an identical pattern to Sox18 mRNA expression (original magnification, 3200).
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wound is reepithelialized and granulation tissue re-
modeling has commenced. The absence of detectable
Sox18 expression in endothelial cells of the surround-
ing unwounded tissue suggests that Sox18 expres-
sion is not required for maintenance of endothelial
cells once capillaries are formed. This finding is con-
sistent with the transient nature of Sox18 expression
during blood vessel development in embryos (Pennisi
et al, 2000).

In conclusion, Sox18 appears to be a marker of
angiogenesis, and may be involved in activation of
genes involved in this process during wound repair.
The signal for induction of Sox18 expression and the
specific genes that are activated by SOX18 protein
remain to be elucidated. Because delayed angiogen-
esis may inhibit normal wound repair (Swift et al,
1999), understanding the transcription factors that are
involved in normal angiogenesis may provide future
targets for therapy in impaired healing.

Materials and Methods

Generation of Wound Tissue

A full-thickness skin wound model was used in this
study (Darby et al, 1997). Mice (8-week-old C57/Bl6)
were anesthetized using ketamine and xylazine, the
skin on the mid-dorsal region of the animal was
shaved and a 1-cm square of skin was excised using
a sterile scalpel. The full-thickness wound passed
through the subcutaneous tissues, including the thin
layer of skeletal muscle, panniculus carnosus. The
wound was irrigated with sterile saline and allowed to
heal without addition of wound dressings. Wound
tissue was taken at various time points after wound-
ing, from animals killed by anesthetic overdose and
cervical dislocation. A similar wound model was used
to obtain granulation tissue samples from adult (8-
week-old) Sprague Dawley rats, with 1 cm 3 1 cm
full-thickness wounds being created on rats and tissue
taken at the same time points as for the mice experi-
ments. All tissue samples were fixed in 4% parafor-
maldehyde and processed routinely for paraffin em-
bedding. All animal experiments were approved by the
animal experimentation ethics committee of RMIT
University.

In Situ Hybridization

Labeled cRNA probes for Sox18, Flk-1, VEGF, and
Col4a1 were generated from cDNA inserts cloned into
various transcription vectors, using the appropriate
RNA polymerase enzyme and 33P-UTP (NEN). Probes
were provided by Dr. Stephen Stacker, Ludwig Insti-
tute, Melbourne, Australia (VEGF), and Drs. Janet
Rossant and Andras Nagy at the Samuel Lunenfeld
Research Institute, Toronto, Canada (Flk-1), and
col4a1 cDNA was purchased from American Type
Culture Collection (ATCC, Manassas, Virginia). cDNA
inserts of the following sizes and origins were used to
produce riboprobes specific for the genes of interest.
Mouse Sox18 750 bp, mouse Flk-1 800 bp, mouse
VEGF 550 bp, and human col4a1 1700 bp. Sections of

wound tissue were dewaxed and treated with pronase
E (125 mg/ml), microwaved in citrate buffer, and
dehydrated.

All sense and antisense probes were prepared by
incorporation of 33P-UTP by using DNA inserts and
the appropriate RNA polymerase. All probes were
hydrolyzed by exposure to alkaline pH to produce
probe lengths of approximately 150 bp. Labeled
probes were counted on a scintillation counter and
diluted in hybridization buffer to a concentration of 40
3 106 cpm/ml. Hybridization was carried out overnight
in hybridization buffer containing 50% formamide at
55° C. Post-hybridization washes were performed in
50% formamide at 50° C and unbound probe was
removed by incubation of sections in RNase A (Sigma,
St. Louis, Missouri) at a concentration of 150 mg/ml at
37° C for 1 hour. Positive signals were detected using
Ilford K5 liquid emulsion (Cheshire, United Kingdom),
and developed in Kodak D19 developer (Rochester,
New York), and Ilford Hypam rapid fixer.

Immunohistochemistry

Immunohistochemistry was performed on dewaxed
paraffin sections of wound tissue that had been fixed
in mercuric formalin fixative (saturated mercuric chlo-
ride in 10% formalin). Mercury pigment was removed
by treating sections with Lugol’s iodine. Sections were
then decolored by treatment in 5% sodium thiosulfate.
Immunostaining was performed for the rat macro-
phage marker ED-1 using a monoclonal antibody
(Serotec, Kidlington, United Kingdom). Immunostain-
ing for Sox18 protein was performed using a poly-
clonal antibody to mouse SOX18 protein. Specific
staining was detected using appropriate secondary
antibodies conjugated with biotin and avidin-biotin-
peroxidase complex (Vector Laboratories, Burlin-
game, California). Diaminobenzidine-4HCl (Sigma)
was used as substrate for the color reaction. Negative
controls were performed by substituting nonimmune
serum for primary antibody.
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Erratum

Our May 2001 issue contained a Brief Method entitled “Immunohistochemical Detection of Skin-Homing T
Cells Expressing Fucosyltransferase VII (Fuc-TVII) In Vitro and In Situ” (vol 81:771–773). This article contained
errors in the listings of the authors and their affiliations. The correct listings of authors and affiliations are as
follows:

Yoshiko Mizukawa, Kenya Shitara, Yoshimi Yamazaki, Akihiko Kudo, Hisashi Narimatsu, and Tetsuo
Shiohara

Departments of Dermatology (YM, YY, TS) and Anatomy (AK), Kyorin University School of Medicine, Mitaka,
Tokyo; Tokyo Research Laboratories (KS), Kyowa Hakko Kogyo Company, Ltd., Machida, Tokyo; and
Division of Cell Biology (HN), Institute of Life Science, Soka University, Hachioji, Tokyo, Japan
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