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Fibroproliferative processes are a group of disorders in which there
is excessive proliferation of spindle (mesenchymal fibroblast-like)
cells. They range from hypertrophic scars to neoplasms such as
aggressive fibromatosis. Cells from these disorders share cytologic
similarity with fibroblasts present during the proliferative phase of
wound healing, suggesting that they represent a prolonged
wounding response. A critical role for �-catenin in mesenchymal
cells in fibroproliferative processes is suggested by its high rate of
somatic mutation in aggressive fibromatosis. Using a Tcf-reporter
mouse we found that �-catenin protein level and Tcf-transcrip-
tional activity are elevated in fibroblasts during the proliferative
phase of healing. We generated a transgenic mouse in which
stabilized �-catenin is expressed in mesenchymal cells under con-
trol of a tetracycline-regulated promoter. Fibroblasts from the
transgenic mice exhibited increased proliferation, motility, and
invasiveness when expressing stabilized �-catenin and induced
tumors after induction of the transgene when grafted into nude
mice. Mice developed aggressive fibromatoses and hyperplastic
gastrointestinal polyps after 3 months of transgene induction and
healed with hyperplastic cutaneous wounds compared with con-
trol mice, which demonstrates an important function for �-catenin
in mesenchymal cells and shows a central role for �-catenin in
wound healing and fibroproliferative disorders.

An important role in embryonic development and neoplasia
is played by �-catenin, which is a mediator in the canonical

Wnt (wingless) signaling pathway (1). When Wnt signaling is
quiescent, a multiprotein complex including adenomatous
polyposis coli (APC), �-catenin, axin, and glycogen synthase
kinase-3� induces phosphorylation of serine and threonine
residues in the amino terminus of �-catenin. This phosphoryla-
tion targets �-catenin for ubiquitinylation and subsequent deg-
radation. Wnt signaling inhibits the ability of this multiprotein
complex to phosphorylate �-catenin. Consequently, amino-
terminal serine and threonine sites are not phosphorylated,
leading to stabilization of �-catenin. Stabilized cytosolic �-cate-
nin translocates into the nucleus where it binds to Tcf-Lef family
proteins to form a transcriptional activation complex. In neo-
plasia, the �-catenin protein level can become elevated and
transcriptionally active because of mutations in members of this
multiprotein complex or in �-catenin itself (1–3).

Fibroproliferative disorders are a group of pathological pro-
cesses in which there is excessive proliferation of spindle (mes-
enchymal fibroblast-like) cells. They range from hypertrophic
scars to neoplasms such as the locally invasive tumor aggressive
fibromatosis (4). During the proliferative phase of wound heal-
ing, mesenchymal (fibroblast-like) cells migrate into the healing
wound, proliferate, and produce a disorganized matrix, provid-
ing the initial tensile strength (5). Fibroproliferative processes
such as aggressive fibromatosis are composed of cells that share

cytological similarity to the fibroblasts in the proliferative phase
of wound healing, leading to the speculation that they represent
an unchecked healing response (4). Thus, it is possible that
molecular events implicated in the pathogenesis of aggressive
fibromatosis also play a role in wound healing. A critical role for
�-catenin in mesenchymal cell function is suggested by the high
rate of somatic mutations in �-catenin in aggressive fibromatosis,
in which a third of cases harbor somatic mutations in either
�-catenin or APC, resulting in an elevated �-catenin protein
level (6–8).

We report here that �-catenin protein is elevated and Tcf-
dependent transcription is activated in fibroblasts during the
proliferative phase of wound healing. To determine the role of
�-catenin stabilization in mesenchymal (fibroblast) cell function,
we generated a transgenic mouse model in which stabilized
�-catenin is expressed in mesenchymal cells under the control of
a tetracycline-regulated promoter. This mouse developed ag-
gressive fibromatoses and hyperplastic cutaneous wounds with
induction of the transgene, suggesting a common role for
�-catenin in fibroproliferative processes. Furthermore, these
data suggest that unchecked activation of a process important in
normal wound healing causes neoplasia.

Materials and Methods
Generation of Transgenic Mice. A Tcf-reporter construct was gen-
erated containing the lacZ gene downstream of a c-Fos minimal
promoter and three consensus Tcf-binding motifs (9). Binding
Tcf of a �-catenin–Tcf complex activates the expression of lacZ.
The transgene was microinjected into murine embryos to pro-
duce transgenic mice expressing the reporter construct. A mouse
line was generated that harbors an inducible, stabilized �-cate-
nin, the expression of which was controlled by a tetracycline-
regulated promoter. Phosphorylation of serine and threonine
sites at the amino terminus of �-catenin regulate its ubiquitin-
mediated degradation (9, 10). In vitro mutagenesis was used to
change these sites at codons 33, 37, 41, and 45 to alanine in
human �-catenin, which has nearly complete homology to
murine �-catenin (11). An amino-terminal Myc-tag was added,
and the construct was subcloned into the bidirectional
pd2EGFP-TRE vector (CLONTECH; ref. 12). NIH 3T3 ‘‘tet-
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off’’ cells (CLONTECH) were used to verify that tetracycline
regulated expression of the transgene, and that the stabilized
version of �-catenin was transcriptionally active (transfected
with the tcf-reporter construct, pTOPFLASH, or the control
pFOPFLASH control reporter construct containing mutated tcf
consensus binding sites). The transgene was microinjected into
B6�SJL embryos, which were implanted into pseudopregnant
female mice. Genotyping with Southern blot identified founders,
which were mated with mice that expressed the reverse tetra-
cycline transactivator (rtTA) under the regulation of the cyto-
megalovirus promoter (The Jackson Laboratory). Double-
positive animals were identified by using Southern analysis
and PCR.

Regulation of Stabilized �-Catenin Transgene Expression. Double-
transgenic progeny from each founder were evaluated for reg-
ulation of transgene expression. A slow-release doxycycline
pellet (0.7 mg�day, Innovative Research of America) was im-
planted in the skin of half of the double-transgenic mice. After
1 week, ear biopsies from both the induced and uninduced mice
from each founder were observed under low-power fluorescence
microscopy to determine expression of the green fluorescent
protein. Immunohistochemistry also was performed by using an
anti-Myc-epitope antibody (CLONTECH). Double-transgenic
progeny from three founders were found to demonstrate strict
regulation of transgene expression. Additional double-
transgenic mice were bred from these lines and analyzed for
regulation of transgene expression in various tissues (skin,
skeletal muscle, gastrointestinal tract, liver, and kidneys) by
using Northern analysis, and Western analysis with the anti-Myc-
epitope antibody was performed on immunoprecipitates ob-
tained by using an anti-�-catenin antibody (Transduction Lab-
oratories, Lexington, KY).

Transgene Induction and Phenotypic Analysis. Six-week-old mice
were used in all experimental groups. Transgene expression was
induced in double-positive animals by using a 90-day slow-
release doxycycline pellet (0.7 mg�day). Control mice consisted
of double-transgenic mice that were not treated with doxycycline
and nontransgenic littermates that were treated by using the
slow-release pellet. Eight double-transgenic animals from each
of the three founders treated with doxycycline (24 in total), 12
nontransgenic littermates treated with doxycycline, and 12
double-transgenic animals not treated with doxycycline were
studied. The mice were killed at 5 months of age and observed
for the presence of aggressive fibromatoses as reported previ-
ously (13). Gross examinations of the gastrointestinal tract, liver,
kidneys, spleen, lung, and heart were conducted for palpable or
visible tumors. Observed lesions were formalin-fixed, paraffin-
embedded, and prepared for histologic evaluation with hema-
toxylin and eosin staining.

Primary Cell Cultures and Their Analysis. Primary dermal fibroblast
cultures were established from 6-week-old double-positive trans-
genic animals as reported (14). Doxycycline (1 �g�ml) was
added to the medium to activate expression of the transgene.
Transgene induction was verified by observation of green fluo-
rescent protein under fluorescence microscopy and by using the
anti-Myc-epitope antibody (Western analysis and immunohisto-
chemistry). Control cells consisted of uninduced dermal fibro-
blast cells from double-transgenic animals and skin fibroblasts
from nontransgenic littermates treated with doxycycline.
Each experiment was performed 10 times except as noted. Cell
proliferation was measured by using bromodeoxyuridine
(BrdUrd) incorporation (15). BrdUrd (10 �M, Sigma) was
added to the medium for 8 h. Cells were fixed in paraformal-
dehyde, and immunohistochemistry was performed by using an
anti-BrdUrd-peroxidase antibody (Roche, Gipf-Oberfrick, Swit-

zerland). The number of positively and negatively stained nuclei
were counted over 10 high-power fields and averaged to deter-
mine the percentage of staining. Apoptosis was measured by
using DNA laddering (Apoptotic DNA ladder, Roche Molecular
Biochemicals; ref. 18). Cell motility was measured by using a
modified Boyden chamber (16) and observing cell motion under
time-lapse photomicroscopy (17). Equal numbers of fibroblasts
(1 � 105) from the various animals were plated onto the top
chamber of a modified Boyden chamber (10-mm tissue-culture
inserts with 8-�m polycarbonate membranes, Becton Dickin-
son). The cells were allowed to migrate across the membrane for
24 h. The transgene was induced by treating the cells with
doxycycline starting 24 h before being plated onto the modified
Boyden chamber. The number of cells crossing the membrane
was averaged over 10 high-powered fields counted. Time-lapse
photomicroscopy was performed by using a Zeiss Axiovert
microscope with a heated stage. Cells (50,000) were plated onto
25-ml culture dishes and photographed at 5-min intervals over
5 h. The rate of random-direction locomotion of 10 cells chosen
at random in each dish was calculated with the aid of NORTHERN
ECLIPSE IMAGE ANALYSIS software (Empix, Missisauga, ON) and
expressed as �m traveled per hour. Five dishes of each cell type
were examined, and the rate of motion was averaged over the
cells measured. Invasion chambers were prepared by coating
10-mm tissue-culture inserts with 8-�m polycarbonate mem-
branes with 85 �g�cm2 Matrigel (Becton Dickinson; ref. 18). All
other techniques and parameters for the study were identical to
those used for the studies with the modified Boyden chamber.

Grafting Cell Cultures into Nude Mice. Primary cell cultures from
double-transgenic mice were grafted into nude mice. Because
the addition of extracellular matrix will stimulate tumor forma-
tion by some cell lines (19), Matrigel was mixed to the cells in half
of the grafts, and 107 cells were mixed with either 150 �l of
Matrigel or PBS and injected s.c. into the back of nude mice, half
of which were treated with doxycycline. Tumor size was observed
at weekly intervals, and the mice were killed at 4 weeks of age.
The size of the excised tumors was measured with a caliper.

Wound Healing. Four full-thickness 4-mm diameter skin wounds
were created on the dorsum of the Tcf-reporter mice with a
dermal biopsy punch (Miltex Instrument Company, Bethpage,
NY). Mice were killed at 0, 2, 8, 14, and 24 days after wounding.
Two of the wounds were processed for histology, and the
remaining wounds were harvested independently of normal skin
for protein extraction. Four animals were examined at each time
point. �-Catenin protein level in the wounds was determined by
using Western analysis. Membranes were stripped and reprobed
with an anti-actin antibody (Oncogene Research Products, Cam-
bridge, MA) as a loading control. For immunostaining, the
sections were dewaxed, put in citrate buffer (pH 6), and micro-
waved for 15 min at 900 W. The antibodies used were against
Ki-67 (Immunotech, Luminy, France), a nuclear marker of
proliferating cells (20), and �-catenin (Transduction Laborato-
ries). Routine hematoxylin and eosin, and Masson trichrome
staining also was carried out on paraffin sections. LacZ expres-
sion was detected by incubating wound samples in 5-bromo-4-
chloro-3-indolyl �-D-galactoside staining solution according to a
protocol obtained from Specialty Media (Lavellette, NJ).

Wounding of �-catenin transgenic mice or controls was per-
formed in a similar fashion, but wounds were harvested at 8, 14,
and 24 days after wounding and processed for histology. Twelve
mice were examined at each time point: four transgenic mice in
which the transgene was induced, four transgenic mice without
induction of the transgene, and four nontransgenic littermates
treated with doxycycline. Wound size was determined by using
histologic sections cut at a right angle to the skin surface across
the wound. Serial sections were observed, and the section at the
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center of the wound, with the largest wound diameter, was
chosen to measure wound size. A grid was used to measure the
size of the epidermal and mesenchymal (or dermal) component
of each wound.

Results
Regulation of Expression of the Mutant �-Catenin. Double-positive
transgenic mice from three founders were tested for regulation
of transgene expression. Northern and Western analysis of
�-catenin immunoprecipitates demonstrated tight regulation of
transgene expression in the variety of tissue types examined (Fig.
1). Green fluorescent protein expression was regulated by
doxycycline administration in a similar manner as detected by
observation of specimens under low-power fluorescent micros-
copy (Fig. 1C).

Primary Cell Cultures Demonstrate Tcf-Dependent Transcriptional
Activation. Regulation of transgene expression by doxycycline in
primary fibroblast cultures was confirmed by using immunohis-
tochemistry and Western analysis as well as by observation of
green fluorescent protein expression under fluorescent micros-
copy. Fibroblast cell cultures were transfected with the Tcf-
reporter construct, pTOPFLASH, or the pFOPFLASH control
reporter construct containing mutated Tcf consensus binding
sites. With doxycycline administration there was an 8-fold in-
crease in pTOPFLASH luminescence. Without doxycycline ad-
ministration, pTOPFLASH activity was approximately the same
as that in fibroblasts derived from nontransgenic littermates.
There was no difference in pFOPFLASH activity between any of
the cell cultures (Fig. 2).

�-Catenin Stabilization Is Sufficient to Cause Aggressive Fibromatosis
and Hyperplastic Gastrointestinal Polyps. After 3 months of trans-
gene induction, autopsy revealed aggressive fibromatoses in 18
of 24 mice and hyperplastic gastrointestinal polyps in all the
mice. No tumors were detected in nontransgenic littermates
treated with doxycycline, nor were they observed in double-
transgenic mice not treated with doxycycline. All three founders

exhibited both tumor types. There was a median of five fibro-
matoses and four gastrointestinal tumors in each mouse. The
fibromatoses had a mean diameter of 2.0 mm and were located
in both muscle and skin. Histologic observation showed that the
fibromatoses were composed of spindle-shaped cells that infil-
trated into surrounding normal structures, similar to that ob-
served in human aggressive fibromatoses (Fig. 3A). The hyper-
plastic gastrointestinal polyps were similar in histology to those
that develop in a mouse in which the expression of a mutant
�-catenin is targeted to the gastrointestinal cells (Fig. 3B). We
did not detect other tumor types in mice in which the transgene
was induced. Myc immunohistochemistry (Fig. 3C) confirmed
expression of the transgene in the fibromatoses.

Primary Fibroblasts Demonstrate Increased Proliferation, Cell Motil-
ity, and Invasiveness. BrdUrd incorporation assays showed a
significantly increased proliferation rate with induction of sta-
bilized �-catenin in primary fibroblast cultures (Fig. 4). The rate
of cell motility increased with transgene induction as measured
by using a modified Boyden chamber and time-lapse photomi-
croscopy. Cell invasiveness was increased as determined by the
number of cells passing through Matrigel after transgene induc-
tion (Fig. 4). All these differences were significant as determined
by using the Student’s t test (P � 0.005). Although no change in

Fig. 1. Regulation of the transgene by doxycycline in double-transgenic
mice. (A) Northern analysis using a transgene-specific probe. �, mice treated
with doxycycline; �, mice not treated; C, positive control; M, muscle; S, skin; G,
gastrointestinal tract; L, liver. (B) Western analysis using an anti-Myc-epitope
antibody on immunoprecipitates performed with an anti-�-catenin antibody
on protein extracts. (C) Regulation of transgene expression as demonstrated
by green fluorescent protein production in a full-thickness punch sample from
a mouse ear (Upper, autofluorescence of hair is noted in the untreated
sample) and by immunohistochemistry using an anti-Myc-epitope antibody in
dermal tissue (Lower). Strict regulation of expression of the transgene by
doxycycline administration is demonstrated.

Fig. 2. Tcf-dependent transcriptional activation in primary fibroblast cell
cultures. �, treated with doxycycline; �, not treated. The regulation of
transgene expression in primary cell cultures is shown. A shows green fluo-
rescent protein production, and B shows Western analysis using an anti-Myc-
epitope antibody with actin as a loading control. (C) Tcf-transcriptional acti-
vation (pTOPFLASH) is increased significantly with induction on the transgene,
compared with activation of a control reporter construct (pFOPFLASH) or
control cell cultures. RLU, relative luciferase units; Wt, wild type; mut, mutant.

Fig. 3. Histology of tumors formed in the mice. (A) An aggressive fibroma-
tosis with spindle cells infiltrating into the muscle tissue. (B) A hyperplastic
gastrointestinal polyp. (C) Immunohistochemistry using an anti-Myc-epitope
antibody in an aggressive fibromatosis, illustrating expression of the trans-
gene in the tumor.
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apoptosis rate as detected by using DNA laddering (data not
shown) was observed with transgene induction, the apoptosis
rate was quite low in all the cultures.

Primary Fibroblast Cell Cultures Form Tumors in Nude Mice When
Expressing Stabilized �-Catenin. Primary fibroblast cell cultures
from the double-transgenic mice were grown as grafts in nude
mice with or without the addition of Matrigel to the cultures.
With induction of the transgene, tumors derived from cells in
PBS averaged 84 mm3 at 4 weeks, whereas no tumors formed in
cases without transgene induction. When Matrigel was added to
the cells, tumors in the mice treated with doxycycline averaged
720 mm3, whereas tumors in the mice not treated averaged 27
mm3 (Fig. 5). The differences in tumor size with and without
induction of the transgene was significant in both cases at
P � 0.05.

�-Catenin Protein Level Is Elevated and Tcf-Dependent Transcription
Is Activated in Fibroblasts During the Proliferative Phase of Wound
Healing. Two days after wounding, �-catenin levels were low in
scar samples, likely because the isolated wound is essentially a
blood clot with little tissue. By day 8, when fibroblasts are active

during the proliferative phase of wound healing, �-catenin was
elevated in the wound samples to double the level in unwounded
tissues. After 2 weeks, when fibroblast activation is waning,
�-catenin protein levels were only slightly higher in scar tissue,
reflecting the change to the remodeling phase of wound healing
(Fig. 6A). Immunohistochemisty for �-catenin showed intense
and diffuse staining in fibroblasts (identified through their
characteristic elongated nuclei and presence in the dermis) of the
wound on day 8 (Fig. 6D). To assess whether Tcf-dependent
transcription is activated during wound healing, we performed
5-bromo-4-chloro-3-indolyl �-D-galactoside staining of wounds
from Tcf-galactosidase mice. As shown in Fig. 6H, staining on
day 2 was visible only in hair follicles, where �-catenin is known
to be activated during the hair cycle (21, 22). Eight days
postwounding, prominent staining in the entire fibroblast-dense
wound area was seen, indicating higher levels of �-catenin-
mediated Tcf-dependent transcriptional activation. By day 14,
staining again was limited to the follicular regions.

�-Catenin Protein Stabilization Results in Excessive Fibroblast Prolif-
eration in Wound Healing. To determine how the �-catenin protein
level regulates the proliferative phase of wound healing, we
analyzed wound size and appearance 8, 14, and 24 days after
wounding the �-catenin transgenic mice. Measurement of
wound areas revealed that transgenic mouse wounds were more
than two times the size of control wounds (Fig. 7). Histology
sections showed that in contrast to control wounds, stabilized
�-catenin-overexpressing mouse wounds were hypercellular and
contained excessive collagen compared with control mice, a
histologic appearance reminiscent of hypertrophic wounds or
keloids. Ki-67 staining was present in a higher percentage of cells
in �-catenin-overexpressing mouse wounds, indicating an in-
creased rate of proliferation. Treatment of nontransgenic mice
with doxycycline alone did not alter normal wound formation
significantly. We found no significant difference in percentage of
Ki-67 staining in cells from unwounded areas of the skin between
mice in which the transgene was induced and controls. However,
in the unwounded skin, the percentage of cells exhibiting Ki-67
staining was quite low (less than 4% of cells), making detection
of a difference difficult.

Discussion
We generated a transgenic mouse model in which expression of
a stabilized form of �-catenin is controlled tightly by a tetracy-
cline-regulated promoter. Three months of transgene induction
resulted in the development of aggressive fibromatoses and
gastrointestinal tumors, demonstrating that �-catenin stabiliza-
tion is sufficient to cause aggressive fibromatosis. �-Catenin
protein level is elevated in wound fibroblasts during the prolif-
erative phase of wound repair and is transcriptionally active.
Furthermore, overexpression of stabilized �-catenin led to ex-
cessive scar formation, providing further evidence of the impor-
tance of �-catenin in the regulation of mesenchymal cells and in
wound repair.

Expression of stabilized �-catenin starting at 6 weeks of age
is sufficient to cause aggressive fibromatosis and gastrointestinal
tumors in our mouse model. This situation is analogous to
adult-onset tumors, in which a sporadic mutation later in life is
causative, as opposed to a genetic neoplastic syndrome, in which
a germ-line mutation is present. Most mouse models of neopla-
sia, including other models in which expression of a stabilized
form of �-catenin is driven by a tissue-specific promoter (23), are
more analogous to a genetic condition.

Select mice harboring APC mutations also develop aggressive
fibromatosis. Interestingly, the Min mouse infrequently develops
aggressive fibromatosis (24), whereas the Apc1638N mouse
develops aggressive fibromatosis with regularity (13). One ex-
planation for the difference in development of aggressive fibro-

Fig. 4. Result of transgene stabilization on behavior of primary fibroblast
cultures. �, treated with doxycycline; �, not treated. (A) Motility as measured
by the number of cells per high-powered field crossing the membrane using
a modified Boyden chamber. (B) Cell motion as measured by using time-lapse
photomicroscopy. (C) Proliferation as measured by using the percentage of
cells incorporating BrdUrd. (D) Cell invasiveness as measured by the number of
cells per high-power field crossing Matrigel. In all cases, activation of the
transgene resulted in a significant increase.

Fig. 5. Size of tumors formed with cells grafted into nude mice. �, treated
with doxycycline; �, not treated. A significantly increased size is noted with
induction of the transgene, with or without the use of Matrigel.
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matosis in these mice is that the site of Apc mutation results in
a different protein level of �-catenin. Previous work shows that
the fibromatoses formed in the Apc1638N mice have high protein
levels of �-catenin (25, 26). Alternatively, the difference may be
related to an alternative function of APC such as its role in
maintaining chromosomal stability (27). Our cell-graft data
suggest that �-catenin stabilization on its own is sufficient to
cause fibroblasts to adopt a tumor phenotype, because normal
fibroblast cell cultures on their own are incapable of producing
tumors in nude mice (28). These data strongly suggest that

�-catenin protein elevation is the fundamental cause of aggres-
sive fibromatosis and implicates the �-catenin regulatory func-
tion of APC as responsible for the development of this tumor
type in cases of APC germline mutants.

Expression of the transgene in fibroblasts derived from
double-transgenic animals resulted in increased cell prolifera-
tion, motility, and invasiveness. Previous cell culture studies give
conflicting data regarding the role of stabilized �-catenin ex-
pression in fibroblasts, with one demonstrating an increase in
proliferation (29) and another demonstrating increased apopto-
sis (30). It is possible that these differences are caused by the
level of expression of stabilized �-catenin, because there is
evidence for a Tcf-independent mechanism by which �-catenin
regulates apoptosis (30), which may become activated at higher
levels of expression.

An increase in �-catenin level in wound tissue relative to
normal skin was observed during the proliferative phase of
repair. Although it is possible that the increase in �-catenin
levels is the result of an increase in cell number during the
proliferative phase, we compared the level of staining between
normal skin fibroblasts and fibroblasts in the wound bed and
noted that the latter cells had much more intense staining for
�-catenin. �-Catenin was observed also in epithelial cells of
hair follicles independent of the stage of healing. Because hair
follicles do not regenerate after wounding, the �-catenin in hair
follicles may have reduced the difference in �-catenin protein
levels detected by Western analysis between normal and
wounded skin. �-Catenin was observed also in the cell mem-
brane region of epidermal cells in the healing wound. This result
was not surprising, because �-catenin is a component of the
adherens junction (31), which may be important during reepi-
thelialization, because epidermal cells migrate and proliferate to
cover the surface of the tissue defect and reestablish cadherin-
catenin-mediated adherens junctions with adjacent cells (5).
5-Bromo-4-chloro-3-indolyl �-D-galactoside staining was prom-
inent in fibroblasts of proliferative phase wounds from Tcf-
galactosidase mice, indicating that Tcf-dependent transcription
was activated. As expected, Tcf-mediated transcription was
active also in follicular epithelial cells where �-catenin-mediated
signaling is important in hair follicle organogenesis and in the

Fig. 6. �-Catenin-mediated tcf-dependent transcription is activated in the proliferative phase of wound healing. (A) Western analysis from wounds 8 and 14
days after wounding, showing an increase in �-catenin protein in the wound at day 8 (actin staining as a loading control). W, wound tissue; S, normal tissue.
(B–E) �-Catenin immunohistochemistry, showing increased staining in the mesenchymal tissues (magnified view in box with arrow pointing to a fibroblast
expressing �-catenin) at day 8 (D). (F–I) Tcf-activation in the reporter mouse. Blue staining indicates tcf activation. The arrows point to hair follicles, where tcf
is known to be activated, as a positive control. The 8-day sample (H) shows tcf activation in the fibroblasts, better illustrated in the magnified view in the box.
�-Catenin-mediated tcf-dependent activation in hair follicles, illustrated in the unwounded skin shown in F and by the arrow in G, may result in underestimation
of the actual difference in �-catenin protein level when comparing with unwounded skin, because hair follicles are not present in wound tissue. The insets in
B and F show a lack of �-catenin-mediated tcf-dependent activation in dermal fibroblasts in unwounded skin.

Fig. 7. Wounds are larger in animals expressing the stabilized �-catenin. A
histologic section taken through the middle of the wound 8 days after
wounding. A larger size to the mesenchymal component of the wound in the
mouse treated with doxycycline (A) is illustrated compared with a transgenic
mouse not treated with doxycycline (B). In this particular sample, a thicker
epithelial component is present also; however, there was not a significant
difference in size of the epithelial component when taking all the samples into
account. (C) Graphic representation of the difference in wound area between
treated (�) and untreated (�) animals at 8 and 21 days after wounding. (D)
Difference in Ki-67 staining (by percentage of cells) between wounds in mice
receiving doxycycline (�) and those not receiving doxycycline (�) at 8 days
after wounding.
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hair cycle (21, 22). 5-Bromo-4-chloro-3-indolyl �-D-galactoside
staining was not seen in epidermal epithelial cells, which was not
surprising, because �-catenin is localized to the cell membrane
in these cells, suggesting that Tcf-dependent transcription is not
activated in these cells during reepithelialization.

There are a variety of mechanisms that might cause �-catenin
elevation in fibroblasts during the proliferative phase of wound
repair. One possibility is that growth factors present during the
inflammatory phase stimulate �-catenin protein stabilization
either by regulating Wnt expression (Wnt 4 is known to be
expressed in early wound healing; ref. 32) or more directly
regulating �-catenin protein stability. Because �-catenin-
mediated Tcf-dependent transcription is activated in fibroblasts
during the proliferative phase of wound healing, it is likely that
it regulates the expression of genes, which may be important in
the remodeling phase of wound healing. As such, �-catenin likely
plays a central role in wound healing, mediating how factors
liberated during the initial stages of wounding regulate factors
important in mesenchymal tissue remodeling.

We observed the healing of wounds in stabilized �-catenin-
overexpressing mice and found that the wounds were larger

compared with controls, exhibiting increased amounts of colla-
gen-rich tissue as well as a higher percentage of Ki-67-positive
fibroblasts. The abnormal healing of skin wounds in these mice
indicates that �-catenin is an important factor in fibroblast
proliferation after injury, because �-catenin overexpression re-
sulted in a heightened proliferative phase of wound healing,
giving a wound with a histologic appearance quite reminiscent of
hyperplastic wounds or keloids.

Taken together, our data suggest an important role for
�-catenin in the regulation of mesenchymal cell function. The
data demonstrate that stabilization of �-catenin alone is suffi-
cient to cause aggressive fibromatosis and that �-catenin plays an
important role in normal cutaneous wound healing, and it
provides a model for adult-onset neoplasia. The phenotype of
the wounds in the mice expressing stabilized �-catenin is rem-
iniscent of hyperplastic wounds or keloids, suggesting a role for
�-catenin in these conditions of pathologic wound healing.
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