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Mesenchymal cells that accumulate during the proliferative phase of wound healing and that are present in
hyperplastic wounds share cytologic similarities with the cells from fibroproliferative lesions in which there is
activation of b-catenin-mediated transcription. Re-excision wounds from a previous biopsy and samples from
hyperplastic cutaneous wounds were studied along with normal tissues. During normal wound healing, there
was an increase in b-catenin protein level, peaking 4 weeks following the insult and returning towards baseline
level by 12 weeks. Hyperplastic wounds exhibited a prolonged duration of elevated b-catenin, lasting more than
2 years following the initial injury. The level of expression of genes known to be upregulated in the proliferative
phase of wound healing (a-smooth muscle actin and type three collagen), correlated with b-catenin protein
level. The phosphorylation level of glycogen synthase kinase-3-b, a kinase important for b-catenin protein
destabilization, correlated with b-catenin protein level. b-Catenin was transcriptionally active in these wounds
as demonstrated by the expression of the b-catenin target genes (MMP-7 and FN) and by activation of a tcf-
reporter in primary cell cultures. b-catenin stabilization increases cell proliferation and motility in fibroblasts in
vitro, and likely has a similar function during its transient elevation in the proliferative phase of normal wound
healing. In hyperplastic wounds, there is dysregulation of b-catenin, maintaining the mesenchymal cells in a
prolonged proliferative state. As such, b-catenin likely plays a central role in mesenchymal cells during the
healing process, and is an appealing therapeutic target for disorders of wound healing.
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Healing is a dynamic process involving soluble
factors, blood-borne cells, extracellular matrix, and
parenchymal cells. Although there is overlap be-
tween them, the healing process progresses through
three major phases: an initial or inflammatory
phase; a proliferative phase; and a remodeling
phase. During the proliferative phase, there is
reconstitution of the barrier and structural function
of the skin. These two functions are associated with
the epithelial component and the mesenchymal
component (also called stromal or granulation

tissue) of the wound. Re-epithelialization begins
within hours after injury, and within 2 days, cells at
the wound margin proliferate behind the actively
migrating cells. Cells forming the mesenchymal
component begin to invade the wound space about
4 days after injury. This tissue is composed of
macrophages, fibroblasts, and blood vessels. The
fibroblasts produce the new extracellular matrix
necessary to support cell ingrowth and to provide
strength to the wound. These cells express higher
levels of type three collagen and a-smooth muscle
actin. Once an abundant collagen matrix has been
deposited in the wound, the fibroblasts stop produ-
cing collagen, and the fibroblast-rich granulation
tissue is replaced by a relatively acellular scar. It is
during this remodeling phase that extracellular-
matrix reorganization takes place.1,2
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The fibroblast-like mesenchymal cells that accu-
mulate beneath the epithelium during the prolifera-
tive phase of healing share cytologic similarity with
cells from a variety of fibroproliferative processes,
such as aggressive fibromatosis, a locally invasive
tumor. Aggressive fibromatosis is associated with
somatic mutations resulting in the stabilization of
b-catenin protein, and the activation of b-catenin
mediated tcf-dependent signaling.3,4 Evidence
that b-catenin stabilization is sufficient to cause
aggressive fibromatosis is derived from transgenic
mice that express a stabilized form of b-catenin
which develop aggressive fibromatosis tumors.5

b-catenin is a crucial mediator in the canonical
WNT (or wingless) signaling cascade. In the absence
of an appropriate WNT ligand, glycogen synthase
kinase (GSK) 3b promotes the phosphorylation of
b-catenin at key Ser/Thr residues, targeting it for
degradation through the ubiquitin–ligase pathway.
Additional proteins including Adenomatous
Polyposis Coli (APC) and Axin act in a multipro-
tein complex with GSK-3-b to regulate b-catenin
levels. In response to an appropriate WNT ligand,
the GSK-3-b activity is inhibited resulting in an
elevation of the protein level of b-catenin, associated
with phosphorylation of GSK-3-b. b-Catenin
protein can also be stabilized by a mutation in key
Ser/Thr phosphorylation sites, or if there is a
mutation in one of the proteins in the multi
protein complex regulating b-catenin protein phos-
phorylation. Stabilized b-catenin can translocate to
the nucleus, and bind to transcription factors in
the tcf-lef family, transactivating transcription.6,7

Tcf-lef transcription factors regulate gene expression
in a cell-type specific manner. As such, the
target genes in fibroblasts are not the same as those
in epithelial cells. Two genes that are upregulated in
mesenchymal cells in response to b-catenin
mediated tcf-dependent transcription are matrix
metalloproteinase seven (MMP-7) and fibronectin
(FN).8–10 Both matrix metalloproteinases and
fibronectin are known to be upregulated during
wound healing, and are also expressed in hyper-
plastic wounds.11–13

Fibroblasts present during the proliferative heal-
ing phase have a cytological appearance resembling
immature fibroblasts with abundant rough endo-
plasmic reticulum. However, as the healing process
proceeds, fibroblasts show a more mature phenotype
with prominent microfilament bundles. The gross
cytological appearance of the less mature fibroblasts
in the proliferative phase of wound healing is quite
similar to the appearance of the cells in aggressive
fibromatosis. Thus, a role for b-catenin protein
stabilization and tcf-dependent transcriptional
activation was investigated in murine wound heal-
ing. Using a transgenic tcf-reporter mouse, it was
found that b-catenin protein level is elevated and
tcf-dependent transcription is activated in the
mesenchymal, fibroblast-like cells during the proli-
ferative phase of wound healing.5

Hyperplastic scars are characterized by the per-
sistence of fibrous bundles, which exist in a typical
horizontal pattern in the upper dermis and a
whorled appearance in the deeper dermis. The
dermal layer is composed of cells cytologically
reminiscent of the immature fibroblasts present
during the proliferative phase of wound healing.
Many of the factors upregulated during the proli-
ferative phase of wound healing such as expression
of various collagens, a-smooth muscle actin, and
fibronectin are also upregulated in hyperplastic
wounds. The cause of hyperplastic wounds is not
known, but factors such as mechanical stress and
overactivation of growth factor, such as transforming
growth factor b, are implicated. The similarities in
cell cytology and gene expression between hyper-
plastic wounds and the proliferative phase of
normal wound healing suggest that, in some aspects,
cells in hyperplasic wounds behave as though they
were in a prolonged proliferative phase of heal-
ing.2,14,15 In this study, we examine the role of b-
catenin during normal human cutaneous wound
healing and in hyperplastic cutaneous wounds.

Methods

Samples

Patients undergoing resection for a benign muscu-
loskeletal tumor following a previous open biopsy,
and patients undergoing surgical excision for a
hyperplastic wound were investigated. In the case
of patients undergoing surgery after a previous open
biopsy, the entire initial wound, including a margin
of normal skin, was removed, as is the usual practice
for surgical resection of a musculoskeletal tumor
following a previous open biopsy. A section of the
subcutaneous tissue from a separate sample from the
surrounding normal skin, taken as far away as
possible from the initial wound, was processed for
analysis as a normal skin control. Cases were
available for analysis from resections performed 2
weeks (four cases), 4 weeks (five cases), 6 weeks
(four cases), 8 weeks (three cases), 12 weeks (four
cases), or 6 months (two cases) following the initial
open biopsy. In all, 10 cases of hyperplastic wounds
that underwent surgery between 1 and 5 years
following an initial injury were studied, and tissues
processed in a similar manner. Four of these patients
had a previous sharp penetrating traumatic event
causing a wound in an extremity, one had blunt
trauma, and the remainder had a burn injury. On
examination, the scars were at least 1.0 cm wide.
None of the patients had previous surgery for a
hyperplastic scar. Patients underwent surgery be-
cause of the cosmetic appearance of the scar or
functional limitations related to the scar. All of the
wound samples were obtained from wounds invol-
ving the extremities, but not located directly over a
joint, to eliminate the possibility that differences
found might be related to anatomic site. The size of
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the subcutaneous tissue available from the hyper-
plastic wounds were smaller than those from the
wounds from previous open biopsies, and such, the
case material available for analysis was limited.
Thus not all of the analyses were able to be
undertaken on every sample. In all cases, a section
of the wound and normal tissue was processed in an
identical manner. Full thickness sections were
cryopreserved, and also prepared as formalin-fixed
paraffin-embedded materials. Samples were pro-
cessed and stained with hematoxylin and eosin for
histologic analysis.

Protein Analysis

Proteins were extracted from tissue samples and
analyzed using Western analysis as previously
reported.3 In brief, equal amounts of total proteins
were electrophoresed on an SDS-polyacrylamide
gel, transferred to a polyvinylidene diflouride
membrane, and stained to verify an equal amount
of transferred proteins from each sample. Western
blot was performed using an antibody to b-catenin
(Transduction Laboratories, Lexington, KY, USA),
phosphor-Ser-9 GSK3 b (New England Biolabs),
actin (Oncogene), and total GSK3 b (Transduction
Laboratories). Hybridization was carried out over-
night at 41C and detected using a peroxidase
secondary antibody and chemiluminescence. The
same blots were stripped and then reprobed using
each antibody. Actin was used as an additional
loading control. The Western analysis for each
sample was performed in triplicate. The immuno-
blot results were scanned, and the digital data
analyzed on a computer. Densitometry was per-
formed by measuring the density across the band of
interest, and normalizing this to the average back-
ground density of the blot. The comparison between
the control band and band of interest was performed
using comparisons made from the same digital data,
which contained both bands. The means, standard
deviations, and 95% confidence intervals for the
relative density of b-catenin were determined for
samples, and these were compared using the two-
way t-test.

Immunohistochemistry was performed on forma-
lin-fixed, paraffin-embedded material using a pre-
viously reported technique.3,4 Tissues were dewaxed
and quenched in hydrogen peroxide/methanol solu-
tion, immersed in 10mmol/l citric acid, and heated
for 15min in a 750-W microwave oven. After
washing and blockade with 1% serum bovine
albumin, the slides were incubated with monoclo-
nal antibody to b-catenin (Transduction Labora-
tories) at 10 mg/ml overnight at 401C. Tissues were
washed with PBS, incubated with a secondary
anti-mouse immunoglobulin, and detected using
immunoperoxidase staining (Vector Laboratories,
Burlingame, CA, USA). Wound and normal tissues
were processed at the same time to avoid slight

variations in technique that might alter staining
characteristics.

RNA Analysis

Total RNAwas extracted from cryopreserved tissues
in the re-excision wounds, hyperplastic wounds,
and accompanying normal tissues. RNA was ex-
tracted using Trizol regents (Life Technologies, Inc.)
and converted to cDNA using reverse transcriptase
with a poly-T primer. PCR primer pairs that amplify
a product that crosses introns were chosen from
previous publications16–20 for reduced glyceralde-
hyde-phosphate dehydrogenase (GAPDH), b-cate-
nin, genes known to be upregualted in the
proliferative phase of wound healing (a-smooth
muscle actin and type three collagen), and the b-
catenin target genes MMP-7 and FN. PCR was
performed under semiquantitative conditions as
previously reported.18 Each sample was amplified
for several different cycle numbers, after confirming
amplification in the linear range, using the primer
pairs for the gene of interest, as well as for the
housekeeping control gene, GAPDH. Resultant pro-
ducts were electrophoresed, stained with ethidium
bromide, and photographed under ultraviolet light.
Densitometry was utilized to determine the relative
difference in density of the resultant band of interest
compared to the band from amplification using
primers to the control gene, GAPDH. The PCR
results were scanned, and the digital data analyzed
on a computer. Densitometry was performed by
measuring the density across the band of interest,
and normalizing this to the average background
density. The comparison between the control band
and band of interest was performed using compar-
isons made from the same digital data, which
contained both bands from a single blot. The data
were considered as a ratio between the gene of
interest and the control gene. The PCR reactions for
each sample were performed in triplicate for primer
pair. There was less than 10% variation in the
density ratios between the gene of interest and the
control gene for the triplicates for each specimen.
The means, standard deviations, and 95% confi-
dence intervals for the relative density for each gene
of interest was determined for each sample relative
to the level of GAPDH, and these were compared
between samples using the two-way t-test.

Primary Cell Cultures and tcf-Reporter Assay

Primary cell cultures from five re-excision wounds,
from three hyperpastic wounds, and from the
associated surrounding normal dermal tissues were
established using an explant technique.21,22 Cells
were examined for tcf-dependent transcription after
their first passage in culture. The cells plated on 35-
mm dishes were transiently transfected in triplicate
with 1 mg of the tcf-lef luciferase reporter construct
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pTOPFLASH or the control reporter, pFOPFLASH,
which contains a mutant tcf-lef consensus binding
sequence. Superfect transfection reagent (Qiagen) was
utilized according to the manufacturer’s instructions,
and in all cases, a Rous sarcoma virus b-galactosidase
expression vector was used as a control for transfec-
tion efficiency. Cells were harvested 24h after
transfection, and luciferase enzyme activity was
measured using a luminometer, and normalized to
b-galactosidase activity. A ratio of the normalized
pTOPFLASH/pFOPFLASH luminescence was calcu-
lated for each cell dish.21,23,24 The experiment was
performed in triplicate. The mean, standard devia-
tion, and 95% confidence interval of the result from
the culture derived from the wound tissues were
compared to the results from the cell culture derived
from normal tissue, using the two-way t-test.

Results

b-Catenin Protein is Transiently Elevated during the
Proliferative Phase of Wound Healing

We analyzed b-catenin protein levels in healing
wounds from patients undergoing re-excision for a
tumor. There was a robust dermal mesenchymal
component on histological evaluation to the sam-
ples from the re-excision wounds, consistent with
the appearance of the proliferative phase of cuta-
neous wound healing. The fibroblasts present dur-
ing the proliferative healing phase resemble
immature fibroblasts with a highly synthetic appear-
ance. In the later phase of healing, the fibroblasts
show a more mature phenotype with prominent
microfilament bundles (Figure 1). We examined the
level of expression of a-smooth muscle actin and
type three collagen, genes known to be upregulated
during the proliferative phase of wound healing, in
these samples using semi-quantitative RT-PCR.
Both genes were expressed at higher levels in the

wounds than in surrounding normal tissues, with
expression level peaking in wounds 4 weeks
following the initial biopsy, and gradually declining
towards baseline at 12 weeks following the biopsy
(Figure 2). This expression pattern is consistent with
the proliferative phase of wound healing occurring 4
weeks following the initial insult. Using Western
analysis, the protein level of b-catenin was com-
pared between wound samples from different times
after the initial biopsy. b-Catenin protein level was
elevated in all of the wounds compared to surround-
ing normal tissues, but the degree of elevation varied
with the time course. At 1 week, there was a mild
elevation in protein level, the protein level of b-
catenin peaked 4 weeks following the initial injury,
and by 12 weeks following the initial insult, levels
returned to near baseline (Figure 3).

Immunohistochemistry showed that b-catenin was
located in the cytoplasm and nucleus in the
mesenchymal dermal cells in the re-excision samples
(Figure 4). Although there was staining for b-catenin
in the epithelial cells, the staining was localized to
the cell membranes. This staining pattern suggests
that b-catenin is transcriptionally active in the
mesenchymal cells, but not in the epithelial cells.
The intensity of b-catenin staining correlated with the
Western analysis results, with normal wounds show-
ing maximal staining 4 weeks following the initial
injury. Although it is difficult to show in an objective
manner, the less mature fibroblasts seemed to have
more beta-catenin staining.

b-Catenin Protein Elevation is not Associated with
a Change in mRNA Level, but Does Correlate with
Phospho-Ser-9 GSK-3b

To determine the mechanism responsible for caus-
ing an elevation in b-catenin protein in the wounds,
we examined its mRNA level, and the activation
of the multiprotein complex responsible for its

Figure 1 Histologic appearance of cutaneous wounds. Hematoxylin and eosin stained sections � 100. Compared to normal skin (panel a)
re-excision wounds showed abundant fibroblast like cells in the mesenchymal component of the wound 4 weeks following injury (panel
b). At 12 weeks following the initial biopsy, the size of the mesenchymal component is smaller (panel c), consistent with a switch to the
remodeling phase of healing. Hyperplastic wounds maintain a large mesenchymal component to the wound for several years following
the initial injury (panel d).
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ubiquitin-mediated degradation. The mRNA level
of b-catenin was investigated using semiquantitative
RT-PCR, and no substantial difference in expression
level over the various time points examined was
detected (Figure 2). GSK-3-b is a member of the
multiprotein complex that targets b-catenin for
ubiquitin-mediated degradation. Although the me-
chanism by which GSK-3-b regulates b-catenin is
not completely elucidated, WNT signaling activa-
tion causes inactivation of GSK-3-b, which is
associated with its phosphorylation at Ser-9. We
examined the protein level of Phopho-Ser-9-GSK-3-b
compared to total GSK-3-b, and found that level of
Phopho-Ser-9-GSK-3-b correlated with the protein

level of b-catenin (Figure 3). This suggests that
b-catenin protein is stabilized in the wound samples
through a post-transcriptional mechanism, invol-
ving GSK-3-b.

Figure 2 Semiquantitative RT-PCR results for the expression of
FN, MMP-7, a-smooth muscle actin (aSMA), type three collagen
(COL3A1), and b-catenin. Panel a shows a representative PCR
result from a normally healing wound 4 weeks following the
initial insult. There is a significant increase in FN, MMP-7, a-
smooth muscle actin, and type three collagen expression 4 weeks
following the insult, but no change in b-catenin mRNA level
compared to that of the control, normal tissue. GAPDH expression
is used as a control. Panel b shows relative expression of the
various genes at different time points following the initial insult
in normal wound healing as in hyperplastic wounds, compared to
the control gene, GAPDH. The value for normal skin is given in
the last bar in the graph. Error bars are 95% confidence intervals.

Figure 3 Western analysis showing a transiently elevated level of
b-catenin in the normally healing and a prolonged elevation in
hyperplastic wounds, and a transient increase in the level of
phospho-Ser-9-GSK-3-b. Equal amounts of protein from a wound
and normal tissues are loaded in each comparison. The blots were
also probed using an antibody to b-catenin, Phospho-Ser-9-GSK-
3-b, total GSK-3-b, and b-actin as an additional loading control.
Panel a shows Western analysis results from representative
samples. Lanes labeled ‘W’ are loaded with protein extracted
from the wounds and lanes labeled ‘C’ are loaded with extract
from the normal tissues from the same patient. There is an
elevation in b-catenin protein level in the normally healing
wounds that peaks 4 weeks following the initial insult, and which
declines to baseline levels at 12 weeks. In the 1-year-old
hyperplastic wound, there is an elevation in b-catenin protein
level comparable to that seen in the normally healing wounds 4
weeks following the initial injury. Phospho-Ser-9-GSK-3-b levels
mirror the b-catenin protein level. Panel b shows the relative
densities of the band corresponding to b-catenin as a ratio to the
band corresponding to b-actin at various time points in normal
and hyperplastic wounds, and the relative ratio of phospho-Ser-9-
GSK-3-b level to total GSK-3-b level compared to the ration for the
normal tissues. For the normal wounds time points are in weeks,
while for the hyperplastic wounds time points are in years. The
error bars are 95% confidence intervals.
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Tcf-Dependent Transcription is Activated during
Wound Healing

Tcf-dependent transcription was active in the
wound tissue as demonstrated by an elevation in
tcf-dependent transcriptional activity that was de-
tected using reporter constructs transfected into
primary cell cultures. Tcf activation (TOPFLASH)
was compared to a control reporter construct
(FOPFLASH), in which the tcf-lef consensus bind-
ing motif is mutated. In normal tissues, the level of
tcf-dependent transcriptional activation was com-
parable to that found in previous reports (pTOP-
FLASH/pFOPFLASH ratios averaged 1.2).21,25 For
the wound fibroblasts, the pTOPFLASH/pFOP-
FLASH ratios averaged 2.6 (Figure 5), a difference
that was statistically significant (Po0.005).

To determine if b-catenin-mediated tcf-dependent
transcription was activated in vivo, we examined
expression of two b-catenin target genes, FN and
MMP-7. Since b-catenin target genes vary with the
specific tissue type, we selected these genes as they
are known to be upregulated in fibroblast-like cells
by b-catenin stabilization.8,10 We found that FN and
MMP-7 were elevated in the cells during the

proliferative phase of wound healing. The relative
level of expression was elevated four-fold for FN and
three-fold for MMP-7 over baseline returned to that
in control tissues by 12 weeks following the initial
injury (Figure 2).

Hyperplastic Wounds Exhibit a Prolonged Phase
of Elevated b-Catenin Protein and tcf-Dependent
Transcriptional Activation

Hyperplastic wounds showed a typical histological
appearance with spherical aggregates of collagen
fibers and fibroblasts oriented in whorls (Figure 1).
We examined the level of expression of a-smooth
muscle actin and type three collagen genes in these
wounds, and found the level of expression of a-
smooth muscle actin to be twice that of the normal
tissues, and type three collagen expression to be
twice that of normal tissues. This is consistent with
previous studies showing upregulation of these
genes in hyperplastic wounds. The protein level of
b-catenin in the hyperplastic wounds was compar-
able to that seen in normal wounds 4 weeks
following an initial injury, despite being several

Figure 4 Immunohistochemistry for b-catenin in wound healing. A robust staining of mesenchymal cells is shown in the normally
healing at 2 and 4 weeks, and in the hyperplastic wound compared to unwounded skin. At 2 weeks following injury (panel a) there is
staining for b-catenin, located both in the cell cytoplasm and nucleus in the mesenchymal cells from the healing wound. A representative
positively stained cell is labeled with an arrow. The staining is more intense at 4 weeks following injury (pannel b), and declines
substantially at 12 weeks following the injury (panel c). The tissue from a hyperplastic wound continues to demonstrate elevated staining
even more than 2 years following the initial injury (panel d). A section of normal skin is shown in panel e. The arrow points to positive
staining of the epithelial cells. A control section, without the primary antibody, is shown from a 4-week-old wound in panel f.
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years following the initial injury. Although the level
of b-catenin remained elevated for several years
following the initial injury, there was a gradual
decline in the level over time (Figure 3). Similar to
our findings in normal wound healing, the level of
Phopho-Ser-9-GSK-3-b correlated with the protein
level of b-catenin. Immunohistochemistry revealed a
staining pattern for b-catenin that was similar to
than seen in the wounds 4 weeks following the
initial surgery, with intense staining located
throughout the cell (Figure 4).

To determine if b-catenin is transcriptionally
active in the hyperplastic wounds, the expression
of the target genes, FN and MMP-7, were examined
in the samples, and primary cell cultures were
examined for the level of activation of the tcf-
dependent reporter. We found an elevated level of
expression of FN and MMP-7 in all the hyperplastic
wounds, and found that the relative level of FN
and MMP-7 expression correlated with the level of
b-catenin protein, showing a gradual decline with
time (Figure 2). Using the tcf-reporter, we found that

the pTOPFLASH/pFOPFLASH ratio averaged 2.0 in
the hyperplastic wound primary cultures when
compared to normal tissues exhibiting a ratio of
1.2, Po0.05 (Figure 5). This is a slightly lower level
of transcriptional activation than in cells during the
proliferative phase of normal wound healing, but
the relatively small numbers of samples analyzed
makes definitive statistical analysis difficult.

Discussion

We found a transient elevation of b-catenin protein
in dermal mesenchymal cells during the prolifera-
tive phase of wound healing, with a peak 4 weeks
following the initial injury and a return to baseline
12 weeks following the injury. Furthermore, b-
catenin is transcriptionally active during wound
healing, as demonstrated by activation of a reporter
construct in primary cell cultures, and by upregula-
tion of the b-catenin target genes, FN and MMP-7.
During the proliferative phase of wound healing,
there is transient activation of b-catenin-mediated
tcf-dependent transcription in mesenchymal dermal
cells, a cellular signaling process that regulates
fibroblast cell proliferation and motility, cell beha-
viors that are essential for successful healing.

Dermal fibroblasts from hyperplastic wounds did
not show a level of b-catenin protein that was higher
than that achieved during the normal wound
healing process. However, there was an extended
duration of protein elevation. This prolonged eleva-
tion of b-catenin protein was also associated with a
prolonged expression of target genes, suggesting that
b-catenin continues to be transcriptionally active
throughout this period. Furthermore, there was
evidence of continued tcf-dependent transcriptional
activation in primary cell cultures from the hyper-
plastic wounds. The prolonged phase of b-catenin
protein elevation may indicate that the mesenchy-
mal cells are behaving as though there is a prolonged
active proliferative phase of wound healing. This
could be responsible for the larger size of the
mesenchymal component to the hyperplastic
wounds, and the relative lack of organized remodel-
ing. b-Catenin levels eventually return towards
baseline in the hyperplastic wounds, but not until
several years following the initial injury (Figure 6).
After several years, the hyperplastic wounds be-
come relatively acellular, and the relative decline in
the number of active mesenchymal cells present
likely contributes to the decline in b-catenin protein
level. Although there is similarity in behavior
between the acute healing wounds and the hyper-
plastic wounds in terms of the level of tcf-dependent
transcriptional activation, b-catenin protein stabili-
zation, and expression of target genes, the hyper-
plastic wounds showed a trend towards lower levels
of tcf-dependent transcriptional activation, lower
levels of b-catenin protein, and lower levels of
expression of target genes. This finding is consistent

Figure 5 Tcf reporter activation in wound healing. pTOPFLASH/
pFOPFLASH ratios for primary cell cultures derived from normal
tissues and from the wounds. A significant increase in this ratio is
noted for primary cell cultures obtained from wounds 4 weeks
following the initial insult, as well as in the hyperplastic wounds
compared to normal tissues. Error bars are 95% confidence
intervals.
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with the notion that b-catenin-mediated transcrip-
tion slowly declines with time in the hyperplastic
wounds.

During the proliferative phase of wound healing,
mesenchymal, dermal cells accumulate beneath the
regenerated epithelial layer. These cells need to
proliferate and move through the extracellular
environment to produce the healing dermal layer.
Studies in cell cultures show that b-catenin protein
elevation causes an increased ability of fibroblasts to
proliferate, move, and invade through an extracel-
lular matrix.17,22,26 b-Catenin likely functions in
dermal fibroblasts to allow them to increase their
proliferation and motility rate, in this way acting
like activated healing cells. In the case of hyper-
plastic wounds, the prolonged period of b-catenin
protein elevation, likely maintains the higher rate
of proliferation and motility in the dermal cells,
thus resulting in a larger size to the dermal
component of the wound, but impedes the start of
the remodeling phase, which is associated with
reduced b-catenin levels.

a-Smooth muscle actin and type three collagen are
known to be upregulated during the proliferative
phase of wound healing, and in hyperplastic
wounds.2,14,15 Our expression studies confirmed this
finding, in our wound samples, and showed that b-
catenin protein level is highest at times when a-
smooth muscle actin and type three collagen are also
maximally expressed. Since b-catenin is expressed
at high levels at the same time that these genes,
which are known to be expressed during the fibrotic
response in wound healing, are upregulated, it
suggests that b-catenin plays an important role in
the fibroblastic response during wound healing. It
also raises the possibility that b-catenin-mediated
transcription plays a role in the regulation of
expression of a-smooth muscle actin and type three
collagen, or that a-smooth muscle actin or the
extracelleular environment plays a role in regulating

the stabilization of b-catenin. Further studies need
to be performed to determine if there is an interac-
tion between b-catenin, a-smooth muscle actin, and
type three collagen.

Fibronectin is expressed during the proliferative
phase of wound healing, where it plays a crucial role
in the formation of the healing granulation tissue,
and the levels of fibronectin mRNA are elevated in
hyperplastic wounds.27–29 Fibronectin exists as
several splice variants, several of which are ex-
pressed during early development and again in
wound healing. We did not investigate the expres-
sion of the various variants, but instead used primer
pairs that amplified all of the fibronectin variants
(sometimes called FN-C). Fibronectin splice variants
that are expressed during early development are
upregulated during wound healing, suggesting a
switch to a less mature cellular phenotype. Fibro-
nectin is thought to act in the extracellular matrix as
a conduit for cell migration, especially for epithelial
cells during wound healing.2,28 Its elevated expres-
sion in hyperplastic wounds may promote the
continued activation of cell motility required to
maintain the hyperplastic phenotype, and its down-
regulation may be important in the initiation of the
remodeling phase of healing. As such, its elevated
expression may help maintain the immature struc-
ture to hyperplastic wounds. Although other soluble
factors have been implicated in the regulation of
fibronectin expression, our data, in concert with
previous data on the regulation of fibronectin by b-
catenin,8,9 suggests that b-catenin-mediated tcf-
dependent expression plays an role in the regulation
of fibronectin expression during wound healing.
Perhaps it acts to maintain, or perhaps enhance, the
level of expression of fibronectin throughout the
proliferative phase of healing.

The lack of differences in b-catenin mRNA despite
differences in its protein level, suggest that b-
catenin is regulated by a post-transcriptional me-
chanism during wound healing. The correlation of
Phopho-Ser-9-GSK-3-b levels with b-catenin levels
in both normal and hyperplastic wound healing
suggests that the multiprotein complex targeting
b-catenin for ubiquitin-mediated degradation is
responsible for the stabilization of b-catenin protein.
This could be due to expression of Wnt ligands, or
by direct regulation of this multiprotein complex by
other factors liberated during wound healing. There
are a variety of growth factors and cytokines that are
liberated by damaged cells in the early phase of
injury. Some of these factors, such as transforming
growth factor b, are implicated in the regulation of
b-catenin protein in vitro.17

The switch to turn off b-catenin at the end of the
proliferative phase has yet to be elucidated. How-
ever, this ‘off switch’ seems to be dysregulated in
hyperplastic wounds, maintaining the mesenchy-
mal cells in a proliferative healing state for a longer
duration of time. Our data on GSK-3-b phosphoryla-
tion suggests that there is a similar mechanism

Figure 6 Relative protein level of b-catenin over time in wound
healing and hyperplastic wounds. The normal rise and fall of
b-catenin protein in normal wound healing is dysregulated in
hyperplastic wounds, which have a significantly prolonged
duration of elevated b-catenin protein level.
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regulating b-catenin in the hyperplastic wounds as
in the proliferative phase of normal healing. Factors
that activate b-catenin in the normal wound healing
may continue to be active in these hyperplastic
wounds. Mechanical factors may also play a role,
perhaps by maintaining the fibroblasts in a more
proliferative state, which could be associated with
higher levels of b-catenin. The actual mechanism
responsible for the prolonged activation of b-catenin
in hyperplastic wounds remains to be elucidated.

An important role for b-catenin in fibrous pro-
liferations was initially suggested by the demonstra-
tion that b-catenin becomes elevated in the tumor,
aggressive fibromatosis, due to somatic mutations in
either b-catenin itself, or in members of the multi-
protein complex regulating its degradation.3,4 Sub-
sequently, b-catenin protein elevation has been
demonstrated in other fibroproliferative disorders,
such as Dupuytren contracture, but without the
demonstration of somatic mutations.30,31 The de-
monstration of transient b-catenin protein elevation
during the proliferative phase of wound healing,
and its prolonged duration of elevation in hyper-
plastic wounds, suggests a common role for b-
catenin in the regulation of cells that compose
various fibrous proliferations.

Hyperplastic wounds and disorders of insufficient
wound healing are the cause of considerable
morbidity.2 Our demonstration of a prolonged
elevation of b-catenin protein level in hyperplastic
wounds suggests that blockade of b-catenin, or the
modulation of some of the b-catenin target genes
could be developed into a strategy to treat hyper-
plastic wounds. Insufficient wound healing is
associated with a lack of an appropriate mesench-
ymal component to wound healing. Strategies to
increase b-catenin in these cells may have the
potential to improve wound healing in such cases.
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