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Fibrosis is characterized by progressively excessive deposition of matrix components and may lead to
organ failure. Transforming growth factor-b (TGF-b) is a key cytokine involved in tissue repair and
fibrosis. TGF-b0s profibrotic signaling pathways converge at activation of b-catenin. b-Catenin is an
important transcription cofactor whose function depends on its binding partner. Promoting b-catenin
binding to forkhead box protein O (Foxo) via inhibition of its binding to T-cell factor (TCF) reduces
kidney fibrosis in experimental murine models. Herein, we investigated whether b-catenin/Foxo diverts
TGF-b signaling from profibrotic to physiological epithelial healing. In an in vitro model of wound
healing (scratch assay), and in an in vivo model of kidney injury, unilateral renal ischemia reperfusion,
TGF-b treatment in combination with either ICG-001 or iCRT3 (b-catenin/TCF inhibitors) increased b-
catenin/Foxo interaction, increased scratch closure by increased cell proliferation and migration,
reduced the TGF-beinduced mesenchymal differentiation, and healed the ischemia reperfusion injury
with less fibrosis. In addition, administration of ICG-001 or iCRT3 reduced the contractile activity
induced by TGF-b in C1.1 cells. Together, our results indicate that redirection of b-catenin binding from
TCF to Foxo promotes b-catenin/Foxoemediated epithelial repair. Targeting b-catenin/Foxo may
rebuild normal structure of injured kidney. (Am J Pathol 2021, 191: 993e1009; https://doi.org/
10.1016/j.ajpath.2021.03.005)
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Fibrosis (scarring) is a pathologic wound repair process
characterized by excessive deposition of extracellular matrix
(ECM) components secreted by increasing numbers of
myofibroblasts, with destruction of normal mesenchymal
structure.1 This is in contrast to physiological repair, where
the wound heals with restoration of normal tissue structure
without fibrosis.2 Fibrosis impedes tissue repair, regenera-
tion, complete restoration of original tissue architecture, and
reconstitution of organ function.3 The balance between tis-
sue repair and fibrosis following kidney injury depends on
the severity and duration of injury as well as the responses
of kidney tubules to injury.4 Renal tubular epithelial cells
are extremely susceptible to kidney injury.5 In response to
inflammation and injury, activated myofibroblasts express
high levels of a-smooth muscle actin (a-SMA) and produce
stigative Pathology. Published by Elsevier Inc
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large amounts of ECM components, presumably to heal the
injury.6,7 Transforming growth factor-b (TGF-b) promotes
wound repair but is also the key cytokine causing organ
fibrosis. Targeting the signaling pathways of TGF-b that
promote kidney tubule repair rather than fibrosis could be an
important strategy for separating these opposing effects.3

b-Catenin is a central mediator in TGF-b0s profibrotic
signaling pathways.8 Stabilized b-catenin translocates to the
nucleus and binds to T-cell factor (TCF).9 b-Catenin/
TCFemediated signaling promotes the migration,
.
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proliferation, and prolonged or excessive activation of
mesenchymal cells, leading to fibrosis and organ dysfunc-
tion.10,11 On the other hand, b-catenin also binds to fork-
head box protein O (Foxo). Foxo plays a role in cellular
processes, such as G1 cell cycle arrest/DNA repair, and has
antioxidant properties, which may be protective in wound
repair and fibrosis.4,12,13 Ponugoti et al12 showed that Foxo1
is required to orchestrate cellular events promoting a wound
healing phenotype and prevention of oxidative stress.
Hence, we hypothesize that targeted inhibition of b-catenin/
TCF binding increases b-catenin/Foxo interaction and
consequent wound repair action of TGF-b.

In the current study, the role of b-catenin/Foxo in wound
healing was investigated using Clustered regularly inter-
spaced palindromic repeats (CRISPR/Cas9)-mediated dele-
tion of the Foxo1 gene in tubular epithelial C1.1 cells and in
the kidney healing model of unilateral ischemia reperfusion
(UIR). The results indicate that b-catenin/Foxo promotes the
wound healing effect of TGF-b in a physiological epithelial
repair manner.
Materials and Methods

Cell Cultures

A murine proximal tubule-like epithelial cell line termed
C1.1 was a kind gift of Drs. Rudolph Wuthrich and Patricia
Wahl (University of Zurich, Zurich, Switzerland).14 C1.1
cells were cultured in K1 medium [Dulbecco’s modified
Eagle’s medium:Ham’s F12 medium (1:1 v/v) (Invitrogen,
Carlsbad, CA), 1 mol/L HEPES (Invitrogen), Non-Essential
Amino Acid (NEAA) medium (Invitrogen), 5 mg/mL in-
sulin (Sigma, St. Louis, MO), 1.25 ng/mL prostaglandin E1
(Cayman Chemicals, Ann Arbor, MI), 0.0338 ng/mL 3,3,5-
triiodothyronine (Sigma), 5 mg/mL hydrocortisone (Sigma),
1.73 ng/mL transferrin (Sigma), 18 ng/mL sodium selenite
(Sigma), and 5% fetal bovine serum (Sigma-Aldrich, St.
Louis, MO)] at 37�C, in 5% CO2. For treatment of cells,
serum-supplemented media were replaced with serum-free
media.
Generation of Foxo1 KO Cell Line and TCF1 KO Cell Line
by CRISPR/Cas9

Foxo1 knockout (KO) C1.1 cell line was produced by
cotransfection of C1.1 cells with the Foxo1 CRISPR/Cas9
KO plasmid and a Foxo1 Homology directed repair (HDR)
plasmid (Santa Cruz Biotechnology, Inc., Dallas, TX),
following the manufacturer’s instructions. In brief, C1.1
cells were transfected with the plasmids using UltraCruz
transfection reagent (Santa Cruz Biotechnology, Inc.) and
incubated under normal conditions for 24 hours. Media
were replaced 24 hours after transfection. After two pas-
sages of the cells, Foxo1 KO C1.1 cells were selected with
media containing puromycin antibiotic (2 mg/mL).
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Similarly, TCF1 gene was knocked out using TCF-1 Double
Nickase Plasmid (Santa Cruz Biotechnology, Inc.).
KOwasverified byWestern blot analysis of Foxo1 andTCF1

expression and fluorescence microscopy for the Red Fluores-
cent Protein (RFP)/Green Fluorescent Protein (GFP) signal.15

In Vitro Scratch Assay

Control C1.1, Foxo1 KO C1.1, and TCF1 KO C1.1 cells
were grown to confluence on (Thermo Scientific, Wal-
tham, MA USA). Confluent cells were scratched using
sterile 200 mL pipette tips across each well, generating a
cell-free area, based on the technique described by Liang
et al.16 Cells were washed with Dulbecco’s phosphate-
buffered saline (PBS) to remove loose cells. Foxo1 KO
C1.1 and TCF1 KO C1.1 cells were transiently trans-
fected with F-TrCP-Ecad plasmid by Lipofectamine
2000 (Invitrogen), according to the manufacturer’s pro-
tocol. F-TrCP-Ecad plasmid construct encodes a
chimeric protein with the binding domain of E-cadherin
fused to the b-transducin repeat-containing protein
(bTrCP) ubiquitin-protein ligase. The cells were treated
with recombinant human TGF-b1 (rhTGF-b1; 3 ng/mL;
Biosource, Camarillo, CA) either with or without in-
hibitors, ICG-001 (5 mmol/L; Sigma) or iCRT3 (10
mmol/L; Sigma), in K1 medium supplemented with 1%
bovine serum albumin for 48 hours. After 48 hours of
treatment, cells were washed twice with Dulbecco’s PBS
(Thermo Scientific, Waltham, MA USA) and processed
for Sirius red collagen detection assay, proximity ligation
assay (PLA), or fluorescence.

Image Capture and Data Analysis for Scratch Assay

Immediately after the scratch (0 hours) and at 12-hour intervals,
images of the scratched areawere captured usingphase contrast
microscopy. Alternatively, live cell imaging was performed
using a Carl Zeiss microscope, Oberkochen, Germany.
The area of scratch was quantified using an ImageJ

version 1.52v software (NIH, Bethesda, MD; http://imagej.
nih.gov/ij, last accessed December 16, 2020). The migration
of cells toward the scratch was expressed as a percentage of
wound closure.
% of wound closure Z [(At Z 0 hr � At Z D hr)/At Z

0 hours] X 100.17

where, At Z 0 hours is the area of wound at 0 hours,
immediately after scratching, and At Z D hr is the area of
wound at 12, 24, 36, or 48 hours after scratching.

Sirius Red Collagen Detection Assay

C1.1, Foxo1 KO C1.1, and TCF1 KO C1.1 cells with or
without treatment and washed with PBS were used for
collagen assay using Chondrex Sirius red collagen detec-
tion kit (Chondrex, Inc. Woodinville, WA) following the
manufacturer’s instructions. Briefly, 0.05 mol/L acetic acid
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Proximity ligation assay (PLA) analysis of b-catenin/forkhead box protein O 1 (Foxo1) and b-catenin/T-cell factor (TCF) interactions in scratch
assay using C1.1 cells. A: Representative phase contrast images of WT C1.1 cells using in vitro scratch assay at 0 and 48 hours. The area between broken lines
is the scratch wound. The solid lines outline the field are used in immunofluorescence imaging. B: Representative b-catenin/Foxo1 (red spot) and b-catenin/
TCF (green spot) interaction in control, recombinant human transforming growth factor-b1 (rhTGF-b1), rhTGF-b1 and ICG-001, rhTGF-b1 and iCRT3, ICG-001
alone, or iCRT3 alone treated C1.1 cells using scratch assay (cells to the right of broken lines are cells migrating after the scratch). Insets: Higher-resolution
images of the smaller boxed areas outlined with solid green lines. Nuclei were stained with DAPI. C and D: Quantitation of PLA signals, using one-way
analysis of variance, followed by Tukey post hoc test. Results are shown as means � SEM (C and D). n Z 4 (C and D). *P < 0.05, **P < 0.01,
***P < 0.001. Scale bar Z 40 mm (B). Original magnification, �40 (B).

b-Catenin/Foxo Mediates Epithelial Repair
was added, and the cell layer was scaped with cell scraper.
A total of 1 mg/mL pepsin solution was added. A purified
total collagen solution (0.1 mg/mL) was used as a stan-
dard. The insoluble complex of collagen and Sirius red dye
The American Journal of Pathology - ajp.amjpathol.org
was collected, solubilized, and then transferred to a 96-
well plate. OD values at 562 nm were measured. The
collagen concentration was calculated using regression
analysis.
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Figure 2 E-cadherin and a-smooth muscle actin (a-SMA) expression in a scratch assay using C1.1 cells. A: Representative immunofluorescence images of
E-cadherin (red) and a-SMA (green) in the scratch assay (cells to the right of broken lines are cells migrating after the scratch) using C1.1 untreated cells
(control) or cells treated with recombinant human transforming growth factor-b1 (rhTGF-b1), rhTGF-b1 and ICG-001, rhTGF-b1 and iCRT3, rhTGF-b1 and
epigallocatechin 3-gallate (EGCG), or treated with ICG-001, iCRT3, and EGCG alone. Nuclei were stained with DAPI. B: Quantitation of positive E-cadherin (red)
and a-SMA (green) staining area relative to the total area from 10 random microscopic fields was assessed with various treatments and compared by one-way
analysis of variance, followed by Tukey post hoc test. Results are shown as means � SEM (B). n Z 4 (B). **P < 0.01, and ***P < 0.001. Scale bar Z 40 mm
(A). Original magnification, �60 (A).
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Collagen Gel Contraction Assay

Collagen gel contraction assay was performed on control
C1.1, Foxo1 KO C1.1, and TCF1 KO C1.1 cells using
CytoSelect 24-well cell contraction assay kit (Cell Biolabs,
San Diego, CA) following the manufacturer’s instructions.
First, collagen gel working solution was prepared and kept
996
on ice. Control C1.1, Foxo1 KO C1.1, and TCF1 KO C1.1
cells were harvested and resuspended in K1 medium. Cell
contraction matrix was prepared by mixing two parts of cell
suspension and eight parts of cold collagen gel working
solution. A total of 0.5 mL of cell contraction matrix solu-
tion was added to each well of the 24-well cell contraction
plate, and incubated at 37�C for 1 hour. After collagen
ajp.amjpathol.org - The American Journal of Pathology
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polymerization, 1 mL of K1 medium was added (with/
without treatment) to each well. Negative controls were
wells that contain no cells in the matrix. Medium was
changed daily and replaced with 0.5 mL fresh K1 medium.
After 48 hours (the end point), the collagen gel size was
quantified with a ruler. Results are expressed as a change in
gel surface area. The contraction of the gel is expressed in
percentages, with the surface area of the noncontracted gel
serving as 100%.

Proximity Ligation Assay (Duolink)

PLA experiments were performed on C1.1 cells (grown in a
Nunc Lab-Tek II chamber slide system; ThermoFisher
Scientific, Waltham, MA USA) and paraffin-embedded
mouse kidney sections using the DUO ink kit (Sigma-
Aldrich) following the manufacturer’s instructions. Briefly,
either cells or deparaffinized tissues were fixed with 4%
paraformaldehyde (Sigma) in PBS for 10 minutes, per-
meabilized with 0.5% Triton X-100 (Sigma) in PBS, and
incubated with blocking solution in a humidity chamber for
1 hour. The primary antibodies [anti-mouse b-catenin (BD
Transduction Laboratories, Franklin Lakes, NJ) and anti-
rabbit Foxo1 (Cell Signaling, Danvers, MA) or anti-mouse
b-catenin and anti-rabbit TCF1 (Cell Signaling)] were
incubated overnight. Negative controls were obtained by
omitting one of the primary antibodies. Secondary anti-
bodies conjugated with PLA probes were added and incu-
bated. Ligation and amplification were performed. Each
slide was mounted with Duolink In Situ Mounting Medium
(Sigma-Aldrich) with DAPI and analyzed in a DeltaVision
microscope (Olympus Corperation, Shinjuku-ku, Tokyo,
Japan). PLA spots were counted in intervals of 10 or 50
nuclei in each of multiple (five to eight) microscopic fields
per slide, and then used averaged numbers for the calcula-
tion of number of PLA spots per 10 or 50 nuclei.

Mice

Male C57BL/6 mice were purchased from the Animal
Resource Center (Perth, WA, Australia). Male mice, aged 8
to 10 weeks, were used in all experiments. All mice were
housed in the Biological Services Facility at The Westmead
Institute for Medical Research (Westmead, NSW, Australia)
under standard conditions in accordance with a protocol
approved by the Animal Ethics Committee of Western
Sydney Local Health District.

Mouse Kidney UIR Injury Model

Male mice were anesthetized by isoflurane and placed on a
heating pad to keep body temperature constant of around
37�C. Mice were then randomized to sham or UIR injury
operation. Renal ischemia was induced by placing clamps
over the left renal pedicle and was visually verified by the
change in kidney color. After 45 minutes, the clamps were
The American Journal of Pathology - ajp.amjpathol.org
removed. The incision was closed in two layers, and the
reperfusion was allowed to occur. Sham-treated mice were
subjected to the same procedure but without renal pedicle
clamping. The UIR injury model is a well-characterized
model of tubular injury and repair.18,19 UIR and control
mice were treated with rhTGF-b1 (50 mg/kg intraperitone-
ally) or vehicle second daily, with or without ICG-001 (5
mg/kg intraperitoneally) or iCRT3 (10 mg/kg intraperito-
neally) daily. For delayed treatment, rhTGF-b1 with either
ICG-001 or iCRT3 was administered starting 7 days after
UIR. Dose and duration were selected according to previ-
ously published studies.20e23 After 21 days, the animals
were sacrificed, and kidneys were collected for the assess-
ment of kidney fibrosis.
Immunohistochemical and Immunofluorescence
Staining

Paraffin-embedded kidney sections were used for
Gomori trichrome staining according to the protocol
provided by the manufacturer (Sigma-Aldrich) to assess
the degree of renal fibrosis. The stained slides were
scanned by Nanozoomer (Hamamatsu, Hamamatsu City,
Shizuoka, Japan) and quantitated in a blinded manner.
For immunofluorescence staining, paraffin-embedded
kidney slides were used. Initially, slides were dew-
axed, rehydrated, and fixed with methanol and acetone
at 1:1 volume. Nonspecific binding was blocked with
2% bovine serum albumin (Sigma) in PBS. Kidney
sections were incubated with antiea-SMA and E-cad-
herin (Cell Signaling) for double staining. To visualize
the primary antibodies, sections were stained with goat
anti-rabbit Alexa Fluor 568 (ThermoFisher Scientific)
and/or goat anti-mouse Alexa Fluor 488 (Invitrogen)
and counterstained with DAPI (Sigma). The fluorescent
images were viewed under a DeltaVision Elite Micro-
scope (Olympus Corperation, Shinjuku-ku, Tokyo,
Japan) in a blinded manner. For quantitation, the posi-
tive staining area was calculated relative to the total
area of image. The mean value of 10 randomly selected
microscopic fields was calculated and graphed.
Fluorescence Microscopy

Both cell and animal tissue images were acquired using a
DeltaVision Elite Microscope (Olympus X-71) (Olympus
Corperation, Shinjuku-ku, Tokyo, Japan). All images were
captured at room temperature using a CoolsSnapHQ2
(Roper Scientific, Trenton, New Jersey, United States)
camera. Deconvolution (conserved ratio method) and other
image processing were performed using SoftWoRx Suite
2.0 (Applied Precision, GE, Boston, Massachusetts, USA).
ImageJ software was used to quantify the images. Figures
were made using Illustrator software 2020 (Adobe Systems
Inc., Mountain View, CA).
997
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Figure 4 Sirius red collagen detection assay in wild-type (WT), Foxo1
knockout (KO), and TCF1 KO C1.1 cells. Quantitation of collagen (fold
change) at 48 hours in WT (black dots), Foxo1 KO (red dots), and TCF1 KO
C1.1 (green dots) with various treatments. F-TrCP-Ecad (bTrCP-E-cadherin
chimera construct) were used for targeted degradation of cytosolic b-cat-
ein. Results are representative of four independent experiments. Statistical
significance was determined by one-way analysis of variance, followed by
Tukey post hoc test. *P < 0.05, **P < 0.01. rhTGF-b1, recombinant human
transforming growth factor-b1.

b-Catenin/Foxo Mediates Epithelial Repair
Cytokine Cytometric Bead Array

Tumor necrosis factor-a, IL-6, IL-10, and IL-4 levels from
kidney lysates were analyzed using BD cytometric bead array
mouse cytokine kit following the manufacturer’s instructions
(BD Bioscience, Franklin Lakes, New Jersey, USA). Data
were analyzed by BD FCAP Array (BD Bioscience).

Statistical Analysis

Statistical analyses of the data were performed usingGraph Pad
Prism 7 software. Comparison between groups wasmade using
one-way analysis of variance, followed by Tukey post hoc test
using Graph Pad Prism 7 software (GraphPad Software, San
Diego, CA, USA). All data are expressed as means � SEM. P
< 0.05 was considered statistically significant.

Results

Inhibition of TGF-beInduced b-Catenin/TCF
Interactions Promotes b-Catenin Interaction with Foxo
in C1.1 Cells

To assess the role of b-catenin/TCF or b-catenin/Foxo in
cell migration, an in vitro scratch assay was performed using
C1.1 cells, a murine proximal tubule-like epithelial cell line.
First, a PLA as performed on C1.1 cells. This PLA detects
the interaction of two proteins with the appearance of red/
Figure 3 In vitro scratch assay in wild-type (WT), Foxo1 knockout (KO), and TCF
KO, and TCF1 KO C1.1 untreated cells (control) or cells treated with recombinant
rhTGF-b1 and iCRT3, ICG-001 alone, or iCRT3 alone. White dotted lines indicate
centage wound closure (B) and number of cells (C) at 48 hours in WT (black dots)
shown. Results are representative of four independent experiments. Statistical s
Tukey post hoc test. Results are shown as means � SEM (B and C). *P < 0.05, **P
�20 (A).
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green fluorescent spots at the location of protein-protein
interaction. In this case, b-catenin interacted with either
Foxo (red spot) or TCF (green spot).

As shown in Figure 1B, combined treatment of TGF-b
with either ICG-001 or iCRT3 (b-catenin/TCF inhibitors) in
C1.1 cells significantly increased b-catenin/Foxo in-
teractions (red spots) (Figure 1C, for area defined by Figure
1A) compared with the vehicle or TGF-b alone.

Treatment with TGF-b alone increased b-catenin/TCF
interactions (green spots) compared with control. However,
treatment with TGF-b combined with either ICG-001 or
iCRT3 significantly reduced b-catenin/TCF interactions
(Figure 1, B and D).

These results demonstrate that TGF-b with either ICG-
001 or iCRT3 increased b-catenin/Foxo interaction, most
likely through inhibition of b-catenin/TCF interaction,
thereby shifting b-catenin binding from TCF to Foxo.
b-Catenin/Foxo Promotes Epithelial Marker Expression
in Scratch Assay

To determine the role of b-catenin/Foxo in epithelial cell
differentiation, E-cadherin (epithelial marker) and a-SMA
(mesenchymal marker) dual staining was performed in C1.1
cells in the scratch assay.

After 48 hours of rhTGF-b treatment, E-cadherin
expression decreased, whereas a-SMA expression
increased, in the C1.1 cells treated, showing epithelial-to-
mesenchymal differentiation (Figure 2). In contrast, treat-
ment with TGF-b combined with either ICG-001 or iCRT3
showed dominant epithelial cell [E-cadherin (þ) a-SMA
(e)] in the scratched area compared with treatment with
TGF-b alone (Figure 2). In addition to ICG-00 and iCRT3
to inhibit b-catenin/TCF, a known Foxo activator, epi-
gallocatechin 3-gallate,24 was used to directly increase b-
catenin/Foxo. Epigallocatechin 3-gallate treatment of C1.1
cells also prevented the rhTGF-beinduced down-regulation
of E-cadherin and the increase of a-SMA, providing direct
evidence for b-catenin/Foxo in preventing rhTGF-
beinduced mesenchymal differentiation of C1.1 cells.

These results demonstrate that TGF-beinduced mesen-
chymal differentiation is inhibited by either inhibition of b-
catenin/TCF or direct activation of b-catenin/Foxo.
Foxo1 Deletion Delays Wound Closure in C1.1 Cells

To further investigate the direct role of Foxo in wound
healing, Foxo1 and TCF1 were knocked out in C1.1 cells
1 KO C1.1 cells. A: Representative images of the wound closure of WT, Foxo1
human transforming growth factor-b1 (rhTGF-b1), rhTGF-b1 and ICG-001,
front edge of cells after scratch at 0 hour. B and C: Quantitation of per-

, Foxo1 KO (reds dots), and TCF1 KO (green dots) with various treatments is
ignificance was determined by one-way analysis of variance, followed by
< 0.01, and ***P < 0.001. Scale barZ 100 mm (A). Original magnification,
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Figure 5 In vitro collagen gel contraction assay in wild-type (WT), Foxo1 knockout (KO), and TCF1 KO C1.1 cells. Top panels: Representative images of a
collagen gel in a well from the bottom of plate. White dotted circle lines indicate edge of collagen gel at 0 hour. Bottom panels: Quantitation of percentage
gel surface area at 48 hours in WT, Foxo1 KO, and TCF1 KO with various treatments. Results are representative of four independent experiments. Statistical
significance was determined by one-way analysis of variance, followed by Tukey post hoc test. Results are shown as means � SEM (bottom panels). *P < 0.05,
**P < 0.01, and ***P < 0.001. TGF-b, transforming growth factor-b.

Rao et al
using CRISPR/Cas9 KO plasmids15 and wound closure was
assessed using the in vitro scratch assay.

As expected, TGF-betreated wild-type (WT) C1.1 cells
showed higher capacity to close the wound than control
C1.1 cells (Figure 1A, Supplemental Figure S1). Interest-
ingly, treatment with rhTGF-b1 combined with ICG-001 or
iCRT3 increased closure of the wound compared with ICG-
001 or iCRT3 alone (Figure 3).

Foxo1 KO in C1.1 cells (Figure 3) significantly reduced
closure of the wound gap in control KO cells compared with
WT control cells, showing a dependence on Foxo1. The
migration of rhTGF-b1etreated Foxo1 KO C1.1cells was
significantly slower than that of WT C1.1 cells, consistent
with a role for Foxo1 in TGF-b1einduced wound closure.
More important, treatment with either ICG-001 or iCRT3
alone in Foxo1 KO C1.1 cells showed significantly slower
migration than control TCF1 KO C1.1 cells (Figure 3). ICG-
1000
001 or iCRT3 alone treatment, which augments b-catenin/
Foxo1, also reduced closure (Figure 3B), which may be
interpreted as a result of ICG-001 or iCRT3 inhibition of
cell proliferation (Figure 3C). These results suggest that b-
catenin/Foxo1 is involved in the b-catenin/TCF-indepen-
dent wound closure.
As expected, TCF1 KO in C1.1 cells slowed the wound

closure in both control and rhTGF-b1 treatment groups
(Figure 3). However, Foxo1 KO in C1.1 cells further slowed
the wound closure in comparison with TCF1 KO. This
result suggests that the slowed wound closure in Foxo1 KO
C1.1 cells may also be interpreted as being a result of
absence of b-catenin/Foxo interaction when b-catenin/TCF
binding was inhibited. Previous PLA data21 show that the
combined treatment of rhTGF-b and ICG-001 or iCRT3
greatly increased b-catenin/Foxo interaction, suggesting a
role for b-catenin/Foxo interaction in wound closure.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Inflammatory [tumor necrosis factor
(TNF)-a and IL-6] and anti-inflammatory (IL-10
and IL-4) cytokine levels in kidney of unilateral
ischemia reperfusion (IR) mice. Quantitation of
inflammatory cytokines TNF-a (A) and IL-6 (B) and
anti-inflammatory cytokines IL-10 (C) and IL-4 (D)
levels, analyzed using cytokine cytometric bead
array. Statistical significance was determined by
one-way analysis of variance, followed by Tukey
post hoc test. Results are shown as means � SEM
(AeD). n Z 5 (AeD). *P < 0.05, **P < 0.01, and
***P < 0.001. TGF-b, transforming growth
factor-b.

b-Catenin/Foxo Mediates Epithelial Repair
ICG-001 or iCRT3 Inhibits TGF-b1eInduced Collagen
Expression in Scratch Assay

Collagen is a key component in wound healing and fibrosis.
Sirius red collagen detection assay was performed to
determine whether promotion of b-catenin/Foxo interaction
by using inhibitor ICG-001 or iCRT3 alters TGF-
beinduced collagen in the in vitro scratch assay.

Significantly increased collagen expression was observed
in TGF-betreated WT C1. 1 cells as compared to that in
WT untreated (control) cells (Figure 4). Treatment with
rhTGF-b1 combined with ICG-001 or iCRT3 significantly
reduced collagen expression compared with that in rhTGF-
b1-treated C1.1 cells (Figure 4). However, this reduction by
the combined treatment was abolished in the absence of
The American Journal of Pathology - ajp.amjpathol.org
Foxo1 in Foxo1 KO C1.1 cells (Figure 4), indicating a
dependence on Foxo1. Collagen expression levels were
generally higher in all groups of Foxo1 KO cells than in
those of WT, demonstrating an inhibitory role for Foxo1.

To investigate whether the inhibitory role for Foxo1 on
collagen expression involves b-catenin/Foxo1 interaction, a
targeted degradation of cytosolic b-catenin by bTrCP-E-
cadherin chimera (F-TrCP-Ecad chimera) construct was
performed.25 Foxo1 KO C1.1 and TCF1 KO C1.1 cells were
transiently transfected with F-TrCP-Ecad plasmid
(Figure 4). In Foxo1 KO C1.1 cells, TGF-b1einduced
collagen expression was reduced by F-TrCP-Ecad trans-
fection, similar to that of ICG-001 or iCRT3 treatment
(Figure 4), showing a b-cateninedependent profibrotic ef-
fect generally believed to be through b-catenin/TCF.
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Figure 7 Kidney injury molecule 1 (Kim 1) expression in kidney of unilateral ischemia reperfusion (UIR) mice. A: Representative immunofluorescence
images of Kim 1 (green) staining of kidney sections of control, untreated UIR (IR), and UIR mice treated with recombinant human transforming growth factor-
b1 (rhTGF-b1), rhTGF-b1 plus ICG-001 (day 1 to 7), rhTGF-b1 plus ICG-001 (day 7 to 14), or ICG-001 alone. Nuclei were stained with DAPI. B: Quantitation of
positive Kim 1 (green) staining area of kidney sections relative to the total area analyzed and compared for various treatments by one-way analysis of variance,
followed by Tukey post hoc test. Results are shown as means � SEM (B). n Z 5 (B). ***P < 0.001. Scale bar Z 50 mm (A).
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b-Catenin is known to bind to either TCF or Foxo in
competition.26 In TCF KO C1.1 cells, b-catenin uses Foxo
as its binding partner. However, degradation of b-catenin by
F-TrCP-Ecad increased rhTGF-b1einduced collagen in
TCF1 KO C1.1 cells, demonstrating an inhibitory role for b-
catenin in absence of TCF in rhTGF-b1einduced collagen
expression. This result suggested that b-catenin binding to
Foxo has a direct negative effect on collagen expression,
which is b-catenin/TCF independent in the TCF KO cells.
This notion was supported by the fact that the combined
treatment resulted in further reduction of collagen expres-
sion in WT (Figure 4) as compared to that in TCF KO cells
(Figure 4), which can be explained by shifting of b-catenin
from TCF to Foxo1 in WT cells, not seen in either Foxo or
TCF KO. This result shows that b-catenin binding to Foxo
is required to reduce rhTGF-b1einduced collagen expres-
sion in the in vitro scratch assay. To study further the effect
on collagen, the contraction of wound healing was exam-
ined via collagen gel contraction assay.

ICG-001 or iCRT3 Inhibits TGF-b1eInduced
Contraction in Collagen Gel Contraction Assay

TGF-beinduced a-SMA expression is responsible for
fibroblast-mediated contraction in wound healing. An
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in vitro collagen gel contraction assay was performed to
determine whether ICG-001 or iCRT3 inhibits TGF-
beinduced collagen gel contraction. Contractile activity
was analyzed by measuring the area of contracted collagen
gel and expressed as a percentage of the original area.
Although this result may not apply to tubular cell injury
repair, it is used to assess whether catenin/Foxo1 reduced
collagen expression leading to a substantial negative impact
on wound closure.
As shown in Figure 5, TGF-b induced strong contraction

of collagen and reduced the gel surface area in WT C1.1
cells compared with that in control at 48 hours. Treatment
with TGF-b combined with either ICG-001 or iCRT3
significantly inhibited the TGF-beinduced contraction of
collagen gel (Figure 5), indicating a role for b-catenin/TCF
in TGF-beinduced contraction of collagen gel. Compared
with control, there was little, if any, change in contraction of
collagen gel surface area in WT C1.1 cells treated with ICG-
001 or iCRT3 alone.
TGF-b induced stronger collagen gel contraction in

Foxo1 KO in C1.1 cells (Figure 5) as compared to that in
WT cells. In addition, the combined treatment of TGF-b
and ICG001 or iCTR3 also displayed stronger TGF-
beinduced collagen gel contraction in Foxo1 KO C1.1
cells compared with that of WT C1.1 cells, showing
ajp.amjpathol.org - The American Journal of Pathology
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Figure 8 Proximity ligation assay (PLA) analysis of b-catenin/forkhead box protein O 1 (Foxo1) interactions in kidney of unilateral ischemia reperfusion
(UIR) mice. A: Representative b-catenin/Foxo1 (red spot) interaction in kidney sections of control, untreated UIR, and UIR mice treated with recombinant
human transforming growth factor-b1 (rhTGF-b1), rhTGF-b1 and ICG-001 (day 1 to 7), rhTGF-b1 and ICG-001 (day 7 to 14), or ICG-001 alone. B: Repre-
sentative b-catenin/Foxo1 (red spot) interaction in kidney sections of UIR mice treated with iCRT3 alone, rhTGF-b1 and iCRT3 (day 1 to 7), or rhTGF-b1 and
iCRT3 (day 7 to 14). Nuclei were stained with DAPI. Fluorescence images were merged with differential interference contrast images to show the localization of
PLA signals in tubular cells (indicated by broken lines). Quantitation of PLA signals with the various treatments was compared by one-way analysis of
variance, followed by Tukey post hoc test. Results are shown as means � SEM (A and B). n Z 5 (A and B). *P < 0.05, **P < 0.01, and ***P < 0.001. Scale
bar Z 40 mm (A and B). Original magnification, �60 (A and B).

b-Catenin/Foxo Mediates Epithelial Repair
negative role for Foxo1. The lower reduction by ICG-001
or iCRT3 only treated Foxo1 KO cells than that of WT
indicates an underlying role for b-catenin/Foxo1 absent
from the Foxo1 KO cells. Together with the PLA results
showing that the combined treatment shifted b-catenin
from TCF to Foxo1 binding (Figure 1B), this result sug-
gests that the reduced TGF-beinduced contraction de-
pends on b-catenin/Foxo1.

In TCF1 KO C1.1 cells (Figure 5), TGF-beinduced
collagen gel contraction was weaker than that of Foxo1 KO
or WT C1.1 cells, demonstrating a positive role for TCF in
the gel contraction. As expected, in absence of TCF, addi-
tion of ICG-001 or iCRT3 showed no difference in collagen
gel contraction to that of TGF-b only treatment (Figure 5).
This shows a b-catenin/TCF dependence in TGF-
bemediated collagen gel contraction.
The American Journal of Pathology - ajp.amjpathol.org
Treatment with rhTGF-b Combined with ICG-001
Reduces Tubular Epithelial Injury in UIR

To test in vivo for the role of b-catenin/Foxo in protection of
tubular injury and promotion of epithelial repair, a kidney
UIR injury model was subjected to inflammation at an early
phase and injury repair at a late phase. In this injury model,
C57BL/6 mice were treated with rhTGF-b1 at 50 mg/kg
body weight every 2 days and ICG-001 (5 mg/kg) or iCRT3
(10 mg/kg) daily from day 1 to 7 or from day 7 to 14.
Promotion of b-catenin/Foxo by TGF-b combined with
ICG-001 enhances the anti-inflammatory function of TGF-b
via up-regulation of regulatory T cells.21 To examine
whether b-catenin/Foxo has a direct effect in promoting
epithelial repair, rather than an indirect effect from reducing
inflammation, the treatment group of rhTGF-b1 combined
1003
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Figure 9 Proximity ligation assay (PLA) analysis of b-catenin/T-cell factor (TCF) interactions in kidney of unilateral ischemia reperfusion (UIR). A:
Representative b-catenin/TCF (green spot) interaction in kidney sections of control, untreated UIR, and UIR mice treated with recombinant human trans-
forming growth factor-b1 (rhTGF-b1), rhTGF-b1 and ICG-001 (day 1 to 7), rhTGF-b1 and ICG-001 (day 7 to 14), or ICG-001 alone. B: Representative b-catenin/
TCF (green spot) interaction in kidney sections of UIR mice treated with iCRT3 alone, rhTGF-b1 and iCRT3 (day 1 to 7), or rhTGF-b1 and iCRT3 (day 7 to 14).
Nuclei were stained with DAPI. Fluorescence images were merged with differential interference contrast images to show the localization of PLA signals in
tubular cells (indicated by broken lines). Quantitation of PLA signals with the various treatments was compared by one-way analysis of variance, followed by
Tukey post hoc test. Results are shown as means � SEM (A and B). nZ 5 (A and B). *P < 0.05, **P < 0.01, and ***P < 0.001. Scale barZ 40 mm (A and B).
Original magnification, �60 (A and B).
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with ICG-001 was also divided into an early (day 1 to 7) and
a late (day 7 to 14) treatment group. Early days (day 1 to 7)
after UIR are predominantly inflammatory, and the com-
bined treatment at early days is anti-inflammatory due to an
increase in regulatory T cells.21 In the current study, early
treatment, but not late treatment, with rhTGF-b combined
with ICG-001, reduced inflammatory cytokines tumor ne-
crosis factor-a and IL-6, whereas it increased anti-
inflammatory cytokines IL-10 and IL-4 in UIR kidney
(Figure 6). This result demonstrates that the combined
treatment generated an anti-inflammatory effect in early
inflammation phase of UIR, but not in late phase, suggesting
that any protection in late treatment is independent of the
enhanced anti-inflammation function by the combined
treatment.

The kidney tubular injury was assessed by immunofluores-
cence stainingof thekidney tubular injurymarker, kidney injury
molecule 1 (Kim 1),27,28 in UIR kidney. Ischemia reperfusion
injury significantly increased Kim 1 expression in UIR kidney.
1004
However, both ICG-001- or rhTGF-b1-only treatment in early
phase reduced Kim 1 expression (Figure 7), indicating protec-
tion of tubular injury, given anti-inflammatory effects by
rhTGF-b121 and antifibrotic function by ICG-00115,20 as
observed by us and others. More importantly, the combined
treatment by rhTGF-b1 and ICG-001 in both early and late
phases further reduced Kim 1 expression levels in UIR kidney,
demonstrating protective effects by promotion of b-catenin/
Foxo. Given a predominant anti-inflammatory effect by the
early treatment, the late treatment showedananti-inflammatory-
independent protection.

Redirection of b-Catenin Binding from TCF to Foxo by
rhTGF-b Combined with Either ICG-001 or iCRT3 in UIR

As a protective effect of combined treatment with rhTGF-b
and ICG-001 or rhTGF-b and iCRT3 was observed in UIR
mice, whether b-catenin binding shifts from TCF to Foxo
in vivo by PLA in kidney of UIR mice was investigated. Co-
ajp.amjpathol.org - The American Journal of Pathology
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Figure 10 E-cadherin (E-cad) and a-smooth muscle actin (a-SMA) expression in kidney of unilateral ischemia reperfusion (UIR) mice. A: Representative
immunofluorescence images of E-cadherin (red) and a-SMA (green) staining of kidney sections of control, untreated UIR, and UIR mice treated with re-
combinant human transforming growth factor-b1 (rhTGF-b1), rhTGF-b1 plus ICG-001 (day 1 to 7), rhTGF-b1 plus ICG-001 (day 7 to 14), or ICG-001 alone. B:
Representative immunofluorescence images of E-cadherin (red) and a-SMA (green) staining of kidney sections of UIR mice treated with iCRT3 alone, rhTGF-b1
plus iCRT3 (day 1 to 7), or rhTGF-b1 plus iCRT3 (day 7 to 14). Nuclei were stained with DAPI. Quantitation of positive E-cadherin (red) and a-SMA (green)
staining area of kidney sections relative to the total area from 10 random microscopic fields was analyzed and compared for various treatments by one-way
analysis of variance, followed by Tukey post hoc test. Results are shown as means � SEM (A and B). n Z 5 (A and B). *P < 0.05, **P < 0.01, and
***P < 0.001. Scale bar Z 40 mm (A and B). Original magnification, �60 (A and B).

b-Catenin/Foxo Mediates Epithelial Repair
administration of rhTGF-b with either ICG-001 or iCRT3
showed significantly greater b-catenin/Foxo (red) in-
teractions (Figure 8) than in UIR mice treated with TGF-b
alone. Similar to early treatment, late administration of
rhTGF-b with either ICG-001 or iCRT3 also showed
significantly greater b-catenin/Foxo interactions than in UIR
mice treated with TGF-b alone. Treatment with either ICG-
001 or iCRT3 alone showed increased b-catenin/Foxo in-
teractions compared with vehicle or TGF-betreated UIR
mice but significantly less than the combined treatment of
rhTGF-b with either ICG-001 or iCRT3 (Figure 8).

As expected, b-catenin/TCF (green) signal was signifi-
cantly increased in UIR mice, whereas rhTGF-b treatment
further increased b-catenin/TCF interaction compared with
control kidney (Figure 9). Interestingly, in UIR mice, b-
The American Journal of Pathology - ajp.amjpathol.org
catenin/TCF interaction was significantly reduced with co-
administration of rhTGF-b1 with either ICG-001 or
iCRT3 by both early and late treatment compared with
TGF-betreated UIR mice (Figure 9).

These in vivo results show direct evidence for shifting of
b-catenin binding from TCF to Foxo following combined
treatment of rhTGF-b with either ICG-001 or iCRT3. These
results are similar to those obtained in the in vitro PLA
study.

Treatment with rhTGF-b Combined with Either ICG-001
or iCRT3 Promotes Epithelial Repair in UIR

To assess whether fibrotic mesenchymal cells or physio-
logical epithelial cells are used for kidney repair,
1005
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Figure 11 Collagen I expression in kidney of unilateral ischemia reperfusion (UIR) mice. A: Representative immunofluorescence images of collagen I
staining of kidney sections of control, untreated UIR, and UIR mice treated with recombinant human transforming growth factor-b1 (rhTGF-b1), rhTGF-b1 plus
ICG-001 (day 1 to 7), rhTGF-b1 plus ICG-001 (day 7 to 14), or ICG-001 alone. B: Representative immunofluorescence images of collagen I staining of kidney
sections of UIR mice treated with iCRT3 alone, rhTGF-b1 plus iCRT3 (day 1 to 7), or rhTGF-b1 plus iCRT3 (day 7 to 14). Nuclei were stained with DAPI.
Quantitation of positive collagen I staining area of kidney sections relative to the total area from 10 random microscopic fields was analyzed with various
treatments and compared by one-way analysis of variance, followed by Tukey post hoc test. Results are shown as means � SEM (A and B). n Z 5 (A and B).
*P < 0.05, **P < 0.01. Scale bar Z 40 mm (A and B). Original magnification, �60 (A and B).
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myofibroblast marker (a-SMA) and epithelial marker (E-
cadherin) were examined in the UIR injury model.

As shown in Figure 10, UIR mice treated with the vehicle
or rhTGF-b showed significantly increased a-SMA
(mesenchymal repair) and decreased E-cadherin expression
compared with control. Treatment with either ICG-001 or
iCRT3 alone decreased a-SMA and increased epithelial E-
cadherin expression compared with TGF-betreated UIR
mice (Figure 10). More importantly, treatment with rhTGF-
b combined with either ICG-001 or iCRT3 inhibited rhTGF-
beinduced a-SMA expression and showed dominant E-
cadherin expression [a-SMA (e) E-cadherin (þ)] to a
greater extent than seen with ICG-001 or iCRT3 alone
(Figure 10). In addition, delayed administration of rhTGF-b
with either ICG-001 or iCRT3 also reduced rhTGF-
beinduced mesenchymal healing (Figure 10). These results
are consistent with those obtained with the in vitro study.
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Treatment with rhTGF-b Combined with ICG-001 or
iCRT3 Attenuates Kidney Fibrosis

Whether the epithelial repair seen with rhTGF-b plus ICG-
001 or rhTGF-b plus iCRT3 in UIR mice was associated
with reduced interstitial fibrosis was further investigated.
For this, collagen and Gomori trichrome staining was used
to assess kidney fibrosis.
As shown in Figure 11A, UIR mice with or without

rhTGF-b had significantly increased collagen compared
with control kidney. Treatment of UIR mice with either
ICG-001 or iCRT3 alone reduced collagen compared with
rhTGF-betreated UIR mice. More importantly, combined
treatment of rhTGF-b with either ICG-001 (Figure 11A or
iCRT3 (Figure 11B) significantly reduced collagen
compared with rhTGF-b alone in UIR mice (Figure 11)).
Additionally, late co-administration of rhTGF-b with either
ajp.amjpathol.org - The American Journal of Pathology
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Figure 12 Kidney fibrosis in unilateral ischemia reperfusion (UIR) mice. A: Representative Gomori trichrome staining in kidney sections of control,
untreated UIR, and UIR mice treated with recombinant human transforming growth factor-b1 (rhTGF-b1), rhTGF-b1 plus ICG-001 (day 1 to 7), rhTGF-b1 plus
ICG-001 (day 7 to 14), or ICG-001 alone. B: Representative Gomori trichrome staining in kidney sections of UIR mice treated with iCRT3 alone, rhTGF-b1 plus
iCRT3 (day 1 to 7), or rhTGF-b1 plus iCRT3 (day 7 to 14). Quantitation of positive tubulointerstitial area relative to the total area from 10 random microscopic
fields was analyzed and compared for various treatments by one-way analysis of variance, followed by Tukey post hoc test. Results are shown as means � SEM
(A and B). n Z 5 (A and B). *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bar Z 100 mm (A and B). Original magnification �10 (A and B).

b-Catenin/Foxo Mediates Epithelial Repair
ICG-001 or iCRT3 significantly reduced collagen compared
with rhTGF-b alone in UIR mice.

When assessed by Gomori trichrome stain for kidney
fibrosis, as shown in Figure 12A, UIR mice had signifi-
cantly increased interstitial trichrome stain compared with
control kidney. rhTGF-b alone treatment also increased
interstitial fibrosis compared with control kidney. Treatment
of UIR mice with either ICG-001 or iCRT3 (Figure 12B)
alone reduced kidney fibrosis compared with rhTGF-
betreated UIR mice. Notably, combined treatment with
rhTGF-b with either ICG-001 (Figure 12A) or iCRT3
(Figure 12B) significantly attenuated the kidney fibrosis
compared with rhTGF-b alone by both early and late
treatments in UIR mice (Figure 8).

Collectively, these in vivo experiments showed that
treatment with rhTGF-b combined with either ICG-001 or
iCRT3 repairs the UIR kidney in a physiological epithelial
repair manner with reduced collagen expression and with
less fibrosis.
The American Journal of Pathology - ajp.amjpathol.org
Discussion

Fibrosis represents a failed repair of injury with excessive
ECM deposition.29 TGF-b is an important multifunctional
growth factor involved in injury repair.3 TGF-b is known to
promote healing through b-catenin/TCF.30 It activates
myofibroblast (activated fibroblast) proliferation and causes
excessive ECM production by myofibroblasts. Tissue that
heals with excessive ECM results in fibrosis and destruction
of physiological structure and function of the organ.31

Targeting b-catenin/TCF reduces fibrosis; however,
whether healing could be compromised by the inhibition of
b-catenin/TCF is unknown and a potential concern.

Previous studies have shown that Foxo1 promotes heal-
ing.12,13 Hoogeboom et al26 showed that there is reciprocal
competition between TCF and Foxo in binding to b-catenin.
Furthermore, Essers et al32 showed that TCF or Foxo binds
to the same binding site on b-catenin. Also, our previous
study showed that shifting of b-catenin binding from TCF to
1007
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Foxo promoted TGF-b0s anti-inflammatory effects by up-
regulation of T-regulatory cells21 and plays a protective
role.15 However, whether shifting of b-catenin/TCF to b-
catenin/Foxo plays a role in kidney injury repair is un-
known. To test this, CRISPR/Cas9-mediated knockout of
Foxo or TCF was performed in vitro to show the importance
of b-catenin/Foxo in TGF-bemediated tubular epithelial
cell proliferation and differentiation, collagen production,
and collagen gel contraction. Also, combined treatment of
TGF-b with either ICG-001 or iCRT3 reduced kidney
fibrosis in kidney injury and repair in UIR model, accom-
panied by increased b-catenin/Foxo1 interaction in tubules.
The latter is an additional mechanism to explain the greater
epithelial repair by promotion of b-catenin/Foxo interaction.

To investigate the role for b-catenin/Foxo in repair,
CRISPR/Cas9 KO of Foxo or TCF was used in an in vitro
scratch assay. The dependence on Foxo in TGF-
bemediated epithelial cell proliferation and differentiation
was shown in the Foxo knockout. TCF KO also demon-
strated a role for TCF in promotion of epithelial-mesen-
chymal differentiation and proliferation, but less than for
Foxo. Promotion of b-catenin/Foxo via inhibition of b-cat-
enin/TCF slowed the rhTGF-b1einduced wound closure
but prevented epithelial cell differentiation into fibrotic
mesenchymal phenotype. However, retardation of wound
closure in Foxo KO cells suggested that induction of Foxo1
may enhance wound closure. In addition, a collagen
detection assay identified the necessity of b-catenin binding
to Foxo or TCF by altering b-catenin levels using F-TrCP-
E-cad in Foxo KO and TCF KO C1.1 cells. A role for TCF
or Foxo in wound healing has already been reported.7,12,13

The current study demonstrated a novel mechanism for b-
catenin/Foxo interaction in promoting wound repair when
the b-catenin/TCF interaction is inhibited. Of more impor-
tance, inhibition of b-catenin/TCF leads to an epithelial
repair, which we interpreted as being a result of shifting
TGF-b signaling from b-catenin/TCF to b-catenin/Foxo.

The current findings indicate shifting of b-catenin binding
from TCF to Foxo through b-catenin/TCF inhibition in
combination with TGF-b in epithelial repair. However,
deletion of Foxo1 provides indirect evidence for a depen-
dence of repair on b-catenin/Foxo. Ideally, a b-catenin/Foxo
inhibitor would be required to prove the role for b-catenin/
Foxo interaction. Surprisingly, we are unaware of any
b-catenin/Foxo inhibitors developed so far. As a compro-
mise, a Foxo activator, epigallocatechin 3-gallate, was used
in the current study.

Kim 1 was used as a kidney tubular injury marker to
assess the protection against kidney injury by promotion of
b-catenin/Foxo. However, Kim 1 is also associated with
kidney injury repair via recruiting and activating macro-
phages,28 mostly contributing to a fibrotic repair associated
with fibrosis when highly expressed.

Although TGF-b is known to promote healing, the
healing outcome is often one of tissue or organ fibrosis.
Therefore, looking into TGF-bemediated healing
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pathways has the potential to identify a therapeutic target
to prevent fibrosis associated with healing and to increase
the possibility of resumption of normal structure and
function of the injured tissue. Cheon et al7,33 showed that
growth factors regulated b-cateninemediated TCF-
dependent transcriptional activation and increased the
expression of a-SMA, collagen type III, and fibronectin in
hyperplastic cutaneous wounds. More importantly, by
using b-catenin/TCF inhibitors along with TGF-b,
epithelial repair was shown in tubular epithelial cell dif-
ferentiation and in the UIR model. Thus, one of the major
findings form the current study is the diversion of TGF-
bemediated mesenchymal repair to epithelial repair.
Previous studies have suggested that TGF-b promotes

wound closure by increasing a-SMAemediated myofibro-
blast contraction, which can be mimicked by an in vitro
collagen gel contraction assay.34,35 Fibrotic repair of the
wound by TGF-beinduced overexpression of a-SMA in
myofibroblasts is the cause of excessive contraction and
consequent destruction of normal mesenchymal structure.36

The in vitro study demonstrated that TGF-b and ICG-001
(or iCRT3) efficiently inhibited the fibroblast-mediated
excessive contractile activity of TGF-b. The shifting TGF-
b signaling from b-catenin/TCF to b-catenin/Foxo resulted
in an epithelial closure of the wound with less contraction,
but this was sufficient to close the wound.
In summary, the current study shows that ICG-001 or

iCRT3 efficiently inhibited TGF-beinduced mesenchymal
repair and fibroblast contraction. This inhibition was asso-
ciated with shifting of b-catenin binding from TCF to Foxo,
whereby b-catenin/Foxo would promote epithelial repair.
The interaction of b-catenin with TCF or Foxo may serve as
a novel target for the treatment of kidney fibrosis.
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