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B-Catenin is an important regulator of dermal fibroblasts
during cutaneous wound repair. However, the factors that mod-
ulate B-catenin activity in this process are not completely
understood. We investigated the role of the extracellular matrix
in regulating 3-catenin and found an increase in 3-catenin-me-
diated Tcf-dependent transcriptional activity in fibroblasts
exposed to various extracellular matrix components. This
occurs through an integrin-mediated GSK3f3-dependent path-
way. The physiologic role of this mechanism was demonstrated
during wound repair in extra domain A-fibronectin-deficient
mice, which exhibited decreased 3-catenin-mediated signaling
during the proliferative phase of healing. Extra domain A-
fibronectin-deficient mice have wounds that fail at a lower ten-
sile strength and contain fewer fibroblasts compared with wild
type mice. This phenotype was rescued by genetic or pharmaco-
logic activation of 3-catenin signaling. Because fibronectin is a
transcriptional target of B-catenin, this suggests the existence of
afeedback loop between these two molecules that regulates der-
mal fibroblast cell behavior during wound repair.

The healing process in response to cutaneous injury is char-
acterized by regeneration of the cellular and extracellular com-
ponents of the skin. This regeneration progresses through over-
lapping phases of inflammation, proliferation, and remodeling
(1). The proliferative phase of healing involves the re-epitheli-
alization of the superficial surface layer and the reconstitution
of the underlying dermis by fibroblasts. The secretion of extra-
cellular matrix components, such as fibronectin and collagen,
by dermal fibroblasts during the proliferative phase is critical
for successful wound repair, because these molecules are
needed to re-establish the mechanical strength of the wound
(2).

B-Catenin is an important regulator of the wound phenotype
during healing, where it modulates dermal fibroblast activity
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(3-5). Wound fibroblasts have elevated -catenin protein levels
and exhibit B-catenin-mediated T-cell factor (Tcf)-dependent®
transcriptional activity during the proliferative phase of heal-
ing. Furthermore, B-catenin levels correlate with the size of the
scar that forms, and genetic stabilization of B-catenin leads to
hyperplastic scars in mice (3, 6). B-Catenin acts as a transcrip-
tional co-activator but also associates with cadherins at adher-
ens junctions to maintain cell-cell contacts (7). As a transcrip-
tional co-activator, it is a crucial component of the canonical
Wingless (Wnt) signaling pathway. Stabilization of cytoplasmic
B-catenin can occur via Wnt-mediated regulation of a multi-
protein complex, which includes glycogen-synthase kinase
(GSK) 3B (7). Elevation of the cytoplasmic B-catenin level
enables its translocation to the nucleus where it associates with
Tcf/Lef transcription co-factors to modulate gene expression.
In the absence of an appropriate Wnt ligand, the multiprotein
complex targets cytoplasmic 3-catenin for proteasomal degra-
dation via phosphorylation of N-terminal serine/threonine res-
idues. The Wnt signaling inhibitor Dickkopf-1 (DKK-1) binds
the Wnt co-receptor LRP6/Arrow to prevent Wnt-mediated
signal transduction, thus inhibiting B-catenin-mediated Tcf-
dependent transcription (8).

The factors that regulate B-catenin activity in fibroblasts
during healing are not completely understood. The extracellu-
lar environment is known to influence intracellular signaling,
and this interaction can have profound effects on cell behavior.
As such, it is possible that the extracellular matrix plays a role
regulating B-catenin during wound repair. Indeed, data from
cell lines of epithelial origin demonstrate that 3-catenin signal-
ing can be modulated by extracellular matrix components, such
as collagen I (9-12), Matrigel (10), and collagen XVIII frag-
ments (13, 14). Collagen can also influence B-catenin levels
in mesenchymal cells from the fibroproliferative disorder,
Dupuytren disease (15).

A variety of extracellular matrix components, including
fibronectin isoforms, are secreted by dermal fibroblasts during
cutaneous wound repair (2). Interestingly, the genes encoding
some of these proteins, notably fibronectin, are 3-catenin tran-
scriptional targets (16). Some of these factors are exclusive to
the wound healing process. For instance, the embryonic EDA
(EIIA) splice variant of fibronectin is uniquely expressed dur-

3The abbreviations used are: Tcf, T-cell factor; GSK, glycogen-synthase
kinase; GFP, green fluorescent protein; FAP, fibroblast activation protein;
EDA, extra domain A; DKK-1, Dickkopf-1; ECM, extracellular matrix.
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ing wound healing in post-natal mice (17-20). Such extracellu-
lar matrix factors could modulate 3-catenin activity during the
process of cutaneous healing. Here we investigate the role of
extracellular matrix components in the regulation of B-catenin
in fibroblasts and examine the role of EDA-fibronectin in rela-
tion to B-catenin during wound repair in vivo.

EXPERIMENTAL PROCEDURES

Genetically Modified Mice—B6.129-Fn1"™*> mice (21) that
lack the EDA splice variant of fibronectin (referred to as Eda
Fn™'7) and their wild type littermates (referred to as Eda
Fn*’") were used to study the effect of EDA-fibronectin on
B-catenin in vivo. The Eda Fn~'~ mice are viable, although they
have a shorter lifespan than their wild type littermates and
exhibit a less compact cellular organization of the dermis dur-
ing the proliferative phase of repair (21). Mice with conditional,
loxP-flanked alleles of B-catenin were used to determine
whether -catenin activation could rescue the wound pheno-
type in Eda Fn~'~ mice. The Catnb*™"** mouse possesses loxP
sites flanking exon 3 of the Catnb (B-catenin) gene, which
results in the conditional stabilization of B-catenin in re-
sponse to Cre-recombinase (22). Double-mutant Eda Fn~'~;
Catnb™! "™ mice were generated by crossing Eda Fn~ '~ and
Catnb"™'"™* mice and then breeding the heterozygous litter-
mates. Catnb"™**°™ mice used in wound healing studies pos-
sess loxP sites located in introns 1 and 6 of the Catnb gene,
which when subjected to Cre-recombinase, results in a null
allele (23). Tcf reporter mice express LacZ under the control
of a c-fos minimal promoter and three Tcf-binding sites;
B-catenin/Tcf-mediated transcriptional activity thus leads to
the production of B-galactosidase (3).

Primary Cells and Cell Lines—Primary dermal fibroblasts
from Tcfreporter mice were established by enzymatic digestion
of dorsal dermal skin (24), using collagenase I. Tcf reporter
fibroblasts and primary murine dermal fibroblasts containing a
loxP-flanked B1-integrin gene (25) were used between passages
3 and 10 and were maintained in DMEM containing 10% FBS
and 1% of an antibiotic/antimycotic mixture in a humidified
incubator at 37 °C and 5% CO,. The murine embryonic fibro-
blast NIH3T3 cell line (American Type Culture Collection,
Manassas, VA) and the B1-integrin-deficient GD25 embryonic
fibroblastic cell line (26) were maintained in culture conditions
similar to those described above. Although GD25 cells lack
expression of the Bl-integrin, they can adhere to substrates,
such as fibronectin, via integrin &V 83 (26). The GSK38 */* and
GSK3B~/~ murine embryonic fibroblasts (27) are immortal-
ized cell lines originally established from wild type and GSK38-
null embryos. These cell lines were maintained in DMEM con-
taining 3.7 g/liter of sodium bicarbonate, 10% FBS, and 1%
antibiotic/antimycotic mixture.

Treatment with Extracellular Matrix Substrates and Peptides—
For comparison of the effects of different extracellular matrix
substrates on B-catenin levels and activity, fibroblasts were
seeded (35,000 50,000 cells/10 cm?) at equal densities on tis-
sue culture plastic and thin layer preparations of the following
extracellular matrix molecules: collagen I (5 ug/cm?) from rat
tail (BD Biosciences, San Jose, CA); collagen IV (4 ug/cm?) from
mouse (BD Biosciences); Matrigel (10 ug/cm?) (BD Biosci-
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ences); and human fibronectin (2 ug/cm?) (Sigma-Aldrich) and
harvested after 48 h. For peptide treatments, Tcf reporter fibro-
blasts were treated with 1 mm RGDS peptide (Sigma-Aldrich)
or vehicle control and harvested 48 h later. Fibroblasts contain-
ing loxP sites flanking the 1 integrin gene (25) were cultured
overnight prior to treatment with 200 multiplicity of infection
of a Cre-expressing, GFP-tagged, adenoviral vector (Vector
Biolabs, Philadelphia, PA), or a GFP-expressing control virus.
The cells were then cultured for an additional 4 days prior to
lysis. Successful infection was verified by fluorescence micros-
copy, and recombination was assessed by Western blotting.

Immunoblotting—Whole cell lysates were harvested from
fibroblasts in reporter gene lysis buffer containing protease and
phosphatase inhibitor cocktails (Roche Applied Science). Pro-
tein concentrations were determined using the BCA assay (28).
Proteins were resolved by SDS-polyacrylamide gel electropho-
resis. The antibody that recognizes activated (unphosphory-
lated at Ser-37 and Thr-41) B-catenin (clone 8E7) was from
Millipore (Billerica, MA) (29, 30), whereas total B-catenin was
detected using an antibody from BD Biosciences. The antibod-
ies for phospho-GSK3p (serine 9) and phospho-STAT1 (Tyr-
701) were obtained from Cell Signaling (Danvers, MA),
whereas the total GSK38 (31) and Smad2/3 antibodies were
from BD Biosciences. Western blots for phospho-GSK38 (ser-
ine 9) were stripped and reprobed with the antibody for the
“total” form of the protein. Ad-DKK-1 was detected using an
anti-His antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
(32), and antibodies for B1 integrin and GFP were also obtained
from Santa Cruz. Protein expression levels were compared rel-
ative to the housekeeping proteins actin (Calbiochem, San
Diego, CA) or GAPDH (Abcam, Cambridge, MA). Densitomet-
ric analysis was performed using AlphaEaseFC 4.0 (Alpha Inno-
tech Corp., San Leandro, CA) software. The immunoblots
shown are representative of a minimum of three independent
experiments.

Kinex™ Antibody Microarray—Cell pellets from primary
dermal Tcf reporter fibroblasts grown on fibronectin and plas-
tic were shipped to Kinexus Bioinformatics Corporation (Van-
couver, Canada) where they were lysed and analyzed using the
Kinex™ antibody microarray (KAM 1.2), which contains 800
(500-pan-specific and 300-phosphorylation site-specific) anti-
bodies. Ingenuity pathways analysis (Ingenuity Systems, Red-
wood City, CA) was used to identify the most highly up-regu-
lated candidates, and the signaling pathways activated, from the
log,(treated average/control average) expression data.

B-Galactosidase Assay—Whole cell lysates were obtained
from primary dermal fibroblasts derived from Tcf reporter
mice (3). Samples were assayed for B-galactosidase activity by
measuring the optical density at 570 nm, following hydrolysis of
the enzyme substrate, chlorophenol red -p-galactopyranoside
(Sigma-Aldrich) at 37 °C.

Topflash/Fopflash Assays—The cells were seeded on 6-well
35-mm-diameter plates and transfected 24 h later with 0.7 ug of
the Tcf-responsive pTOPFLASH reporter construct, which
contains three Tcf-binding sites, or 0.7 ug of the corresponding
pFOPFLASH construct, which contains three mutated Tcf sites
(33). A B-galactosidase expression vector (0.3 ug) served as a
control for transfection efficiency. For each experiment, trans-
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fections were performed in triplicate using FUGENE 6 (Roche
Applied Science) transfection reagent as per the manufacturer’s
instructions. Lysates were assayed for luciferase activity on a
luminometer using luciferase assay substrate and buffer (Pro-
mega, Madison, WI). TOPFLASH or FOPFLASH luciferase
activity was normalized to B-galactosidase activity.

Wound Healing Experiments—Eda Fn’" and Eda Fn™'~
mice used in experiments were between 8 and 12 weeks of age,
and each study group contained five mice of the same genotype.
For the studies involving the double-mutant Eda Fn '~
Catnb"™'"** and Eda Fn™"*;Catnb"™' ™" mice, each treatment
group (Ad-GFP or Ad-CRE, with Ad-CRE conferring 3-catenin
protein stabilization) contained at least three mice between 8
and 16 weeks of age. These mice were homozygous for Eda
Fn~ '~ or Eda Fn™’" and contained at least one Catnb*™ 2"
allele. Mice in the different groups were littermate controls. All
of the experiments using mice were reviewed and approved by
the Animal Care Committee of the Hospital for Sick Children
(Toronto, Canada). Sterile skin biopsy punches (Miltex Inc.,
York, PA) with a diameter of 4 mm were used to create four
full-thickness skin wounds on the dorsal surface (back) of the
mouse. Circular wounds were harvested during the prolifera-
tive phase of healing at days 5— 8 post-wounding or during the
remodeling phase at days 12—14 postinjury. For mechanical
testing of wound strength, 4-mm-long full thickness linear
wounds were made on the dorsal surface of the mouse, using a
scalpel. Seven days postwounding, 4-mm-wide linear sections
were prepared as strips and tested for tensile mechanical prop-
erties on an Instron 4301 machine as previously described. A
stress strain curve was generated, and loads were normalized to
the cross-sectional area of the wound. The ultimate tensile
strength and the work to failure were calculated (34, 35).

Treatment of Mice with Lithium Chloride, Ad-DKK-1, or
Ad-CRE—Treatment of mice with LiCl or NaCl as a control,
was initiated 24 h prior to wounding and terminated at the time
of wound harvest. NaCl or LiCl was added to the drinking water
to a final concentration of 0.014 M. This dosage was previously
shown to elevate B-catenin in mesenchymal cells in mice (6,
36). An adenovirus that expresses DKK-1 (32), CRE-recombi-
nase, or GFP as a control (6), was administered to wild type or
genetically modified mice 4 days prior to wounding. The mice
were injected subcutaneously with the adenovirus at a titer of
1 X 10® plaque-forming units at the future wound site, and also
intraperitoneally, as previously reported (6, 37, 38); Eda Fn™ '~ ;
Catnb™ " mice were injected with a dose of 5 X 107 plaque-
forming units/site of an adenovirus driving expression of CRE-
recombinase, or GFP, as previously reported (6). Wounds were
harvested at either 5, 7, 12, or 14 days after injury, and the
wounds were examined for size, cellularity, and 8-catenin pro-
tein levels. Successful infection was determined by detecting
the virus in the wound biopsy samples, and successful recom-
bination was determined using DNA and/or protein analysis as
previously reported (6, 38). Because DKK-1 is a secreted pro-
tein, only small numbers of cells need to be infected for it to
have an inhibitory effect on Wnt signaling (32).

Protein and RNA Extraction from Wounds—Cutaneous
wounds were dissected from the surrounding unwounded skin.
Protein was isolated from tissue in lysis buffer, as described
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above, whereas mRNA was extracted from tissue using the Qia-
gen RNeasy mini kit (Qiagen) as per the manufacturer’s instruc-
tions. Lysates from fracture repair were taken from those har-
vested from previously reported studies (38).

Real Time PCR Assays—mRNA was reverse-transcribed to
c¢DNA using Superscript reverse transcriptase (Invitrogen) and
oligod(T), 5 primers (Invitrogen). Real time PCR analysis of the
relative expression of collagen I and fibronectin in relation to
GAPDH in mouse whole wounds, 7-8 days postinjury, was
performed using TaqgMan® gene expression assays (Applied
Biosystems Inc., Foster City, CA). All of the reactions were run
on an Applied Biosystems 7900 HT Fast real time PCR
machine.

Histology and Immunohistochemistry—Formalin-fixed, par-
affin-embedded wounds were used for histological and immu-
nohistochemical analysis. Sectioning of wounds was performed
as previously described, with serial sections through the circu-
lar wound examined to identify the center (longest diameter)
section of the wound (3, 6, 31, 39). Wound size was examined
using trichrome stained sections, whereas the general histo-
logic appearance was examined in hematoxylin- and eosin-
stained sections. Heat-mediated antigen retrieval in sodium cit-
rate buffer was performed for immunohistochemical analysis,
with the exception of tissue sections stained with F4/80 and
GFP, where antigen retrieval was performed using proteinase
K. B-Catenin localization in wound sections was assessed using
a polyclonal anti-rabbit B-catenin antibody (Millipore, Bil-
lerica, MA) and a biotinylated anti-rabbit secondary antibody
(Vector Labs Inc., Burlingame, CA). Fibroblasts (40, 41) in the
wound sections were identified using an antibody that recog-
nizes fibroblast activation protein (Abcam), myofibroblasts
were detected using an antibody to a-smooth muscle actin
(Abcam), macrophages were labeled using an antibody to F4/80
(42) (AbD Serotec, Kidlington, UK), and keratinocytes were
localized using a keratin-14 (43) antibody (Covance Inc., Princ-
eton, NJ). GFP was detected using an antibody from Abcam.
The appropriate biotinylated secondary antibody was used in
combination with each primary antibody (Vector Labs Inc.,
Burlingame, CA). Strepdavidin-Dylight Conjugate (Thermo
Fisher Scientific Ltd., Rockford, IL) was used for fluorescent
imaging of GFP.

Statistical Analysis—The mean, standard deviation, and 95%
confidence interval were calculated for each data set using
Microsoft Excel (Redmond, WA). The data are presented as the
means and 95% confidence intervals. Differences between
groups of data were determined using the two-tailed Student’s ¢
test. Statistical significance is defined as p =< 0.05.

RESULTS

Wt Ligand Inhibition Does Not Completely Abrogate the
Increase in B-Catenin Levels during Wound Repair—During
the proliferative phase of bone fracture repair, inhibition of
Wnt signaling by overexpression of DKK-1 resulted in a com-
plete abrogation of the elevation of the B-catenin protein level
(38). To examine whether DKK-1 would inhibit the increase in
B-catenin protein levels during cutaneous wound healing, we
used an approach similar to that utilized in the studies of frac-
ture repair. Mice subjected to a full thickness cutaneous wound
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FIGURE 1. Wnt ligand inhibition does not completely abrogate the
increase in B-catenin level during the proliferative phase of cutaneous
wound repair. A, mice subjected to a full thickness cutaneous wound were
treated with either a DKK-1-expressing adenovirus or a control adenovirus.
The level of total B-catenin protein, relative to actin, does not change signif-
icantly in wounds treated with the Wnt-inhibitor DKK-1 1 week following
wounding. This is in contrast to the situation in fracture repair, where DKK-1
treatment substantially reduced the B-catenin protein level. B, DKK-1 treat-
ment had no effect on the size of the scar that developed following wound-
ing. This s in contrast to treatment of mice expressing a conditional null allele
of B-catenin, in which the wound was smaller and less cellular (arrows repre-
sent the maximal diameter of the wound). The lengths of the scale bars are
200 and 50 um in the low and high powered fields, respectively. Represen-
tativeimmunoblots and histologic sections are shown. C, effective infection is
shown by Western analysis of DKK-1 expression, using an antibody to the His
tag.

were treated with either a DKK-1-expressing adenovirus or a
control adenovirus (32, 38). Intriguingly, we found only a mod-
est decline in the level of B-catenin in wounds from DKKI1-
treated mice during the proliferative phase of cutaneous heal-
ing and no significant effect on the ultimate size or cellularity of
the scar that developed (Fig. 1, A and B). Effective infection was
verified by observation of viral protein production using West-
ern analysis (Fig. 1C) and by observation of green fluorescent
protein (GFP). The lack of a change in wound size or cellularity
(with an average of 62 cells/high powered field in wild type mice
and 58 cells in DKK-1-treated mice) contrasts starkly with data
from mice expressing a conditional null allele of 3-catenin acti-
vated using an identical adenovirus but that expresses Cre-re-
combinase instead of DKK-1 (average of 47 cells/high powered
wound field), as previously reported (6). This suggests that an
alternative pathway other than Wnt ligand activation plays a
role in maintaining the 3-catenin protein level during the pro-
liferative phase of cutaneous wound repair.

Extracellular Matrix Proteins Stimulate B-Catenin Activity
in Dermal Fibroblasts—The expression levels of extracellular
matrix components that are expressed during wound repair (2,
44, 45) were examined in murine cutaneous wounds using real
time PCR. We found that the expression of fibronectin and
collagen type I transcripts was elevated during the proliferative
phase of healing (Fig. 24).

Primary dermal fibroblasts from Tcf reporter mice were cul-
tured on tissue culture plastic and thin layer preparations of
collagen I, collagen 1V, fibronectin, and Matrigel. Immunoblot
analysis of cell lysates showed that levels of activated (unphos-
phorylated at Ser-37 and Thr-41) B-catenin protein were ele-
vated in fibroblasts grown on the various extracellular matrix
components compared with tissue culture plastic (Fig. 2, B and
C). An increase in Tcf transcriptional activation was also
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FIGURE 2. B-Catenin protein is regulated by extracellular matrix compo-
nents in primary dermal fibroblasts. A, real time RT-PCR shows that the
expression of collagen | and fibronectin, relative to GAPDH, is higher during
the proliferative phase of wound healing compared with unwounded skin.
The data are presented as the means and 95% confidence intervals. A signif-
icant differenceis indicated by an asterisk. This confirms that the expression of
new extracellular matrix components is increased during wound healing.
B and C, immunoblot analysis shows that the protein level of activated
B-catenin is increased in primary dermal fibroblasts cultured on extracellular
matrix proteins compared with tissue culture plastic (B). These data are rep-
resented as a graph in C. Expression of active B-catenin was quantified by
densitometry relative to the housekeeping protein. D, B-catenin-mediated
Tcf-dependent transcriptional activity, represented by B-galactosidase activ-
ity in primary dermal Tcf reporter fibroblasts, is elevated in fibroblasts cul-
tured on extracellular matrix components compared with plastic. The data
are given as the mean percentages of increase in Active B-catenin protein OR
Tcfreporter activity, compared with cells grown on plastic, = 95% confidence
intervals. A statistically significant difference for a given substrate compared
with plastic is indicated by an asterisk. Coll, collagen; FN, fibronectin.

observed in the fibroblasts grown on extracellular matrix com-
ponents (Fig. 2D). Thus, fibroblasts increase their level of
B-catenin-mediated transcriptional activity when exposed to
select extracellular matrices.

B-Catenin-mediated Signaling Is Reduced during the Prolif-
erative Phase of Wound Repair in Mice Lacking the EDA Vari-
ant of Fibronectin—Because the embryonic EDA splice variant
of fibronectin is uniquely expressed in the adult animal during
wound repair (17), it is possible that this extracellular matrix
component regulates 3-catenin signaling during wound heal-
ing. To determine whether this is the case, we examined genet-
ically modified Eda Fn~'~ mice, which lack the EDA splice
variant of fibronectin (21). Previous studies of these mice show
that they have a wound phenotype characterized by a less com-
pact cellular organization (21) that is reminiscent of that found
in mice expressing a conditional null allele of B-catenin (6). We
found that wounds from Eda Fn~'~ mice have a reduced level
of activated B-catenin protein (Fig. 34) and exhibit a lower per-
centage of cells in which there is nuclear localization of the
B-catenin protein (Fig. 3B) during the proliferative phase of
repair than wild type littermate mice (Eda Fn*’*). This dem-
onstrates that extracellular matrix components can regulate
B-catenin in fibroblasts in vivo.

Integrin Receptors Mediate the Regulation of B-Catenin by the
Extracellular Matrix—To determine how the extracellular
matrix might affect cell behavior in a manner that would influ-
ence f3-catenin, proteins regulated by exposure to fibronectin
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FIGURE 3. B-Catenin-mediated signaling is decreased during wound healing in mice lacking the EDA splice variant of fibronectin. A, wounds from Eda
Fn~’~ mice have reduced levels of activated B-catenin protein compared with the wounds of their wild type (Eda Fn*/*) littermates, during the proliferative
phase of healing, 5 days postinjury. The level of activated B-catenin was quantified relative to actin. Band C,immunohistochemistry shows that the percentage
of cells exhibiting nuclear B-catenin staining is reduced in wounds from Eda Fn~’~ mice compared with wounds from Eda Fn™* mice (B). P, positive stain; N,
negative stain. This is represented as a graph in C. The data are expressed as the mean percentage per 40X microscope field = 95% confidence intervals. A
statistically significance difference is indicated by an asterisk over the line illustrating the comparison.

TABLE 1
Seven of the top ten up-regulated proteins identified by antibody array have a known association with integrin signaling

Seven of the top ten up-regulated proteins identified by antibody array have a known association with integrin signaling. Candidate proteins regulated by exposure to
fibronectin in primary dermal fibroblasts were identified using a Kinex ™ antibody array. Seven of the ten most highly up-regulated proteins in the array, detected using
phosphorylation site-specific antibodies, have a known association with integrin signaling (indicated by +).

Log2 ratio up-regulated ~ Known association with

Protein name Gene (fibronectin vs. plastic) integrin signaling Reference

Mitogen-activated protein kinase 14 MAPK14 3.370 + 70
Synapsin 1 SYN1 3.054 + 71
Mitogen-activated protein kinase kinase 6 MAP2K6 ~ 2.443 -

Phospholipase Cyl PLCG1 2.427 + 72
Signal transducer and activator of transcription 5A STAT5A 2.366 + 73
Mitogen-activated protein kinase kinase 1 MAP2K1 2.322 + 74
Ribosomal protein S6 kinase, 90 kDa, polypeptide 1 RPS6KA1  2.264 -

Serine/threonine-protein kinase PAK 1/2/3 (p21-activated kinase 1/2/3) ~ PAK1 1.814 + 75,76
Retinoblastoma 1 RB1 1.794 -

Myristoylated alanine-rich protein kinase C substrate MARCKS  1.776 + 77

were identified using antibody array technology (Kinex™ anti-
body microarray, KAM 1.2; Kinexus Bioinformatics Corpora-
tion). (GEO accession number GSE30135). Seven of the ten
most highly up-regulated molecules in the array, detected using
phosphorylation-site specific antibodies, are associated with
integrin signaling (Table 1). We undertook a Western analysis
to verify the direction of the observed expression change for
Smad2/3 and phospho-STAT1 (Tyr-701), two proteins up-reg-
ulated in the array, in 5-day wound lysates from Eda Fnl*’*
and Eda Fnl~'~ mice. Because integrins link the extracellular
and intracellular environment, this raises the possibility that
integrins mediate the regulation of B-catenin activation.
Primary dermal fibroblasts were exposed to a peptide that
represents a major integrin-binding site on fibronectin (RGD,
which mediates fibronectin binding to o581 and a31 integ-
rins) (46 —49) to determine whether integrin receptor activa-
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tion modulates B-catenin. We found that the RGD peptide
increased the level of activated B-catenin protein compared
with the control (Fig. 44). We then compared the B1-integrin-
deficient embryonic fibroblastic GD25 cell line (26) to NIH3T3
embryonic fibroblasts, which express the B1-integrin. NIH3T3
fibroblasts grown on extracellular matrix components demon-
strated increased activated (-catenin protein and transcrip-
tional activity, similar to that observed in primary dermal fibro-
blast cultures, whereas this effect was absent in the B1-integrin
null GD25 cells (Fig. 4, B and C).

We further examined the role of the 81 integrin in primary
dermal fibroblasts containing a floxed version of the B1
integrin gene (25). Treatment of the cells with a Cre-express-
ing adenovirus resulted in a substantial reduction of the pro-
tein level of B1 integrin compared with cells treated with a
control GFP-expressing virus (Fig. 4D). As observed in Fig. 4
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FIGURE 5. GSK3 B is required for the regulation of B-catenin by extracel-
lular matrix components. A, an increased level of GSK38 phosphorylated on
serine 9 (Phospho-GSK3p (Ser9)) was observed for fibroblasts grown on colla-
gen | and fibronectin compared with plastic, as determined using Western
analysis. B,immunoblot analysis of activated 3-catenin expression shows that
collagen | and fibronectin up-regulate activated B-catenin expression in wild
type mouse embryonic fibroblasts compared with tissue culture plastic, but
not in GSK3B-null mouse embryonic fibroblasts. B-Catenin levels are relative
to actin. Coll, collagen; FN, fibronectin.

(E and F), Ad-Cre-treated fibroblasts grown on fibronectin
did not display an increase in activated 3-catenin, which is in
contrast to the induction observed in Ad-GFP-treated fibro-
blasts. Collectively, these data suggest that the 1 integrin
mediates the up-regulation of active B-catenin in response to
extracellular matrix (ECM) stimulation.

GSK3p Is Required for the Regulation of B-Catenin by Extra-
cellular Matrix Components—GSK3 is a crucial component of
the multiprotein complex that targets B-catenin for degrada-
tion (50, 51). We found that there was a higher level of GSK33
phosphorylation on serine 9, which is an indirect indicator of
inhibition of GSK3p activity, on fibroblasts grown on extracel-
lular matrix compared with tissue culture plastic (Fig. 54). To
determine whether the presence of GSK3p is required for the
activation of B-catenin, we examined the effect of extracellular
matrix components on B-catenin in GSK38 null (~/~) and wild
type (/") mouse embryonic fibroblasts (27). The elevation of
activated [-catenin protein in response to collagen and
fibronectin in wild type fibroblasts was absent in the GSK33-
null fibroblasts (Fig. 5B).

B-Catenin Activation Rescues the Wound Phenotype
Observed in EDA-Fibronectin-deficient Mice—Mice lacking
EDA-fibronectin (Eda Fn /") possess a wound phenotype
characterized by a less compact cellular organization of the der-
mis (21). To determine whether the wound phenotype of these
mice is due in part to the inability to maintain 3-catenin protein
activation, we activated B-catenin signaling through both
genetic and pharmacologic means. To pharmacologically stim-
ulate B-catenin, we treated Eda Fn~”~ mice with LiCl, which

Fibronectin and [3-Catenin

stabilizes 3-catenin through regulation of GSK3p (6, 38, 50) or
NaCl as a control. Treatment with LiCl increased the level of
activated B-catenin protein in wounds from Eda Fn~ /" mice
toward that found in wild type mice (Fig. 6A4). We observed that
wounds from Eda Fn~ /™ mice treated with NaCl possess fewer
cells with the spindle cell morphology typical of fibroblasts (41)
in hematoxylin- and eosin-stained wound sections than their
NaCl-treated Eda Fn'’* counterparts, 5 days postinjury.
Treatment of Eda Fn~’~ mice with LiCl rescued this aspect of
the wound phenotype by increasing the number of spindle-
shaped cells in dermal wound tissue to a level similar to that
observed in Eda Fn*”" mice (Fig. 6, B and C). We further char-
acterized the identity of the spindle cells by using an antibody
against fibroblast activation protein (40, 41, 52, 53) and found
that the above pattern was reflected in the number of fibroblast
activation protein-expressing spindle cells in the healing
wounds (Fig. 6, D and E). The finding was similar when
B-catenin was stabilized by genetic means. Eda Fn~ /" mice
were bred with mice expressing a conditionally stabilized
form of B-catenin (Catnb™'"*) to generate a Eda Fn ' ;
Catnb"™*** cross. Eda Fn~’~;Catnb™' " mice treated with a
Cre-expressing adenovirus to stabilize B-catenin (Fig. 6F)
showed more spindle-shaped cells expressing fibroblast activa-
tion protein as a fibroblast marker, in the central area of their
healing wounds, 5 days postinjury, than did mice treated with a
control (GFP)-expressing adenovirus (Fig. 6, G and H).
Together, these data suggest that B-catenin stabilization res-
cues the depleted fibroblast population in wounds from
Eda Fn™’" mice.

We did not observe any differences in macrophage, myofi-
broblast (54), and keratinocyte populations among the different
types of mice using F4/80, a-smooth muscle actin, and keratin
14 staining, respectively. Furthermore, although EDA-fi-
bronectin deficiency did not have a statistically significant
effect on the wound surface diameter of the scar formed from
circular wounds at 12 days postwounding, there was a trend
toward a mean surface width of wounds from Eda~"~ mice of
~20% smaller than wild type.

Scar Strength Is Reduced in EDA-fibronectin-deficient Mice,
and This Defect Is Rescued by Stabilization of 3-Catenin—We
reasoned that the phenotype of the healing wounds from
EDA-fibronectin-deficient mice, including their reduced
fibroblast numbers, might influence the mechanical proper-
ties of the wound. To investigate this, we conducted
mechanical testing of wound strength in Eda Fn™'™;
Catnb*™™* and Eda Fn '~ ;Catnb"™"** mice with and
without the activation of the conditionally stabilized

FIGURE 4. Integrins mediate the regulation of 3-catenin activity by extracellular matrix proteins. A, immunoblot analysis shows that the peptide, RGDS,
increases the level of activated B-catenin protein compared with vehicle treatment in primary murine dermal fibroblasts. 3-Catenin expression was quantified
relative to GAPDH. B, Western analysis shows that activated B-catenin protein is up-regulated in NIH3T3 embryonic fibroblasts grown on collagen | and
fibronectin compared with tissue culture plastic. There is no effect by these extracellular matrix components on -catenin in the B1-integrin-deficient GD25
embryonic fibroblastic cell line. B-Catenin levels were quantified relative to GAPDH. C, B-catenin-mediated Tcf-dependent transcriptional activity is elevated
in NIH3T3 fibroblasts grown on fibronectin compared with tissue culture plastic. This effect is not observed in the B1-integrin-deficient GD25 fibroblastic cell
line. D, Western analysis shows that Ad-CRE treatment of primary dermal fibroblasts containing a floxed version of the B1 integrin gene greatly reduces the 81
integrin expression level, compared with Ad-GFP treated fibroblasts. E, primary dermal fibroblasts with decreased 1 integrin expression (Ad-CRE) did not
show anincrease in activated 3-catenin protein when grown on fibronectin, in contrast to Ad-GFP-treated fibroblasts. F, expression of active B-catenin, relative
to actin, in fibroblasts grown on fibronectin versus plastic was quantified by densitometry. The data are presented as the means and 95% confidence intervals,
relative to control. Statistical significance at the p =< 0.05 level is indicated by an asterisk. Top, Topflash reporter; Fop, Fopflash reporter; Coll, collagen; FN,
fibronectin.
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with LiClincreases the level of activated 8-catenin protein in whole cutaneous wounds toward that observed in wild type (Eda Fn*/*) wounds. 8-Catenin levels
were assessed relative to actin. B, Eda Fn~’~ mice treated with NaCl had fewer cells with the spindle-shaped morphology typical of fibroblasts per field of
dermal wound proliferative phase tissue than wild type (Eda Fn"/*) NaCl-treated mice. Treatment with LiCl increased the number of spindle cells in Eda Fn™/~
mice to a level similar to that in Eda Fn ™" mice. Wound sections are stained with hematoxylin and eosin. C, graphical representation of the number of spindle
cells per field in the different mice and treatment groups. D, immunohistochemical analysis using the fibroblast marker, fibroblast activation protein (FAP),
confirmed the identity of the spindle cells as fibroblasts. FAP-expressing spindle cells were reduced in the central wound area of NaCl-treated Eda’~ mice.
E, quantitation of fibroblast-activation-protein expressing cells in the different mice and treatment groups. F, genetic stabilization of B-catenin in Eda Fn~'~;
Catnb™'™ mice was achieved using a GFP-tagged CRE-expressing adenovirus, whereas control mice received a GFP-expressing adenovirus. Stabilization of
the B-catenin level is demonstrated by Western blot, which shows a higher level of the stabilized form of B-catenin (exon 3 deletion) in the wounds of
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FAP-expressing cells. The data are presented as the mean numbers of cells per 40X microscope field of dermal proliferative phase wound tissue = 95%

confidence intervals. A significant difference at the p =< 0.05 level is represented by an asterisk over the line illustrating the comparison.

B-catenin allele. Mechanical testing of strips prepared from
linear wounds, 7 days postinjury, showed a decrease in work
to failure (Fig. 7A) and ultimate tensile strength (Fig. 7B) in
healing wounds lacking EDA fibronectin. This defect was
rescued in mice that also expressed the stabilized form of
B-catenin. Thus, EDA-fibronectin deficiency, and the con-
sequent decrease in 3-catenin activation and fibroblast infil-
tration, has a functional effect on wound scar strength.
Although this may in part be caused by deficiency in EDA-
fibronectin, the rescue by B-catenin stabilization suggests
that fibroblast behavior independent of EDA-fibronectin
plays a major role in wound strength.

DISCUSSION

Here we show that fibronectin and other extracellular matrix
components regulate 3-catenin activity in fibroblasts through an
integrin-mediated, GSK3B-dependent pathway. Furthermore, we
found that this mechanism plays a physiologic role in vivo during

27694 JOURNAL OF BIOLOGICAL CHEMISTRY

wound repair. Indeed, the smaller number of dermal fibroblasts in
Eda Fn™'~ mice is most likely caused by a lower level of B-catenin
during the proliferative phase of wound repair. This results in a
significant difference in wound strength.

B-Catenin is activated during the initial phase of wound
repair, and its activity is maintained during the proliferative
phase (3). There are several factors that might initiate the acti-
vation of B-catenin during wound healing. Growth factors
released by early response cells and liberated from the matrix,
such as TGF-f3, are known to activate (3-catenin-mediated sig-
naling during wound repair (31). Wnt ligands expressed during
the early phases of wound healing (55) may also play a role. Our
data show that once [(3-catenin is activated by such factors, its
expression and activity are maintained during the proliferative
phase of repair not by continued Wnt ligand activation, but by
cellular interactions with the immature extracellular matrix
deposited during the early phases of healing.
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FIGURE 8. Schematicillustrating the proposed reciprocal regulatory loop
between B-catenin and the extracellular matrix in dermal fibroblasts
during wound healing. During the early phases of wound repair, growth
factors activate B-catenin-mediated signaling, which stimulates the expres-
sion of extracellular matrix components, such as fibronectin. Such extracellu-
lar matrix components in turn give feedback to maintain activation of
B-catenin throughout the proliferative phase of healing. As the wound
matures, the extracellular matrix remodels, removing the immature extracel-
lular matrix components that stimulate B-catenin signaling. This results in a
decline in B-catenin levels back to preinjury levels.

The EDA splice variant of fibronectin is synthesized early
in the repair process (2, 17, 18), and its expression peaks during the
proliferative phase (18, 19). EDA fibronectin contains addi-
tional integrin-binding sites compared with other splice vari-
ants (49), suggesting that it may be able to activate B-catenin
more strongly than other forms of fibronectin. Intriguingly,
fibronectin is also a B-catenin-regulated gene (16), raising the
possibility of a “feedback” loop between [-catenin and
fibronectin during wound repair (Fig. 8). In this regulatory loop,
[B-catenin is activated in the early phases of healing by growth
factors, causing the expression of extracellular matrix compo-
nents such as fibronectin. Fibronectin and other extracellular
matrix components then maintain activation of B-catenin
throughout the proliferative phase of repair. In their immature
state, these extracellular matrix proteins contain larger num-
bers of integrin-binding sites. During wound remodeling, EDA
fibronectin, which contains the EDGIHEL and RGD motifs that
bind integrins o431 (56) and a581/a331 (46 —49), respectively,
becomes replaced with bundles of collagen I, a structure in
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which the RGD motif is exposed only upon denaturation (57,
58). Therefore, as the wound matures and the composition of
the extracellular matrix changes, EDA fibronection and other
immature extracellular components are no longer present to
activate integrin receptors, and [-catenin levels would return
to baseline.

We found that EDA-fibronectin deficiency, and the conse-
quent reduction in activated B-catenin levels and the dermal
fibroblast population, had an effect on the mechanical proper-
ties of the wound. Because this phenotype was rescued by sta-
bilization of B-catenin, it is likely that the increased fragility of
EDA-fibronectin-deficient wounds may be caused both by the
deficiency of this molecule, as well as changes in fibroblast
behavior linked to 3-catenin.

We found a different mechanism of regulation of 3-catenin
by extracellular matrix components in dermal fibroblasts than
that found in cells of epithelial origin. The mechanism of acti-
vation of B-catenin by extracellular matrix in fibroblasts
involves an integrin-mediated, GSK33-dependent pathway
that stimulates Tcf-dependent transcription. This suggests
involvement of the Pl-integrin-associated integrin-linked
kinase (59 —61). In cells of epithelial origin (9, 11, 62, 63) and in
natural killer cells (64), B-catenin is modulated in response to
extracellular matrix and/or integrin stimulation by tyrosine
phosphorylation and consequent liberation from cadherin
binding. The activation of B-catenin released from E-cadherin
by integrin signaling is not associated with GSK38 (11, 63).
Furthermore, Kim et al. (63) showed that B-catenin freed from
adherens junctions by integrin signaling in cells of epithelial
origin does not activate Tcf-lef transcription but rather forms a
transcriptional complex with phospho-Smad2 (62, 63). Thus,
disparate mechanisms of integrin-mediated stimulation of
B-catenin exist that activate different downstream signaling
pathways and likely reflect separate functions and means of
regulation.

Fibronectin may have an important role in regulating
B-catenin in other mesenchymal repair processes, in addition
to its function in cutaneous wound healing. EDA fibronectin is
expressed during bone healing (65, 66) where it might modulate
B-catenin in select local cell populations. In chondrocytes,
fragments of fibronectin that contain the EDA region stimulate
matrix metalloproteinase expression (67), and because
B-catenin can also regulate matrix metalloproteinase ex-
pression (68), it raises the prospect that this effect may be
mediated by B-catenin activity. The finding that EDA
fibronectin is expressed in tumor metastasis (69) suggests
that it could potentially regulate B-catenin in this process.
Thus, it is possible that the mechanism we identified plays a
role in a variety of biologic processes. In contrast to its role in
repair, the observation that mice lacking EDA-fibronectin
do not demonstrate developmental effects (21) suggests that
other pathways can compensate for any effect on B-catenin
during normal fetal development.

Here we found a central role for the extracellular matrix as a
regulator of B-catenin activation during the cutaneous repair
process. Our findings suggest that changes in the extracellular
matrix could alter normal wound healing by modulating cell
signaling. Indeed, the manipulation of B-catenin activity during
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wound healing by the use of EDA fibronectin or related bioac-
tive peptides may present a clinical application to accelerate
wound repair in patients who suffer from delayed healing.
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